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PERFORMANCE ACHIEVEMENTS AND CHALLENGES FOR FELS 
BASED ON ENERGY RECOVERED LINACS* 

G. A. Krafft, Jefferson Lab, Newport News, VA 23060, U.S.A. 
 

Abstract 
During the past decade several groups have assembled 

free electron lasers (FELs) based on energy recovered 
linacs (ERLs). Such devices have been built to obtain 
high average power electron and photon beams, by using 
high repetition rate beam pulses driving FEL oscillators. 
In this paper the performance of many existing and 
several proposed facilities from around the world are 
reviewed. Going forward, many questions must be 
addressed to achieve still better performance including: 
higher average current injectors, better optimized 
accelerating cavities, higher energy acceptance and lower 
loss beam recirculation systems, and better optical cavity 
designs for dealing with the optical beam power 
circulating in the ERL FELs. This paper presents some of 
the current thinking on each of these issues. 

INTRODUCTION 
The basic idea in same cell beam energy recovery is 

fairly straightforward to understand and has been 
discussed in great detail in recent reviews [1,2]. In a front-
to-back recirculated linac the recirculation path length is 
chosen to be approximately an integer plus ½ RF 
wavelengths, and if the beam current does not change 
much in the time it takes for a complete circuit of the 
recirculation loop to be made, then energy can be 
transferred directly from the decelerating higher-energy 
beam to the accelerating first-pass beam, without the need 
for power to be provided by the RF systems attached to 
the cavities. This opportunity allows one to construct 
recirculated linacs, particularly those consisting of 
superconducting cavities, with energy transfer efficiencies 
approaching those in storage rings. This fact, in turn, 
allows one to build linacs that can transport and accelerate 
beam average currents approaching those in storage rings. 

The energy transfer efficiency is nicely quantified by 
the power multiplication factor  

 
(1) 

 
where Pb,ave is the average beam power and PRF is the RF 
power needed to accelerate the beam. For normal 
conducting recirculators k is much less than 1, for present 
day ERL FELs k is of order 10, for advanced ERL light 
sources k is of order 100, and for typical storage rings k is 
of order 1000. It is straightforward to show that in the 
limit the optical cavity losses are small compared to the 
outcoupled radiation power, the transfer efficiency from 
RF power to photons is equal to ζk, where ζ is the fraction 

of beam energy converted to photons per pass in an 
optical cavity oscillator FEL. 

The first superconducting linac to demonstrate same 
cell energy recovery was the Stanford University 
Superconducting Accelerator as reported at this 
conference twenty years ago [3]. In an experiment, the 
recirculation path length was set to allow energy recovery 
to proceed. Nearly all of the beam energy was recovered 
as indicated by the absence of RF power being needed to 
drive the beam load in the superconducting cavities of the 
accelerator. However, in this early experiment there was 
no optical cavity inside the recirculation loop. 

PRESENT STATUS 
Presently, there are three ERL-based free electron lasers 

in existence and a fourth being rapidly assembled as a 
prototype project for an advanced fourth generation light 
source suite. Two of the existing FELs, at Jefferson Lab 
and the Japan Atomic Energy Agency (JAEA), are based 
on superconducting RF (SRF) cavities, and the third, at 
the Budker Institute for Nuclear Physics (BINP), is based 
on CW normal conducting RF cavities. In all the devices, 
an optical cavity FEL is placed inside the beam 
recirculation loop. 

Jefferson Lab Free Electron Laser 
A group at Jefferson Laboratory has spent the last 

decade building and improving many increasingly capable 
free electron lasers based on energy recovery, including 
the first ERL to have an FEL inside the energy recovery 
loop [4]. This demonstration device has been upgraded in 
order to achieve higher average electron beam and optical 
beam powers. Some recent electron beam parameters are 
summarized in Table 1. Beam starts from a DC 
photocathode source, is accelerated to 10 MeV using two 
standard CEBAF superconducting cavities, injected onto a 
beamline containing an energy recovered linac that can 
achieve up to 150 MeV. The beam is recirculated with two 
Bates bend beam recirculation systems specially designed 
to contain and transport the large energy spread generated 
by the FEL in the electron beam. 

Recent work at Jefferson Lab has concentrated on 
extending high power CW operations at the 10 kW level 
from 6 microns down in wavelength. Over the last year 
the average power has increased from about 4 kW to 6.7 
kW at 2.8 microns, from 1 kW to 5.4 kW at 1.6 microns, 
and from 1 kW to 2.2 kW at 1 micron. The short 
wavelength performance of the FEL has improved as low 
absorption dielectric coatings have been developed for the 
high power optical systems. The group expects a 
considerable improvement of the high power performance 
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of the FEL when cryogenically cooled optical cavity 
mirrors are deployed to help deal with mirror distortion in 
the optical cavities at high power. 

Table 1: Electron Beam Parameters for ERL FELs 

 
A user program has developed at the FEL. Because of 

the short bunch length at the FEL, copious amounts of 
wideband THz radiation are produced in the bend magnets 
of the chicanes surrounding the wiggler through the 
coherent synchrotron radiation emission. The THz 
radiation has been taken up to a user lab and is now 
routinely used for electron beam diagnostic purposes. 
Other experiments are performed with the FEL radiation 
extending from studies in condensed matter physics, to 
studies of fundamental optical physics using the FEL light 
to make far off resonance traps, all the way to 
fundamental particle physics in dark matter candidate 
searches. 
 
JAEA Free Electron Laser 

 
The JAEA FEL injector consists of a 230 keV 

thermionic gun, and 83 MHz subharmonic buncher, and 
two single-cell 500 MHz superconducting cavities that 
accelerate the beam to about 2.5 MeV. The injected beam 
is merged onto the axis of a linac that consists of two 5-
cell superconducting cavities that boost the beam energy 
to 17 MeV. Beam is recirculated with three-bend 
achromats, and the undulator and optical cavity of the 
FEL are just upstream of the return achromat. As seen in 
Table 1, the lower cavity frequency allows higher charge 
per bunch in the beam to be accelerated efficiently. 

Recent work has focused on doubling the electron 
bunch repetition rate by upgrading the gun grid pulser and 
the RF power for the non energy recovered 2.5 MeV 
accelerating cavities, increasing the energy acceptance of 
the achromats by reworking quad magnets and beam 
pipes in the achromats, and investigating and optimizing 
the achromat settings for increasing the FEL efficiency. 
Recently, the FEL extraction efficiency has been 
measured and the peak efficiency reaches 2.8%, and the 
group has achieved 0.7 kW output at 22 micron from an 8 
mA beam during a 230 microsecond macropulse. A more 
complete summary of recent work has been given by N. 
Nishimori at this conference [5]. 

BINP THz FEL 
The Budker Institute THz FEL is based on a normal 

conducting CW linear accelerator. Beam originates in a 
thermionic electron gun, is accelerated to 2 MeV through 
two 180 MHz cavities, injected on the main linac axis and 
accelerated up to 13 MeV by 16 180 MHz cavities. The 
beam drives an FEL oscillator which produces radiation in 
the THz band, and the beam energy is recovered in the 
second pass through the linac. This device is the highest 
average power source of narrowband THz radiation. 
Because of the low frequency and hence large aperture of 
the accelerating cavities, this device is able to handle 
much higher average current than the superconducting 
ERL FELs, achieving 20 mA average current now and 
planned to achieve 150 mA average current after an 
injector upgrade. This device has energy recovered the 
highest average beam current to date, and is unique in that 
the recirculation loop is oriented vertically. 

There are plans to upgrade this device with two higher 
energy FELs that will produce radiation at 20-100 μm and 
3-20 μm, in optical cavity oscillators. The 20-100 μm 
optical klystron will sit after a second pass of beam 
recirculated acceleration for a beam energy greater than 
20 MeV, and the shorter wavelength optical klystron will 
sit after four beam passes up to about 40 MeV. The 
recirculation loops for this device will be oriented 
horizontally to the existing linac, which does not need to 
be upgraded substantially. When completed, the BINP 
FELs will be unique among energy recovered FELs in 
that a large number of passes will be accommodated, as 
the other existing ERL FELs are two pass machines. The 
multipass “energy recuperator” free electron lasers will be 
assembled throughout 2007 and commissioning is 
anticipated to begin towards the end of 2007. A more 
complete summary of recent work has been given by N. 
Vinokurov at this conference [6]. 

4GLS 
The British 4GLS project is to produce a suite of three 

superconducting linac based free electron lasers in 
addition to an energy recovered high average current 
recirculated linac light source, to be located at Daresbury 
Laboratory. The IR FEL and the XUV-FEL in this project 
are not energy recovered, the IR FEL operating at a MHz-
scale repetition rate and the XUV-FEL operating at a 
repetition rate of 1 kHz, ambitious for a SASE or a seeded 
source. The UV FEL source, based on a regenerative 
amplifier, is located in the high average current energy 
recovered recirculation loop. It is anticipated to operate 
this FEL simultaneously with the high average current 
ring. 

In order to start the process of building the full 4GLS, 
which is based on 1.3 GHz superconducting cavities, a 35 
MeV energy recovered FEL, ERLP, is being built [7]. Just 
prior to the conference, beam was extracted from the DC 
photocathode source of ERLP for the first time. The 
accelerator consists of two two-cavity cryostats, one 
inside and one outside the beam recirculation loop. These 
have now been assembled, as well as the three bend 

PROJECT JLAB JAEA BINP 

Frequency (MHz) 1500 500 180 NC 

Energy (MeV) 130 17 13 

Current (mA) 10 8 20 

Bunch Charge (pC) 130 400 500 

Rep. Rate (MHz) 75 83 11.2 

Normalized 
Emittance (mm 
mrad) 

8 20 30 
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achromat recirculation optics systems. Cold 
commissioning of the linac, in its planned location is 
scheduled for the month of October 2006, with the 
machine completely installed by the end of 2006. 
Machine studies, including beam energy recovery, are to 
be completed in the spring of 2007 and there should be a 
“first lasing” contribution by ERLP at the next FEL 
conference. A more complete summary has been given by 
J. Clarke at this conference [8]. 

High Average Power X-FELs 
Perhaps the ultimate light source, i. e., one that could 

produce both high peak power and high average power X-
ray beams, would consist of an energy recovered X-FEL. 
A superconducting linac as a driver for such an FEL has 
many inherent advantages: greater potential efficiency and 
the possibility of high gradient CW operation, the 
possibility to achieve repetition rates at the MHz or higher 
level, and the ability to transport cleanly high bunch 
charges because of the low transverse impedance of the 
accelerating structures [9]. Such a scheme has been 
studied in detail as a follow on project for the TTF FEL 
[10]. A major concern is achieving a high repetition rate 
injector. As discussed more thoroughly below, this 
injector would seem to require an SRF gun electron 
source. 

FUTURE DEVELOPMENTS 
In order to achieve another order of magnitude in 

electron and photon beam power many improvements 
must be made to the existing devices. The present 
photocathode injectors must be upgraded to produce 
higher average current. The accelerator design optics must 
be stable to the higher average recirculated beam current 
in the more ambitious designs. The optical cavities must 
be able to handle the increased recirculating beam power. 
High order mode (HOM) cooling becomes more 
problematic at higher average currents. Finally, non-
invasive electron beam diagnostics should be developed 
to help monitor the beam during CW operations.  

Electron Photocathode  Sources 
In order to increase the average beam current in the 

next generation FELs by an order of magnitude, it seems 
that the easiest method is to increase the bunch repetition 
rate until every accelerating (and decelerating!) phase in 
the RF waves are filled. This can be done with little 
change to the bunch charge presently obtained. This 
approach has been adopted by Cornell for the first energy 
recovered recirculated linac light source, which must 
achieve beam emittances much smaller than is typical for 
the long wavelength ERL FELs. Because of the higher 
average current in the non energy recovered portions of 
such accelerators, it is expected that the injection energy 
will be reduced and the number of superconducting 
cavities increased in order to deal with the increased beam 
power in the non-recovered portions of the accelerator 
[11]. Also, larger beam dumps may be needed to dissipate 
the non-recovered beam energy. 

 In the further future, one anticipates that SRF 
photocathode sources will be developed to produce 
electron beams at high energy and high levels of average 
current. The group at Rossendorf, who have been leaders 
in developing SRF guns, hope to achieve 1 mA average 
current from a 10 MV 3.5 cell gun in construction now, 
and Brookhaven National Laboratory have been 
developing guns in the 100 mA-1 A class for electon 
cooling applications [12]. The main benefit of marrying 
the SRF and photocathode source technology is the 
possibility to have high CW accelerating gradient on the 
photocathodes, which may lead to superior emittance in 
CW high repetition rate applications. 

Drive Lasers 
In the high average current applications of 

photocathode electron sources there is a need to develop 
drive lasers of sufficient power to extract the needed 
average current. Roughly an order of magnitude in laser 
power is needed beyond present experience for the DC 
photocathode sources presently used. In addition to the 
power requirement, to get the best beam parameters out of 
photocathode guns laser pulse shaping is needed. Cornell 
University is developing a fiber based system with 20 W 
capabilities untilizing transverse shaping and longitudinal 
pulse stacking in order to obtain a uniform laser pulse 
longitudinally. Jefferson Lab is also developing a system 
that should be able to deliver 32 W [13], about 5 times 
more than the present drive laser for the Jefferson Lab 
FEL. 

 Similar high average power lasers with high repetition 
rate may be quite useful in seeding applications in high 
repetition rate X-FELs. 

Beam Breakup and Advanced Beam Optics 
Recent work at Jefferson Lab has allowed direct 

quantification of the multipass beam breakup instability, 
as in some electron beam optical conditions the FEL beam 
is unstable. A recent review of the subject has been 
performed [14], including discussions of utilizing special 
electron beam optics to suppress the instability. The 
methods studied are likely sufficient for stabilizing the 
instability in future FELs, but simulation evidence exists 
indicating that some of the intended solutions may not 
apply to larger scale accelerators [15]. Significantly, many 
of the BBU simulation codes have now been properly 
benchmarked against experimental instability data. 

 Driven by the desire to operate the ERL FELs at higher 
energy extraction, advanced beamline designs for beam 
recirculation with energy spreads of 10% or more have 
been developed [16]. These designs feature magnet shapes 
and edges chosen to automatically yield nearly 
isochronous beam recirculation due to the shape choices. 
It is anticipated that such designs will become 
increasingly important as higher average power ERL 
FELs are built. 
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High Power Optical Cavities 
 In designing the next generation of optical cavities the 

following aspects of the problem must be understood 
[13]: 

• One must minimize the absorptive loss which can 
quickly lead to mirror distortion and low output. 

• Scatter loss should be minimized to control 
subsequent absorption on components causing 
pressure rise and drift. 

• Mirror coatings and substrates must be chosen to 
mitigate the effects of any power loading from out-
of-band radiation which may be incident on the 
mirrors. 

Optical cavities and beam transport lines must be 
designed with these effects in mind. 

HOM Power 
Superconducting RF cavities have been used in storage 

ring applications for many years at beam average currents 
of 100 mA and above. Because the power deposited into 
HOMs can be substantially larger than the heat deposited 
in the cavity walls when the cavity is operated at gradient, 
it is particularly important to couple the HOM power out 
of the cavity volume to be absorbed at locations with 
higher temperature to reduce cooling requirements on the 
He refrigerator. Recent storage ring HOM absorbers 
consist of ferrite absorbers located upstream and 
downstream of the SRF cavities mounted on the beam 
pipe wall with a separate cooling loop to deal with the 
HOM power. 

 Similar solutions will be needed to absorb the HOM 
power in 100 mA-scale ERLs, and there is an additional 
complication. The bunch durations in ERLs can be up to 
two orders of magnitude smaller than in storage rings and 
now there is bunch spectrum available to excite HOMs at 
much higher frequencies than in rings. Thus, the overall 
power excited increases and the operational range of the 
HOM absorber must be much broader in frequency to 
handle the wider range of frequencies excited. This 
problem afflicts advanced ERL light source designs, and 
already a group has investigated material which is highly 
absorbing at frequencies up to 40 GHz at a temperature of 
80 K [17]. Also, it is anticipated that advanced HOM 
absorbers will include several different materials 
absorbing in different frequency bands [18]. 

Electron and Photon Beam Diagnostics 
Because the average current of next-generation ERLs is 

approaching that in storage rings, one would expect that 
the more standard electron beam diagnostics, e.g. beam 
position monitors, beam profile monitors, and current 
monitors, would follow the techniques previously 
developed for storage ring applications. The beam 
attributes unique to ERLs and ERL FEL sources are the 
need to diagnose and control short bunches, the need to 
deal with low average power tune up beam diagnostic 
modes, and the need to deal with high average beam 
power. Many longitudinal techniques are being 

investigated in X-FEL projects. Mainly they are highly 
disruptive and might not be technically useful in the 
higher average beam power regimes we are pushing into.  

Real time measurements of bunch longitudinal 
distribution and phase space based on electro-optic 
methods or based on coherent synchrotron, edge, or 
undulater radiation, may provide correct approaches for 
non-invasive monitors. Presently, there seems to be a lack 
of a universal method yet demonstrated that is 
unambiguous in the results it reports [19]. Achieving such 
a universal longitudinal measurement will be at least as 
important for future ERL development as the development 
of good profile monitoring was in storage rings. 

For photon beams, the key near-term developments 
need to occur in the shaping, both longitudinally and 
transversely, of the higher average power drive laser 
beams for electron production on the photocathodes. The 
production methods will be need to be diagnosed to some 
level with techniques suitable for power levels of several 
tens of W needed in the next generation electron sources. 
In the further future it will perhaps be required by the 
users of high average power FELs that the emerging high 
power optical pulses display customized and controlled 
characteristics. Very little is known about this subject 
now.  

CONCLUSIONS 
• The field of ERL-based FELs continues to grow and 

the performance of devices continues to improve. 
• Upgrade paths for at least an order of magnitude in 

both electron beam and photon beam power, though 
not trivial, have been identified. 

• Many new ideas are being explored, some in 
conjunction with recent work on Energy Recovered 
Linac light sources. 

• The field seems to be thriving and there is no 
shortage of interesting problems to work on. 
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FUTURE LIGHT SOURCES: INTEGRATION OF LASERS, FELS AND 

ACCELERATORS AT 4GLS 

J. A. Clarke, CCLRC Daresbury Laboratory, Warrington, UK, on behalf of the 4GLS Design Team.

Abstract 
4GLS is a novel next generation proposal for a UK 

national light source to be sited at Daresbury Laboratory, 

based on a superconducting energy recovery linac (ERL) 

with both high average flux photon sources (undulators 

and bending magnets) and three high peak brightness free 

electron lasers. Key features are a high gain, seeded FEL 

amplifier to generate XUV radiation and the prospect of 

advanced research arising from unique combinations of 

sources with femtosecond pulse structure. The conceptual 

design is now completed and a CDR recently published 

[1]. The 4GLS concept will be summarised, highlighting 

how the significant design challenges have been 

addressed, and the project status and plans explained. 

INTRODUCTION 

The 4GLS project design takes advantage of the very 

latest advances in accelerator science and technology 

incorporated in a unique scheme to provide state-of-the-

art research facilities. This will enable a broad range of 

outstanding science to be undertaken by the UK and 

international communities. 

4GLS will enable the study of real time molecular 

processes and reactions on timescales down to tens of 

femtoseconds in short-lived, nano-structured or ultra-

dilute systems. The emphasis is on molecular and device 

function, rather than the largely ‘static’ structural focus of 

work on 3
rd

 generation synchrotron radiation sources and 

X-ray FELs. Key areas where 4GLS will make unique 

contributions are in: 

• understanding the function of single 

biomolecules in living systems and membrane 

transport; 

• determining reaction pathways in areas as 

diverse as enzyme processes, reactions 

contributing to atmospheric pollution or 

reactions occurring in the interstellar medium; 

• studies of electron motion in atoms/molecules 

and developing ‘coherent control’ of reactions 

and intense laser-matter interaction leading to 

new physics; 

• developing new nano-scale devices through 

understanding electron charge and spin transport; 

and 

• development of new dynamic imaging 

techniques to improve early diagnosis of 

conditions such as cancer and prion based 

diseases. 

The major themes of the science case are time-resolved 

measurements in the life sciences and nanoscience. 

Particular areas of strength are high resolution pump-

probe spectroscopy of atoms, molecules and clusters, 

including high field dynamics, dynamics at surfaces and 

interfaces, many-body problems in condensed matter, and 

studies of the dynamics of biomolecules in ‘real’ 

environments. 

The science requirement is for an ultra-high brightness 

facility that allows the use of short pulsed sources in 

combination, and where the energy range is optimised to 

allow the extraction of electronic and vibrational 

information. The 4GLS suite of synchronised sources, 

operating from the THz to the soft X-ray range is 

designed to meet this science need.  

The 4GLS facility is planned from the outset to be a 

multi-source, multi-user facility. This is achieved by 

superconducting radio-frequency (SCRF) accelerator 

technology, operating using energy recovery, to provide 

short pulse spontaneous radiation with pulse length 

variable from ps to < 100 fs. At long wavelengths this 

allows the condition for coherent synchrotron radiation 

(CSR) production to be met, with the result that 4GLS 

will provide enormously bright THz radiation. The high 

quality low emittance electron beam provided by the  

photoinjectors additionally provides an ideal source with 

which to operate free electron lasers (FELs). In the 4GLS 

conceptual design these are embedded within the facility, 

delivering ultra-high brightness short-pulse radiation in 

the IR, VUV and XUV energy ranges, with pulse lengths 

as short as 50 fs FWHM. In world terms, this gives a 

unique suite of synchrotron radiation (SR) and FEL 

sources covering the THz to the soft X-ray range. Many 

of the light pulses originate from the same electron bunch, 

thus offering potential levels of internal synchronization 

at the tens of femtoseconds level. All the 4GLS sources 

are offered with variable polarization, while the flexibility 

of SCRF technology allows the repetition rates of the 

sources to be varied. The peak brightness of the 4GLS 

sources is given in Figure 1. There is a typical 

enhancement of eight orders of magnitude when 

compared with 3
rd

 generation light sources. 

The 4GLS accelerator design concept consists of three 

inter-related accelerator systems [2, 3]. The high average 

current loop uses energy recovery as an essential element 

to deliver a 600 MeV electron beam of 77 pC bunches at 

repetition rates of up to 1.3 GHz. Distributed bunch 

compression allows for SR pulse lengths from a few ps to 

approximately 100 fs (RMS) to be delivered according to 

user requirements. A low-Q cavity VUV-FEL device is 

incorporated at the end of this loop. The most challenging 

area of accelerator design for 4GLS is in transporting and 

accelerating an extremely high quality high-average 

current (100 mA) beam to this loop, while simultaneously 

providing extremely high peak current (1.5 kA) at 750 – 

950 MeV for the second accelerator system, the XUV-

FEL branch. This beam is derived from 1 nC bunches 
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produced by a normal conducting RF photoinjector 

operating at 1 kHz and it is dumped after traversing a 

final spontaneous undulator source. The XUV-FEL uses 

an HHG (high harmonic generation) seed, offering 

considerable advantages in pulse quality over a SASE 

(self-amplification of spontaneous emission) design. The 

third accelerator system is required for the IR-FEL. SCRF 

linac technology is used to accelerate electrons to 25 – 60 

MeV to provide a fully integrated and synchronized IR-

FEL facility.   

Significant aspects of the 4GLS design have been 

informed by experience gained on the 4GLS Energy 

Recovery Linac Prototype (ERLP) currently approaching 

completion at CCLRC Daresbury Laboratory [4, 5]. In 

considering detailed 4GLS design decisions considerable 

attention has been given to ensuring that future upgrade 

options are not designed out at this early stage. These 

possibilities include various routes to higher energy 

operation, increased repetition rate for the XUV-FEL and 

decreased photon pulse lengths. 

4GLS is thus the leading energy recovery proposal in 

Europe and the most comprehensive in terms of 

utilisation of combined sources. In terms of multi-user 

capability it is currently the most advanced energy 

recovery linac (ERL) proposal in the world. 4GLS is 

complementary to XFEL, to table-top lasers and to 3
rd

 

generation sources.   

The unique advantages of 4GLS are:  

• Combinations of sources. The fully integrated 

capability to utilize both short pulse SR(ERL) 

and the FEL sources for pump-probe and two 

colour dynamics experiments. This results in 

both experimental flexibility and cost effective 

delivery.  

• Intense, tuneable, variable polarisation FEL 

sources optimized for spectroscopy and imaging 

in the frequency ranges of XUV, VUV and IR-

THz.   

• Energy recovery linac spontaneous light sources 

available from soft X-ray to THz. This gives 

short pulse, high repetition rate operation, the 

capability to ‘pulse tailor’, and low probability 

of sample damage.   

• Europe’s most intense broadband source of 

coherent THz radiation. 

 

 

Figure 1. Peak brightness for 4GLS FELs, undulators, wiggler, OPA and dipoles compared with EUFELE, XFEL, 

Diamond and Max III undulators. 

 

OVERVIEW 

The 4GLS project design takes advantage of the very 

latest advances in accelerator science and technology 

incorporated in a unique scheme to provide state-of-the-

art facilities. This has been made possible by a number of 

parallel developments at leading international 

laboratories, including successful demonstrations of 

technical solutions. The proposed design builds on current 

world achievements and in some cases extrapolates 

beyond them. In the most challenging areas an active 

R&D programme is already underway world-wide and the 

4GLS team has augmented this, not least because to do so 

enhances the necessary skill base for detailed design, 

construction and operations. 

The provision of high intensity electron beams has been 

revolutionised in the last decade by the successful 

development of a new variant of accelerator: the Energy 

Recovery Linac (ERL). Traditionally beam currents in 

linear accelerators can have high instantaneous values but 

are restricted to pulses with low repetition rates because 

the average power dissipation must be kept to manageable 

levels. For a light source high average flux emission is 

highly desirable and this output has been possible so far 

only by the widespread application of the electron storage 
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ring (e.g. Diamond and other 3
rd

 generation sources) that 

achieves average currents of hundreds of milliamperes by 

recirculating the same electrons many times (and for 

many hours). This solution has serious drawbacks, in 

particular the ring defines the beam properties and they 

are dominated by the very emission of synchrotron 

radiation that the ring is built to deliver. If long-term 

storage of the electron beam can be avoided then greatly 

superior properties can be provided and this is one of the 

principal features of the ERL. 

The ERL delivers high average currents without beam 

storage, since electrons are injected, accelerated and 

circulated only once before the system recovers their 

energy, dumps them and replaces them with new 

electrons. This means that if the beam is injected with 

superior brightness properties it maintains these during its 

radiation emission phase. The 4GLS project has an ERL 

at its heart in a generational leap from storage ring 

sources. Globally, pioneering work on ERLs has been 

undertaken at the Jefferson Laboratory in the USA where 

a low energy proof-of-principle ERL has been 

successfully demonstrated. 

4GLS is best thought of in terms of three inter-related 

accelerator systems (see Figure 2).  The first is the high 

average current loop. In this a 600 MeV beam of 77 pC 

bunches is delivered at repetition rates of up to 1.3 GHz 

and energy recovery is an essential element. Progressive 

compression of the electron bunches in this loop allows 

for photon pulse lengths from a few ps to approximately 

100 fs (RMS). The VUV-FEL is placed towards the end 

of the high-average current loop.   

The second major accelerator system is the XUV-FEL 

branch. The XUV-FEL requires a peak current of ~ 

1.5 kA at beam energies from 750 to 950 MeV. This 

beam is derived from 1 nC bunches produced by a normal 

conducting RF photo injector operating at 1 kHz. At this 

repetition rate the 1 kW of beam can be safely dumped 

after traversing a final spontaneous undulator source. 

Although the XUV-FEL beam and the high average-

current beam discussed above are derived from separate 

electron sources after suitable low energy acceleration 

they are merged and accelerated in a single 

superconducting linac. The two beams are then separated 

using magnetic, energy dispersion for delivery to their 

respective devices.  

The third accelerator system is that required for the IR-

FEL. The same linac technology is used to accelerate 

electrons to between 25 and 60 MeV to provide a fully 

integrated and synchronised IR-FEL facility. The main 

electron beam parameters for 4GLS are given in Table 1. 

 

 

Figure 2. The conceptual layout of 4GLS. 

Table 1. Main electron beam parameters of 4GLS 
 

Bunch Parameter XUV-FEL 100 mA HACL 

Operation 

VUV-FEL HACL 

Operation 

IR-FEL 

Electron Energy 750 to 950 MeV 600 MeV 600 MeV 25 to 60 MeV 

Normalised Emittance 2 mm mrad 2 mm mrad 2 mm mrad 10 mm mrad 

RMS Projected Energy Spread 0.1 % 0.1 % 0.1 % 0.1 % 

RMS Bunch Length < 270 fs 100 to 900 fs  100 fs 1 to 10 ps 

Bunch Charge 1 nC 77 pC 77 pC 200 pC 

Bunch Repetition Rate 1 kHz 1.3 GHz n x 4.33 MHz 13 MHz 

Electron Beam Average Power 1 kW 60 MW n x 200 kW 156 kW 
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SUPERCONDUCTING LINACS 

The 4GLS design utilises superconducting linacs to 

accelerate and manipulate the three beams required to 

drive the photon sources. The accelerating structures are 

all based on a fundamental RF frequency of 1.3 GHz and 

a modified TESLA type cavity design operating at 2 K or 

below [6, 7]. The chosen RF frequency takes advantage of 

extensive development and operating experience of such 

systems (including the fact that industrialisation of the 

production and processing of such cavities is already well 

underway in preparation for the international linear 

collider ILC and superconducting XFEL).  

Importantly the 4GLS design team at Daresbury are 

currently close to completing construction of an energy 

recovery prototype, ERLP, based on commercially 

procured linac modules incorporating TESLA 9-cell 

cavities which will provide a valuable test bed for the 

critical cavity and module developments required to 

produce linacs capable of operating in CW mode with the 

high-average beam currents.   

For the high average current injector linac the major 

challenge is the delivery of the beam power required to 

accelerate a beam of up to 100 mA to 10 MeV without 

energy recovery. A cavity and coupler scheme similar to 

the two-cell geometry with symmetric couplers currently 

being developed at Cornell for the Cornell ERL prototype 

will be adopted for 4GLS. Two modules consisting of 

five of these two-cell cavities will suffice to provide the 

requirements of the ~ 10 MeV high average current 

injector system.  

The main linac will be made up of six cryomodules 

each containing eight, seven-cell cavities which are 

currently under development within an international 

collaboration that includes CCLRC. This development is 

designed to meet the extreme demands of CW high-

average current operation. The choice of six accelerating 

modules for the main linac is a balance between capital 

and operating costs which also provides a reasonable 

overhead in accelerating voltage. Another five similar 

accelerating modules are required within the accelerator 

system, two within the XUV-FEL injector system, two for 

the XUV-FEL linac to take this beam from 750 MeV to 

950 MeV and one to give the 60 MeV requirement for the 

IR-FEL. Development and verification of this challenging 

module design will be a major activity during the 

technical design phase of 4GLS. A prototype 2 cavity 

cryomodule is currently being developed at Daresbury 

Laboratory [8]. 

INJECTORS 

For linac-based light sources the injectors are an 

essential element in the delivery of high performance, 

high quality beams. The requirements for the three 

injectors proposed for 4GLS come directly from the 

challenging demands of the FEL and spontaneous 

sources. Unlike storage rings light sources where the 

beam properties are essentially decoupled from the 

properties of the injector beam, the performance of ERL-

based sources are directly dependent on the quality of the 

electron beam as produced by the injector and preserved 

during transport and acceleration. 

The IR-FEL of 4GLS makes relatively modest demands 

of the injector and the source envisaged requires 200 pC, 

1 ps electron bunches with a normalised emittance of 

around 10 mm mrad. This can be delivered in a cost-

effective and reliable way by mature thermionic gun 

technology. In contrast, the proposed injectors for both 

the high-average current loop and the high brightness 

XUV-FEL branch are based on developments of existing 

injectors.  

The XUV-FEL injector source is required to deliver 

1.5 kA peak current at 1 kHz repetition rate, the 

normalised emittance required to drive the device is 

2 mm mrad. Normal conducting RF photoinjectors today 

already exceed the bunch charge (1 nC) and emittance 

requirements and are a proven mature technology but they 

are typically low duty-cycle systems operating at a few 

Hz and require development to meet the 4GLS target 

repetition rate. Development of the PITZ gun is already 

underway that would increase the demonstrated 0.9 % 

duty cycle to 2.5 %, a slightly higher duty cycle than that 

required for 1 kHz operation of the XUV-FEL. 

Simulations using well developed particle codes have 

shown that a normalised emittance of 1.7 mm mrad can 

still be delivered whilst using relatively modest 

accelerating gradients, producing acceptable thermal 

loads in a gun engineered to supply additional cooling. 

This design is an effective starting point for the technical 

design of the XUV-FEL gun-cavity. 

The photoinjector chosen for the high average current 

loop is required to deliver an unprecedented 100 mA 

beam with an emittance of 2 mm mrad. With such a high 

current demand an optimal choice of cathode material is a 

high quantum efficiency semiconductor which limits the 

laser power required to reasonable levels. From the 

experience of the JLAB DC photo-injector, that has been 

utilised on the ERLP photo-injector, caesiated gallium 

arsenide may provide a suitable option for the cathode 

material. To meet the 4GLS requirements this gun will be 

driven by a simple stable 160 W, Yb-doped fibre laser 

operating at 1.3 GHz. Whilst the TJNAF DC and ERLP 

photo-injectors are already designed to achieve the 77 pC 

bunch charge required, the emittance of these guns is 

limited to around 5 – 10 mm mrad and the maximum, 

average current achieved at JLAB is only 9.1 mA. Further 

development is clearly required to meet the requirements 

of 4GLS and verification of such performance goes 

beyond the scope and capability of the current ERLP. 

Evolving from JLAB DC photoinjector developments, 

Cornell University is currently building a prototype 

injector which will produce a 100 mA beam of 77pC 

bunches. Extensive simulations of this gun based on the 

use of particle tracking codes predict that the emittance 

requirements for 4GLS would be fully met by this design. 
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BEAM DYNAMICS 

The most challenging area of accelerator design for 

4GLS is in meeting the requirements of extremely high 

peak current, (1.5 kA) for the XUV-FEL branch whilst 

simultaneously transporting and accelerating very high 

quality high-average current (100 mA) beam to the 

energy recovery loop. The conceptual solutions to the 

dynamics challenges for delivering the two most 

challenging beams are discussed below. 

These two beams originate from separate photo-

injectors, a high brightness RF photoinjector operating at 

1 kHz delivering 2 mm mrad normalised emittance, 1 nC 

bunches for the XUV-FEL and a low emittance 100 mA, 

normal conducting DC injector. At relatively low injector 

energies these high quality beams are susceptible to 

intense space charge effects. Within the RF gun, the 1 nC 

beam undergoes rapid acceleration to a few MeV and is 

then injected into a superconducting linac which quickly 

boosts the energy to 220 MeV. Rapid acceleration of the 

100 mA beam is achieved through the use of a high DC 

voltage followed closely by two superconducting booster 

modules delivering the ~1 MW power required to 

accelerate the beam to 10 MeV.  

The bunches within both of these beams have to 

undergo a significant amount of compression to deliver 

the required peak currents to drive the XUV- and VUV-

FELs and to meet the requirements of the science case  

for different pulse lengths from undulators in the high-

average current loop. An innovative, integrated 

acceleration and compression scheme is proposed which 

meets the unique requirements for each of the two beams 

whilst using the same main superconducting accelerator 

[9]. By defining appropriate accelerating phases within 

the linacs, the high compression demands of the XUV-

FEL are met using a two-stage compression scheme 

including a higher harmonic RF system for flexible non-

linear correction, whilst progressive compression through 

the undulator arc delivers the high peak current in the 

77pC bunches required to drive the VUV-FEL. An 

important part of this design is the optimisation of the 

scheme to maintain a high quality beam throughout the 

transport. Wakefield effects in the accelerator are reduced 

by performing the final compression stage at full energy 

so that the bunches around the arcs are kept relatively 

long to control the disruptive effects of coherent 

synchrotron radiation (CSR) emission which if 

uncontrolled can produce unacceptable energy loss and 

emittance growth. Acceleration of a 100 mA beam is very 

challenging; to accelerate and decelerate such a beam 

requires that the linac transport design is tailored to give a 

high threshold for the disruptive beam break-up 

instability. This is achieved through a combination of 

techniques including substantial damping of HOMs in an 

advanced design of RF cavity, tight control of beam 

focussing throughout the linac and optimisation of 

coupling and overall transport properties in the energy 

recovery loop [10, 11]. 

For the 4GLS XUV- and VUV-FELs, very high peak 

current is demanded simultaneously with narrow magnet 

gaps. These high peak currents are vulnerable to 

disruption by associated strong wakefields in nearby 

metallic chamber walls. This wakefield interaction and its 

undesirable consequences will be controlled through the 

use of appropriate vacuum materials and an optimisation 

of the FEL design which maintains vessel apertures that 

are compatible with delivering the required high quality 

beam. 

FREE ELECTRON LASERS 

The characteristics of 4GLS and its central ERL will be 

optimally exploited by the inclusion of three FELs, each 

covering a distinct photon energy range matched to the 

science needs of the UK and each offering excellent 

performance levels. The three designs are all state-of-the-

art with key advantages over other designs being 

proposed elsewhere. 

XUV-FEL 

A simple yet robust seeded design for the XUV-FEL is 

proposed to ensure that ultra-high quality, reproducible, 

tunable radiation is available in the 8 to 100 eV photon 

range [12, 13].  

A tunable laser seed pulse from a High Harmonic 

Generation source, that covers the full photon energy 

range, is amplified within the FEL. The FEL undulator 

consists of a lattice of individual undulator modules 

allowing electron beam focusing elements and diagnostics 

to be placed in between. The final undulator modules of 

the FEL will be of APPLE-II design that will enable the 

generation of variable elliptically polarised radiation. 

Figure 3 shows a schematic layout for the undulator 

modules and illustrates that for the low energy photons 

only the APPLE-II modules are in use whilst at high 

energy all of the modules are required. 

 

PU1PU2PU3PU4PU5PU6PU7PU8VU1VU2VU3VU4VU5

PU2PU3PU4PU5PU6PU7PU8VU1VU2VU3VU4VU5

PU3PU4PU5PU6PU7PU8VU1VU2VU3VU4VU5

PU4PU5PU6PU7PU8VU1VU2VU3VU4VU5

PU4PU5PU6PU7PU8VU1VU2VU3VU4VU5

PU5PU6PU7PU8VU1VU2VU3VU4VU5

PU7PU8VU1VU2VU3VU4VU5

PU7PU8VU1VU2VU3VU4VU5

PU8VU1VU2VU3VU4VU5

VU1VU2VU3VU4VU5

100eV

90eV

80eV

70eV

60eV

50eV

40eV

30eV

20eV

10eV

PU1PU2PU3PU4PU5PU6PU7PU8VU1VU2VU3VU4VU5 PU1PU2PU3PU4PU5PU6PU7PU8VU1VU2VU3VU4VU5

PU2PU3PU4PU5PU6PU7PU8VU1VU2VU3VU4VU5 PU2PU3PU4PU5PU6PU7PU8VU1VU2VU3VU4VU5

PU3PU4PU5PU6PU7PU8VU1VU2VU3VU4VU5

PU4PU5PU6PU7PU8VU1VU2VU3VU4VU5

PU4PU5PU6PU7PU8VU1VU2VU3VU4VU5

PU5PU6PU7PU8VU1VU2VU3VU4VU5

PU7PU8VU1VU2VU3VU4VU5

PU7PU8VU1VU2VU3VU4VU5

PU8VU1VU2VU3VU4VU5

VU1VU2VU3VU4VU5

100eV

90eV

80eV

70eV

60eV

50eV

40eV

30eV

20eV

10eV

 

Figure 3. Schematic of the modular undulator system of 

the XUV-FEL demonstrating the different modes of 

operation across the photon energy range 10-100 eV. 

Electron beam transport is right to left. The minimum 

required undulator gap decreases in gradual steps from 

28 mm for PU1 down to 10 mm for PU8 and the variable 

polarisation modules VU1-VU5. 
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The output pulses will have selectable polarisation and 

a pulse repetition rate of 1 kHz is set by the seed laser and 

the electron beam. Established FEL theory and state-of-

the-art simulation codes predict this FEL will generate 

photon energies at multi giga-watt power levels in pulses 

of duration 40 - 60 fs FWHM. The pulses will have 

excellent temporal and spatial coherence with time-

bandwidth products close to the Fourier transform limit 

for a Gaussian pulse. Unlike the self amplified 

spontaneous emission mode of operation, which 

effectively self-starts from intrinsic noise, the FEL 

interaction here is acting as a true amplifier. The high 

quality spectral properties of the radiation input seed 

pulses are maintained by the amplified output radiation 

pulses, as illustrated in Figure 4. Recent advances in High 

Harmonic Generation seed sources mean that the seed 

requirements for the XUV-FEL already exist and clearly 

future advances in conventional lasers can be readily 

harnessed. Further details on the issues raised by the use 

of HHG seeding can be found in [14]. 

The 4GLS design also incorporates an undulator after 

the XUV-FEL which enables the generation of 

spontaneous SR light with natural synchronisation to the 

XUV-FEL radiation 
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Figure 4. (a) Input HHG seed power (FWHM 30 fs) and 

electron bunch current as a function of longitudinal 

position (linear scale) and (b) radiation power (FWHM 

~50 fs) at the exit of the XUV-FEL (log scale). 

VUV-FEL 

The VUV-FEL will be a Regenerative Amplifier FEL 

(RAFEL) which is a high gain system that is of 

insufficient length to achieve saturation in SASE mode. A 

small fraction of the radiation emitted by an electron 

pulse at the end of the undulator is fed back to the 

beginning of the undulator to act as a seed field to a 

subsequent electron pulse. The radiation feedback may 

readily be achieved by placing the undulator into a low-Q 

cavity. This self-seeding process rapidly builds up and 

allows the RAFEL to achieve saturation after only a few 

electron pulses have propagated through the undulator. 

Figure 5 shows the intracavity pulse power for a cavity 

length detuning of ~ 12 µm after the first and eighth pass. 

After the first pass, the pulse power has a noisy profile 

characteristic of SASE. However, after only eight passes 

saturation occurs and the intracavity peak power is 

290 MW, equivalent to an output power of 218 MW. The 

corresponding spectrum, also shown in Figure 5, is seen 

to be noisy after the first pass. On subsequent passes 

however the spectrum narrows about a single wavelength. 

At saturation the spectrum has FWHM bandwidth of 

0.26% giving a time-bandwidth product of ~1.0. This is 

just over a factor two greater than a Fourier transform 

limited gaussian pulse and indicative of excellent 

longitudinal coherence. 

The FEL will offer high repetition rates (multiples of 

4.33 MHz) with giga-watt peak power and > 100 W 

average power [15]. Here advantage is taken of mirrors 

(with hole out-coupling) that are able to operate over the 

photon energy range of 3 to 10 eV. Photon pulse lengths 

of ~ 170 fs (FWHM) will be obtained in standard mode 

and simulations suggest that pulses as short as ~ 25 fs will 

be generated in a super-radiant mode. The output pulses 

will have selectable polarisation and be fully tunable. 

By using a pair of mirrors to reflect light emitted by the 

FEL back to the entrance of the device it becomes, in 

effect, self-seeding and no external conventional laser 

system is required. Hence high quality, stable light is 

ensured through a rather simple optical feedback loop. A 

particular feature of this FEL when compared with similar 

designs covering the same wavelength range is the 

tolerance to low mirror reflectivity. Extensive simulations 

have shown that mirror reflectivities in the range 40 to 

60 % are acceptable for this design [16]. 

Detailed modelling has been used to study the effect of 

timing jitter in the electron bunch arrival time [17]. Figure 

6 shows the build up of saturation with no timing jitter 

and with a jitter of ±80 fs, calculated using the 1D time 

dependent code FELO [18]. Statistical analysis of the 

peak output power during saturation suggests that the 

RMS variation in the peak output power increases from 

2.5% for the no jitter case to 8% for a jitter of ±80 fs. 
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Figure 5. Genesis 1.3 [19] simulation of the radiation pulse power and the radiation spectrum after one and eight  passes 

through the VUV-FEL for a cavity detune of 12
�

m. 
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Figure 6. FELO simulation of the VUV-FEL at 10eV and cavity length detuning of 18
�
m with (a) zero electron bunch 

arrival time jitter and (b) jitter of ±80 fs. The red points show the peak intensity of the pulse at each pass. 

 

IR-FEL 

The IR-FEL has been designed to produce high 

intensity, spatially and temporally coherent radiation with 

variable pulse lengths, flexible output pulse patterns and 

variable polarisation over the wavelength range 2.5 -

 200 µm. The high-Q cavity-based design employs two 

undulators in parallel and hence can serve two user 

experiments simultaneously. The provision of short 

electron bunches offers the potential to operate the FEL in 

super-radiant mode to produce shorter FEL pulses with 

higher peak intensities than available in normal operation: 

simulations predict FWHM pulse lengths of only a few 

optical cycles can be produced in this way. The 

implementation of a superconducting RF linac with the 

IR-FEL will offer highly stable operation and also high 

average powers (> 100 W) though the option of running 

in modes that reduce the average power for sensitive 

samples will also be available. 

SPONTANEOUS SOURCES 

There are six insertion device straights in the high 

average current loop, one of which is allocated to the 

VUV-FEL. The remaining five will be used to generate 

spontaneous radiation. To maximise the potential of the 

spontaneous sources three different undulator straight 

Pass 1 

Pass 1 

Pass 8 

Pass 8 
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lengths have been chosen; two 14 m straights; two 10 m 

straights and two 8 m straights. Thus the total space 

available for undulators is ~ 64 m, which exceeds all 

other existing low energy 3
rd

 generation light sources. 

More than one insertion device can be placed in each 

straight with a small corrector magnet between them so as 

to angularly separate the photon output. Distributed pulse 

compression will be employed in the high average current 

loop in order to deliver to users pulse lengths optimised 

for their experiments ranging from a few ps down to 100 

fs (RMS). 

It is well known that electrons in a bunch radiate 

coherently at wavelengths of the order of, and longer 

than, the bunch length. Since 4GLS has very short bunch 

lengths this so-called Coherent Synchrotron Radiation 

(CSR) is emitted over a broad wavelength range. 

Calculations indicate that the onset of the CSR for 4GLS 

is at around 40 
�
m and hence it will be an extremely 

intense source THz radiation.  

TABLE TOP LASERS 

In order to make full use of 4GLS it is important to 

allow integration of its sources with conventional lasers. 

Continuous coverage of the visible and near-IR parts of 

the spectrum is provided by the spontaneous sources as 

illustrated in Figure 1. However, there are currently no 

plans to provide FEL radiation in the spectral range from 

0.5 – 3 eV, as this is covered more cost-effectively by 

tabletop laser systems. These wavelengths will be made 

available by using continuously tuneable mid-infrared 

laser systems, such as mid-infrared Optical Parametric 

Oscillator and Optical Parametric Amplifier systems, 

Difference Frequency Generators and diode lasers. 

Ability to synchronise the additional lasers to within the 

temporal profile of the 4GLS sources is required. Current 

synchronisation is achievable to within < 100 fs, and is 

the subject of a vigorous worldwide research and 

development programme.  

STATUS 

The conceptual design of 4GLS is now complete and 

reported in [1]. The project is now entering the technical 

design phase which includes a substantial R & D element. 

The Energy Recovery Linac Prototype at Daresbury 

Laboratory is presently being commissioned and the 

results from this will be fed into the technical design of 

4GLS. In addition to this a superconducting RF linac 

module prototype is under construction that will be 

capable of operating CW at a high average beam current 

of 100mA. It is intended that this will be installed into 

ERLP at a later date for electron beam trials. In addition 

to this a high current photoinjector project is being 

initiated at Daresbury Laboratory to ensure that the target 

current of 100 mA can be delivered with the required 

electron beam parameters. 
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FEL OSCILLATION WITH A HIGH EXTRACTION EFFICIENCY AT
JAEA ERL FEL

N. Nishimori∗, R. Hajima, H. Iijima, N. Kikuzawa, E. Minehara, R. Nagai, T. Nishitani,
M. Sawamura, JAEA, Ibaraki, Japan.

Abstract

One of challenges that high-power FEL oscillators
driven by energy recovery linac (ERL) are facing is to in-
crease the extraction FEL efficiency as high as possible.
The high-efficiency oscillation relaxes the total beam cur-
rent needed for high-power lasing and makes the optical
micropulse length shorter, which is useful for various ap-
plications. Two triple bend achromatic arcs have been used
in a recovery loop for an ERL FEL at Japan Atomic En-
ergy Agency (JAEA). The return arc after an undulator has
an energy acceptance of 15%, which is large enough to re-
cover the electron beam used for high-efficiency FEL os-
cillation. Recently we have achieved the efficiency exceed-
ing 2%, which accompanies large energy spread, by dou-
bling the electron bunch repetition rate. The FEL efficiency
has been measured from the horizontal profiles of the ex-
hausted electron beam with a wire scanner installed at a
dispersive point in the return arc. The other arc placed up-
stream of the undulator has been found to work as a bunch
compressor for the high-efficiency FEL oscillation.

INTRODUCTION

One of challenges that high-power FEL oscillators
driven by energy recovery linac (ERL) are facing is to in-
crease the extraction FEL efficiency as high as possible.
The high-efficiency oscillation saves the total beam cur-
rent needed for high-power lasing, which decreases the
beam load to various accelerator components and increases
the wall-plug efficiency. The high-efficiency oscillation is
also appropriate for producing broadband ultrashort opti-
cal pulses, and makes the optical micropulse length shorter,
which is useful for various applications [1].

In a high-power ERL FEL at Jefferson Lab, a high-
efficiency FEL oscillation has been achieved at near IR
wavelength region [2, 3, 4]. The exhausted beam is trans-
ported to accelerators through a Bates type recovery loop
with energy acceptance of 15%, and full energy recovery
has been successfully established [5]. A recovery loop
which consists of two triple bend achromatic arcs has been
used for an ERL FEL at Japan Atomic Energy Agency
(JAEA) [6]. The energy acceptance of the return arc af-
ter an undulator was 7% before June 2006 [7, 6]. Recently
we have achieved the efficiency exceeding 2%, which ac-
companies large energy spread beyond the energy accep-
tance of the arc, by doubling the electron bunch repetition
rate [8]. The optical pulse can now interact with a fresh

∗ nishimori.nobuyuki@jaea.go.jp

electron bunch every round trip, while it overlapped with
an injected electron bunch every two round trips before the
doubling.

In this paper, first we give brief description of the config-
uration and recent upgrade of JAEA ERL for a high-power
FEL oscillation with the doubled beam current. Then our
recent experimental results on the FEL efficiency and the
beam dynamics through the energy recovery loop are re-
ported in details. The FEL efficiency has been measured
with a wire scanner installed at a dispersive point in the
return arc, which can serve as a monitor of the energy dis-
tribution of the exhausted electron beam. The wire scan-
ners have been also installed at other dispersive points for
study of the beam dynamics through the triple bend achro-
matic arcs. A measurement of the energy distributions at
the first arc, which is placed upstream of the undulator, as
a function of the accelerator phase has revealed that mag-
netic bunch compression in the first arc is indispensable for
a high-power FEL oscillation at the JAEA ERL. Finally,
applications planned in JAEA FEL are presented.

CONFIGURATION OF JAEA ERL

The JAEA FEL facility has been developed as a high-
power FEL at wavelength in far infrared region around 20
μm. The laser output power exceeded 1 kW within 500 μs
macropulse duration without energy-recovery in 2000 [9].
In order to increase the FEL output power higher than 10
kW and demonstrate the technology and commercial profit
of high-power FELs for industrial applications, we have de-
veloped an ERL FEL as an extension of the original super-
conducting accelerator [10].

The layout of the JAEA ERL is shown in Fig. 1. An in-
jector, main super-conducting accelerator (SCA) modules,
an undulator, and the first arc are from the original FEL.
An injection merger, a half chicane before the undulator,
and the return arc were installed for the ERL. The injector
consists of 230 kV electron gun with a thermionic cathode,
83.3 MHz subharmonic buncher (SHB), and two cryomod-
ules, each of which has a single cell SCA cavity driven at
499.8 MHz. An electron bunch of 0.5 nC with full width
half maximum (FWHM) length of 600 ps is generated by
a grid pulser at a 10.4 MHz repetition rate, that is 5 mA
average current, and compressed by the SHB followed by a
4.5-m drift. The electron bunch is accelerated to 2.5 MeV
by two single cells, and further compressed by ballistic
bunching through a 9-m drift. A two-step staircase is used
for the injection merger, because this configuration fulfills
the design requirements, achromaticity and small emittance
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SCA P2SCA P1
SHB

the return arc

optical cavity
half chicane

the first arc
undulator

merger chicaneelectron gun
SCA M2SCA M1

beam dump

Figure 1: The layout of JAEA Energy-Recovery Linac. An electron bunch generated by 230 kV electron gun is accelerated
to 2.5 MeV and injected into the energy-recovery loop. The electron bunch is accelerated to 17 MeV by main supercon-
ducting cavities and transported to the FEL undulator. The electron bunch is, then, re-injected to the main cavities and
decelerated down to 2.5 MeV and collected by a beam dump.

growth, and fits in the existing space. The achromaticity of
the merger is realized by setting three quadrupole magnets
to the appropriate strengths. An electron bunch injected to
two main cryomodules, each of which has five cell SCA
cavities driven at 499.8 MHz, is accelerated up to 17 MeV
and transported to the undulator through the first arc and
the half chicane. After the FEL interaction, the electron
bunch is re-injected into the main cryomodules at a de-
celeration phase for the energy recovery. The re-injection
phase can be controlled by changing the recirculation path
length. The return arc has been placed on movable tables
for this purpose. Both arcs used in the recirculation loop
have two families of quadrupole magnets which enable one
to vary M56 while maintaining achromaticity. This variable
M56 can be used for bunch compression in the first arc and
for energy compression in the return arc. The return arc
also has two families of sextupole magnets to compensate
second-order aberrations T166, T266, T566 arising from the
large energy spread due to the FEL interaction.

The JAEA ERL-FEL has been operated in pulsed mode
of 1 ms macropulse length in maximum and 10 Hz repeti-
tion rate, because of the following reasons. 1) The cooling
power of the refrigerator system for the SCA modules is not
sufficient enough to operate in CW mode. 2) The shield of
the building for the linac is not thick enough for the radia-
tion protection.

UPGRADE OF JAEA ERL

Gun Grid Pulser and Injector RF sources

Increasing the injector beam current is a straightfor-
ward approach to increase the FEL power by taking full
advantage of the energy-recovery. The JAEA gun has a
thermionic cathode driven by a grid pulser. In the origi-
nal configuration, the gun was designed to produce 0.5 nC
electron bunches at 10.4 MHz repetition. We installed a
new grid pulser working at 20.8 MHz, doubled repetition

of the original one, and a 10 mA beam is now available
[11]. The new grid pulser is designed at Budker Institute of
Nuclear Physics and can be operated in CW-mode as well
as pulsed mode [12]. The electron beam properties with
the new grid pulser keep similar performance to the origi-
nal one. The pulse width and the normalized rms emittance
at the gun are 590 ps (FWHM) and 20 πmm·mrad, respec-
tively [11].

Two single-cell cavities of the injector were driven by
8 kW solid state amplifier for each, enough capacity for 5
mA operation. The solid state amplifier was replaced by an
IOT-klystrode of 50 kW, which enables one to inject a 40
mA beam into the ERL [13].

RF low-level controllers

Stable operation of an FEL relies much on the stability
of an accelerator. An RF low-level controller for a SCA
is one of the key components for achieving good stabil-
ity. The original JAEA FEL was equipped with a low-level
controller, which kept phase flatness at ±1 degree within a
1 ms macropulse. The low-level controller was replaced
by new one, which provides the following functions for
the better stability: the feedback gain and bandwidth can
be varied during operation to obtain good flatness of RF
phase and amplitude, and all the circuits are contained in
boxes with temperature stabilization. The new controller
is installed in the vicinity of the SCA cavity to make the
cable length between the controller and the SCA as short
as possible. Furthermore the cables between the controller
and the cavities are contained in a temperature-controlled
pipe to suppress the temperature drift. After these upgrade,
the accuracy and stability of accelerating RF has been im-
proved. The flatness of RF phase and amplitude within a
1 ms macropulse are 0.06 deg. rms and 0.013% rms, re-
spectively, while those for the old system were 0.20 deg.
and 0.013% [14]. Phase and amplitude fluctuations for 5
minutes in the new system are measured as 0.15 deg. and
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0.015%, respectively.

Increased energy acceptance of the arcs

The doubled beam current has enabled us to operate the
JAEA ERL FEL with efficiency higher than 2%. The re-
sulting large energy spread of the exhausted electron beam
exceeded the energy acceptance of the return arc, which
caused a radiation problem when the FEL was operated
for a long time period at a macropulse length longer than
250 μs. We made minor modification of the return arc
to increase the beam energy acceptance. The bore of
quadrupole magnets of the return arc was enlarged from
64 mm to 102 mm. The beam pipe diameter was en-
larged from 55 mm to 100 mm. The energy acceptance
of the return arc has been increased from 7% to 15%. The
quadrupole magnets in the first arc were also replaced with
those used in the return arc. The energy acceptance of the
first arc has been increased from 3.5% to 4.3%.

FEL EFFICIENCY

The FEL wavelength at the JAEA FEL is around 20 μm
and a holed mirror is used to couple FEL out of the op-
tical cavity. The coupling efficiency of the holed mirror
is estimated to be around 30% [15]. It is however diffi-
cult to exactly determine the FEL efficiency from the mea-
sured FEL power only. The FEL efficiency can be obtained
from a measurement of the beam centroid shift of the ex-
hausted beam from the position without lasing at a disper-
sive point. A non-destructive method is indispensable for
the energy analyzer, since the exhausted beam has to be re-
covered under an ERL operation. A synchrotron radiation
(SR) monitor allows for continuous monitoring of the en-
ergy spectrum of the beam for an ERL operated even at a
full power [16, 5]. The SR wavelength at the JAEA ERL
is however longer than 20 μm, where no monitor camera
is available. A beam position monitor is also a promising
candidate for measuring the shift of the beam centroid [17].
It does not however provide information about the energy
distribution of the exhausted beam, which is also important
for beam energy recovery. We decided to use a wire scan-
ner, which is appropriate for measuring profiles of pulsed
or low-current-CW beams, although it is a partially inter-
cepting device.

Wire Scanners

A wire scanner consists of a thin wire that is moved
across the beam path. The local density of the electrons
traversing the wire is detected by measuring such sec-
ondary particles as secondary electrons and bremsstrahlung
photons produced by the interaction of the electron beam
with the wire. Detection of the secondary particles al-
lows one to measure the beam profile, and wire scan-
ners are widely used as beam profile monitors. Detect-
ing bremsstrahlung photons with a scintillator and a photo-
multiplier placed downstream of the wire has enabled one

to measure large dynamic range beam profile in an ERL
where small beam loss like beam halo represents signif-
icant amount of beam power [18]. A wire array based on
secondary electron emission current is used to provide time
resolved electron spectrum, which is useful to study the
evolution of the energy spectrum from a narrow to a broad
spectrum as a result of the FEL interaction [19, 20].

The wire scanner used in the present study is based on
a linear movement of a copper wire in 0.6 mm diameter
through the beam at a speed of 0.39 mm/s by 100 mm-
stroke. The copper wire is mounted on an aluminium fork
with a gap of 26 mm and electrically floated from the
ground. The secondary electron emission current is mea-
sured with a current meter (TR8641 electronic picoamme-
ter, ADVANTEST). The wire position is measured with a
linear potentiometer and is recorded in an ADC (WE7272
isolated digitizer, YOKOGAWA) together with the sec-
ondary electron current.
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Figure 2: Horizontal beam profiles for various cavity
detuning lengths measured with a wire scanner (WIRE
#1) placed in the middle of the drift space between two
quadrupole magnets just after the first bending magnet in
the return arc, where horizontal dispersion is measured to
be η = 0.376 m. The vertical axis shows secondary elec-
tron emission current and horizontal axis shows wire po-
sition. The total secondary emission electron current in-
tegrated along the wire position is plotted with respect to
optical cavity detuning length in the inset. The FEL power
at δL = 0 μm during a wire scan is represented by a black
solid line.

Electron energy distributions and FEL efficiency

Figure 2 shows horizontal beam profiles measured for
various detuning lengths (δLs) of an optical cavity with
the wire scanner, which is installed in the middle between
two quadrupole magnets placed just after the first bending
magnet in the return arc. This wire is called WIRE #1 in
the present paper. The horizontal dispersion at the wire
scanner is measured to be η = 0.376 m from the shift of
the beam centroid with respect to the magnetic field of the
first bending magnet. This is similar to the value of η =
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0.41 m calculated from a first-order matrix of beam trans-
port (see Fig. 5). The vertical axis shows secondary emis-
sion electron current from the wire scanner and horizontal
axis shows wire position. The polarity of the secondary
electron current is positive. The inset shows the total sec-
ondary emission current integrated along the wire position
as a function of δL. The total secondary current is 1.5 μA,
which is almost independent of δL. The secondary electron
production rate for 17 MeV electron on our wire scanner is
estimated to be 8%, since the incident electron beam cur-
rent during the measurement was 18.5 μA. The production
rate is similar to that for for 30 MeV electron on carbon,
which is measured to be 3% [21]. The peak secondary elec-
tron current measured by the wire is less than 0.07 μA (see
Fig. 2), indicating that the beam loss due to the presence of
the wire is small (less than 5%). This explains our observa-
tion that the FEL power at δL = 0 μm remains unchanged
during the wire scan, which is shown by a black solid line
in Fig. 2,
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Figure 3: FEL power measured as a function of δL at
macropulse length of 230 μs. FEL efficiencies obtained
from the energy distributions of the exhausted electron
beam are shown by open squares. The efficiencies near
zero detuning length cannot be measured with our energy
analyzer due to the limited energy acceptance, and they are
determined from measured FEL power. The inset shows
the beam dump current with respect to δL.

The FEL power changes as a function of δL, as shown
in Fig. 3, and the energy distributions of the exhausted
electron beam changes as well (see Fig. 2). The shift of
the beam centroid from the position without lasing yields
the FEL efficiency together with the dispersion η = 0.376
m. The measured FEL efficiencies are plotted as open
squares in Fig. 3. The efficiency higher than 2% cannot
be measured with our present wire scanner, since the scan-
ner is placed downstream of the focusing quadrupole mag-
net where the dispersion is maximum of η = 0.6 m. The
sharp edge of the beam profiles seen around the wire posi-
tion of −34 mm in Fig. 2 represents the beam loss in the
lower energy side at the first quadrupole. The amount of
the beam loss is considered to be small, since the total sec-

ondary electron current is almost constant with respect to
δL (see inset of Fig. 2). The maximum FEL efficiency is
estimated to be 2.8%, as shown in Fig. 3.

Table 1: JAEA ERL FEL parameters
Parameter Measured

Beam energy at undulator 17 MeV
Average current at undulator 8 mA
Bunch charge at undulator 0.4 nC
Bunch length at undulator 12 ps (FWHM)
Peak current 35 A
Energy spread before undulator 1.5% (FWHM)

after undulator > 15% (full)
Normalized emittance (rms) 40 mm mr
Bunch repetition 20.8250 MHz
Macropulse 1 ms × 10 Hz
Undulator period 3.3 cm
Number of undulator periods 52
Undulator parameter (rms) 0.7
Optical cavity length 7.2 m
Rayleigh range 1.00 m
Mirror radii 6 cm
Output wavelength 22 μm
FEL extraction efficiency > 2.5%

The coupling efficiency of the holed mirror is obtained
from the present efficiency measurement. The measured
FEL power is 1.5 W for macropulse length of 230 μs. The
FEL power during the macropulse is estimated to be 0.75
kW, since the FEL power for the first 30 μs is negligibly
small. The FEL is extracted through a KRS5 window, that
has the transmittance of 70% in normal incidence. The
beam current measured at the beam dump is 18.5 μA corre-
sponding to the average beam current of 8 mA. From those
experimental results, the coupling efficiency of the holed
mirror is estimated to be 28% and agrees well with the cal-
culated value of 30% [15]. The JAEA ERL FEL parameters
are listed in Table 1.

Thermal effect on the wire scanner
Heating of the wire might be a concern when attempt-

ing to measure the profile of high average power electron
beams [22]. The stopping power for 17 MeV electrons in
copper is 2.5 MeV cm2/g. [23], and the specific gravity of
copper is 8.94 g/cm3. We assume that the copper wire in
0.6 mm diameter is regarded as a foil with width of 0.532
mm and depth of 0.532 mm. The energy loss of 17 MeV
electron in the copper wire is estimated to be 1.2 MeV. The
total charge struck by the electron beam during a wire scan
is measured to be less than 25 μC when macropulse length
is 230 μs, and the maximum power deposited on the wire
during the scan is 30 J. The specific heat of copper is 0.385
J/g/K at 25◦C. Thus the temperature rise of the wire can
be estimated to be 15000 K in maximum when we assume
that the heat accumulates in the wire within a vertical dis-
tance of 2 mm, which is similar to the vertical beam size.
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However we need to take thermal radiation power, thermal
conductivity of copper, power of secondary emission par-
ticles, and others which can alleviate the temperature rise
of the wire, into account. Although the wire scanner can
be used as an energy analyzer as long as heating is not a
problem, we need to study this thermal effect in details.
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Figure 4: FEL efficiencies as a function of δL obtained
from a one-dimensional time-dependent FEL simulation
(solid line) and corresponding beam energy spread (dotted
line). Measured FEL efficiencies are also plotted as open
squares for comparison.

FEL simulation

We have conducted an FEL simulation for comparison
with the experimental result. We use one-dimensional
time-dependent FEL simulation code, which was used in
our previous studies [24] and agrees well with experimen-
tal results obtained without energy recovery. The electron
bunch length measured at the undulator center is 12 ps
(FWHM). The electron bunch shape used in the simulation
is assumed to be triangular with the peak Colson’s dimen-
sionless beam current of j0 = 25. A mono energetic elec-
tron beam is assumed in the simulation, since the peak FEL
efficiency depends little on initial energy spread [24]. The
optical cavity loss is measured to be 4.2% from a cavity
ring down of the FEL pulse with a Ge:Cu detector. Figure
4 shows calculated FEL efficiency and full energy spread
of an electron bunch as a function of δL. The measured
FEL efficiencies are much smaller than those obtained in
the simulation at large detuning lengths. This may be due
to the large energy spread of the incident electron beam.

BEAM TRANSPORT IN THE RETURN
ARC

Transverse and longitudinal beam dynamics through the
return arc for JAEA ERL has been already studied to find
a matched beam envelope from the undulator to the beam
dump [7]. In order to roughly estimate dispersion and
M56 in the return arc, we calculate the beam envelope
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Figure 5: Beam envelopes from the undulator exit through
the return arc to the merger chicane calculated from a first-
order matrix of beam transport. The positions of wire scan-
ners are indicated by arrows.

from the undulator to the entrance of main SCA modules
based on magnet parameters used for actual beam trans-
port. Courant-Snyder parameters at the exit of the undula-
tor are given from the matched beam condition for the un-
dulator, αx = 0; βx = 0.33 m; αy =−1; βy = 1.7 m. Figure
5 shows obtained betatron functions for the beam envelope,
where M56 = −0.56 m from the undulator to the entrance
of the merger chicane.
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Figure 6: Horizontal beam profiles for various cavity
detuning lengths measured with a wire scanner (WIRE
#2) placed in the middle of the drift space between two
quadrupole magnets just after the second bending magnet
in the return arc, where horizontal dispersion should be the
same as that of WIRE #1, η = 0.376 m, when the return arc
is achromatic. The inset shows the total secondary emis-
sion electron current integrated along the wire position with
respect to δL.
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A drawback of a triple bend achromatic arc is that
quadrupole magnets have to be properly set not only to
adjust M56 for energy compression, but also to establish
achromaticity in the arc. This is in contrast to the Bates
type end loop where a pair of quadrupole magnets and a
pair of sextupole magnets are used just to control M56,
T566, respectively, since the end loop is intrinsically achro-
matic [5]. Therefore achromaticity has to be carefully
checked in a triple bend achromatic arc. We have mea-
sured horizontal beam profiles downstream of the second
bending magnet in the return arc with a wire scanner (see
Fig. 6). This wire scanner is called WIRE #2 in the present
paper and has been installed in the middle of the drift space
between two quadrupole magnets after the second bend-
ing magnet and should have the same dispersion function
as WIRE #1 when the return arc is achromatic. However,
the beam profiles shown in Fig. 6 are similar to those in
Fig. 2 only when the FEL efficiency is less than 1%, and
they are quite different from each other when the efficiency
is higher than 1%, requiring chromaticity correction. The
total secondary electron current measured with WIRE #2,
which is shown in the inset of Fig. 6, is almost the same as
that with WIRE #1. The beam loss is thus expected to be
small in the return arc. In the measurement shown in Fig.
6, sextupole magnets are not used to compensate second
order aberrations T166, T266, T566 arising from the large
energy spread due to the FEL interaction. We will perform
a systematic measurement of the horizontal beam profiles
with various parameter sets of sextupole magents soon.

A current transformer placed downstream of the return
arc, which picks up an induction current, is also used as
a beam loss monitor for the return arc. The current trans-
former signal remains almost the same when the FEL ef-
ficiency is low, but some beam loss is observed for the
efficiency higher than 2%. The beam dump current with
respect to δL should be constant when the full energy re-
covery is established. However the beam current gradu-
ally drops as the efficiency increases over 2%, as shown in
the inset of Fig. 3. One possible reason is that the energy
spread of the recovered beam is beyond the energy accep-
tance of the beam dump. Although the dump can collect
the beam with four times different momentum, the energy
spread of the recovered beam can exceed the acceptance
under high-efficiency FEL oscillation. Without sufficient
energy spread compression, the energy spread can remain
2.5 MeV, which corresponds to 15% of 17 MeV beam,
while the mean energy of the recovered beam is lower than
2.5 MeV. We need to study carefully how much beam is
recovered through the main SCA modules and how much
of the recovered beam is collected by the beam dump.

MAGNETIC BUNCH COMPRESSION IN
THE FIRST ARC

A high peak current electron beam, which can be accom-
plished by means of magnetic, ballistic, or velocity bunch
compression, is indispensable to realize a high-efficiency
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Figure 7: The top figure (a) shows horizontal beam pro-
files measured with a wire scanner placed just after the first
bending magnet in the first arc, where horizontal dispersion
is calculated as η = 0.50 m, with respect to the RF phase of
the last SCA module M2 defined as θ. The black dotted
line shows measured FEL power during a wire scan when
θ = 0◦, where the FEL power is maximum. The bottom
figure (b) shows relative difference of the beam centroid
energies (solid line), FWHM energy spreads (dotted line),
and the total secondary emission electron current from the
wire scanner as a function of θ. Those data are obtained
from the top figure (a).

FEL oscillation. At the JAEA ERL, ballistic bunching,
which is performed before the main SCA modules, had
been considered to play a major role in the bunch com-
pression [25]. Recently we measured powers of coherent
synchrotron radiation (CSR) generated from three bending
magnets in the first arc and found that the CSR power at the
last magnet is much stronger than the remaining two. This
indicates that another bunch compression occurs in the first
arc. In order to confirm this magnetic bunch compression,
we measured horizontal beam profiles with a wire scanner
at a dispersive point as a function of the RF phase of the
last SCA module (SCA M2). Hereafter we use θ as the RF
phase of SCA M2. The horizontal dispersion at the wire
scanner located just after the first bending magnet is esti-
mated to be η = 0.50 m from the first-order matrix calcula-
tion. The measured beam profiles are shown in Fig. 7(a).
Here we set θ = 0◦ where the FEL power is maximum. The
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black dotted line shows FEL power with respect to the wire
position when θ = 0◦. The power decreases by 10% when
the wire passes the beam centroid. The ratio of FEL power
loss is consistent with the ratio of beam loss due to the pres-
ence of the wire scanner, which is calculated from the peak
secondary current of 0.1 μA divided by the total secondary
current of 1.4 μA.

Figure 7(b) shows difference of the mean energy,
FWHM energy spread, and total secondary electron cur-
rent with respect to θ. The energy spread is 1.5% when
θ = 0◦, but it decreases down to 0.8% as θ decreases to
−12◦. The energy of beam centroid shifts toward higher
energy side with decreasing phase and reaches maximum
around θ = −10◦. The energy difference between θ = 0◦

and θ = −10◦ is 0.8% corresponding to 0.14 MeV for 17
MeV electron. Since the energy gain for each main SCA
module is roughly 7.5 MeV, 11 degree off-crest accelera-
tion yields the same amount of energy difference. From
these results, we can conclude that θ = 0◦ is about 10 de-
gree off-crest of the SCA M2 phase. The total secondary
electron current gradually increases with decreasing θ, and
the ratio of the current increases by 20% when θ = −17◦.
The similar amount of beam loss is observed in another ex-
periment. We have measured beam currents with a Faraday
cup both in the straight section along the main SCAs and
after the first arc, and observed that the beam loss through
the first arc amounts to roughly 20% when the RF phase
is adjusted for the FEL power to become maximum. This
indicates that the lower energy side of the electron beam
arising from the off-crest acceleration is lost at the beam
duct of the first bending magnet in the first arc. We have a
plan to replace the beam duct with one having larger bore
and repeat the same measurement to study the energy spec-
tra of the accelerated electron beam with respect to θ in
more details.

We have also measured temporal beam profiles at the un-
dulator center as a function of θ with a synchroscan streak
camera (M1954-10, Hamamatsu) at macropulse length of
30 μs, as shown in Fig. 8(a). The centroid of beam pro-
files changes as a function of θ, since the beam arrival time
shifts due to M56 from the SCA M2 to the undulator. The
shift of arrival time and rms bunch length are shown in Fig.
8(b). The shortest FWHM bunch length of 12 ps is obtained
when θ = 0◦, indicating that high peak current is indispens-
able for the high-efficiency FEL oscillation. The arrival
time difference between θ = 0◦ and θ = −10◦ is 10 ps, and
the corresponding momentum difference between the two
acceleration phases is 0.8% from Fig. 7(b). This leads to
M56 = 0.38 m, where the sign of M56 is determined from
first-order matrix calculation of the first arc based on the
magnet parameters used for actual operation. The calcula-
tion yields M56 = 0.6 for the first arc and M56 = 0.07 for
the half chicane.

We will perform the same measurement somewhere
downstream of the second arc to obtain M56 from the undu-
lator center to the entrance to the main SCA modules. The
value of M56 in the return arc should be the same as that to
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Figure 8: The top figure (a) shows temporal beam profiles
measured with a synchroscan streak camera at the undula-
tor center with respect to the RF phase of the SCA M2 (θ).
The bottom figure (b) shows relative difference of the beam
arrival time (solid line), and FWHM bunch length (dotted
line). Those data are obtained from the top figure (a).

the undulator from the exit of SCA M2 except for its sign,
if the energy compression in the return arc is properly exe-
cuted. It is worth to mention that such a longitudinal phase
space manipulation using magnetic bunch compression and
decompression is performed in JLab FEL in an elegant way
[5], where M56 = −0.3 m from the exit of SCA modules to
the undulator for the bunch compression and M 56 = 0.3 m
from the undulator to the entrance of SCA modules for the
energy compression.

APPLICATION

A laser-beam transport line has been built to deliver FEL
pulses to an experiment room. We have upgraded an opti-
cal beam expander, which consists of two elliptic mirrors,
at the end of FEL optical cavity to convert a diverging beam
from a center-hole on a FEL cavity mirror into a parallel
beam. The expanded beam is transported to the experi-
mental room through a 24 m-long evacuated pipe. FEL
transport efficiency 50% has been achieved [1].

For FEL applications, we investigate material processing
using ultrashort FEL pulses. By using FEL pulse shorter
than pico-second, it is possible to avoid thermally induced
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stress and debris generation, which has been unavoidable in
material processing with Q-switched YAG lasers or CO2
lasers [26]. Recently we found that non-thermal surface
peeling of stainless steel by ultrashort laser pulses can
be adopted to eliminate stress-corrosion-cracking (SCC),
which is a critical problem in nuclear power plants [27].
A pilot experiment using Ti:sapphire laser showed that we
can remove the residual stress and SCC susceptibility of
cold-worked and hardened stainless steel by the laser peel-
ing. Application of self-chirped FEL pulses is also stud-
ied. We reported that frequency chirp is induced in an FEL
pulse, when the FEL oscillator has large gain and is op-
erated at perfectly synchronized cavity length [28]. We
demonstrated generation of an FEL pulse with frequency
chirp of 14% and duration of 320 fs. A laser pulse with
such large frequency chirp can be used for quantum con-
trol of chemical reaction: the resonant excitation of atomic
or molecular systems, which have an anharmonic potential
ladder [29].
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Abstract 

Encouraged by the successful operation of the JLab 
Demo in 1998, many high current ERLs are now being 
designed with not only short pulse synchrotron beamlines 
but also FELs. Such inclusion has major implications on 
magnet quality, rf feedback requirements, wiggler design, 
srf cavity QL, halo, etc. 

Measurements on the JLab ERL FEL have identified 
new challenges. The JLab Upgrade was designed with a 
160 MeV beam of 10 mA in 75 MHz, 300 fs bunches. 
FEL designers set transverse emittance and longitudinal 
bunching requirements, but to accommodate an FEL in 
our ERL also means setting stringent phase stability 
requirements of (<6x10-9/fm rms) based on a desired FEL 
detuning tolerance of 1.2 microns. Recovered beam RF 
loading on the subsequent accelerated beam complicates 
satisfying these requirements. Gain in the rf feedback 
limits the accuracy of energy stability when loaded Qs are 
~107. Energy recovery to <10 MeV sets magnetic field 
tolerances at 10-4. We present measurements on the JLab 
ERL showing how to set system requirements to tolerate 
such FEL lasing. 

BACKGROUND 
Given the rising interest in Energy Recovered Light 
Sources incorporating Free Electron Lasers [1], it is 
helpful to review what specifications of the light source 
may need revision in order to accommodate the strict 
demands of the FEL.  The discussion below should not be 
viewed as inclusive but rather is a starting point for 
further analyses based on experience to date.  We give 
examples of specific criteria based primarily on our 
experience with the JLab IR Upgrade machine, which has  
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

proven to be a great learning tool in the path toward the 
next generation ERLs.  Key areas for discussion include:  

1) impact of longitudinal phase space manipulation 
on rf phase and amplitude control and srf cavity 
specifications 

2) magnetic field quality, higher order term 
management for transverse and longitudinal 
acceptance  

3) wakefields and resistive wall effects 

LONGITUDINAL PHASE SPACE 
For an FEL ERL it is generally desirable to let the bunch 
length remain long during initial acceleration to minimize 
longitudinal emittance growth. By operating off crest, a 
correlated energy spread in imposed on the beam that can 
be used to compress the beam to high peak current at the 
wiggler.  The FEL then imposes an energy spread during 
lasing with a full width on the order of 6 times the 
extraction efficiency.  This large energy spread must be 
transported to the dump during energy recovery.  In 
addition the centroid of the distribution loses energy 
according to the FEL efficiency.  If an appropriate M56 
and path delay in the transport is applied before 
deceleration the energy spread of the beam can be 
compressed as the beam decelerates so that the ultimate 
energy spread as a fraction of the energy is not much 
larger than the FEL-imposed spread. The offset 
deceleration angle must be chosen to be sufficient to 
handle the full energy spread of the beam or successful 
transport to the beam dump will not be possible (Figure 
1).  Given the large energy spread of the decelerating 
beam it is also necessary to match the higher order terms 
of the magnetics.  The Upgrade FEL utilizes sextupoles to 
help match the rf curvature and minimize dE/E at the 
dump [2-4]. 
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Figure 1.  Electron distribution on the acceleration and deceleration rf phase.  If the energy spread of the beam exceeds 
(ΔE/E)FEL/2 < Elinac cos φ0 then there is not sufficient rf gradient to decelerate those electrons.  
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A practical rf control system must be able to manage 
transients associated with the FEL turning on and off.  
Figure 2 illustrates the beam load phasors in a typical rf 
cavity with the accelerated and decelerated beam initially 
perfectly canceling.  For the example parameters, when 
the FEL turns on a phase shift of 7.2 degrees results and 
initially the rf power draw goes from 911 W at zero 
degrees to 7244 W at 50 degrees in the rise time of the 
laser: ~ 10 microseconds.  Given time the srf cavity can 
retune to minimize the power draw (Figure 2c, 3).  The 
resultant is then 2237 W at zero degrees.  The energy of 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
the accelerated beam must not change substantially during 
this transient or a relaxation instability between the FEL 
and accelerator can be initiated.  It is important to note 
that although an ERL with perfectly opposed accelerating 
and decelerating beams can operate in principle with a 
very high loaded Q >> 107 such an arrangement makes 
this turn on and management of the FEL much more   
difficult.  In practice, it may be more practical to trade the 
high CW power draw for ease of operation by having a 
lower QL [5].   
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Figure 2.  Loading of the rf with  a) perfectly matched acceleration and deceleration,  b) when the FEL turns on and 
instantaneously shifts in phase, c) after the srf cavity tunes its resonance to minimize power draw. 
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  Figure 3.  Measured and calculated RF power draw during lasing with cavity tuning for rf power minimum.  
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  Having excess power available to stabilize fluctuations 
is crucial.  The optical cavity must have its round trip 
travel time precisely matched to the arrival time of the 
electron bunches for stable lasing.  To keep the peak-to-
peak fluctuations smaller than 10% it is necessary to keep 
the cavity length stable to less than 0.05GNλ.  For 
example, in the JLab IR Upgrade for G of 0.5,  a N of 32, 
and λ at 1.5 µm one must keep the cavity length constant 
to <1.2 µm peak to peak.  The micropulse arrival time 
must be kept constant to the same precision: 

  
       

     (1) 
 

From the frequency modulation constraint you get a 

timing jitter constraint of     δτ < 6x10-9/fm.   Note that 

the FEL is fairly tolerant of slow timing jitter since the 
optical cavity can follow this. 
 

FIELD QUALITY 
Since the FEL and energy recovery is sensitive to the 
phase of the rf it goes without saying that magnetic field 
quality affects the path that any electron takes and 
therefore must have tight tolerances.  A transverse 
variation in field ΔB leads to an erroneous angular spread  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

across the beam of magnitude δx’ = ΔBl/Bρ ∼ ΔBl/(33.3 
kG-m/GeV * Elinac).  This evolves, via M52 a path length 

spread δl, which differential path length spread in turn 
translates to a final energy spread ΔEdump which equals 

2π sinφ0 Μ52(ΔBl/33.36 kG-m)/λRF (GeV).  From this 

one can conclude that the allowed error field integral ΔBl 
is independent of linac length/energy gain.  In other 
words the tolerable relative field error falls as energy 
(required field) goes up.  Higher energy ERLs will have 
increasing difficulty meeting this requirement. For the 
JLab Upgrade the tolerances are of order ΔEdump ~ 3400 

MeV * (ΔB/B) and ~ 0.16 keV/G-cm * (ΔBl); thus a 10-4 
relative field error budget leads to a remnant momentum 
spread of 340 keV after energy recovery. This has led to 
the necessity of careful design, mapping, and hysteresis 
control of the magnets in the Upgrade.  Major dipoles 
must be spectrometer grade with dB/B of 10-4   (see 
Figure 4 for an example of one of our IR Upgrade 
magnets). 
   A substantial amount of effort has gone into making the 
IR Upgrade FEL transport have the ability to linearize and 
control higher order transport terms so as to achieve the 
shortest possible bunch length at the wiggler and 
successfully transport beam energy spreads of up to 15% 
all the way to the beam dump with current losses less than 
10-4.  A full discussion of this system is beyond the scope 
of this paper.  We refer the reader to [3]. 
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Figure 4.  Measured field contours of a GX dipole at 0.4 G resolution. Precision measurements such as these must be 
made at all desired operating points (or ranges) and B• dl calculated for high order transport.  
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WAKEFIELDS 
 
The wakefield produced by relativistic particles is an 
issue often dealt with in storage rings so techniques to 
address this are well known in the community.  The issues 
with an ERL can be more severe than with such storage 
rings because of the short bunch lengths required at the 
FEL itself.  This causes the high frequency collective 
emission cutoff to move to much higher frequencies, a 
benefit if one is looking for THz emission but a detriment 
in terms of resistive wall heating and excitation of 
unintended cavities along the beam pipe.  Transitions 
between different size and shape chambers must be 
engineered to minimize wakefield problems or significant 
heating of the electron beam can result.   
   In addition, the narrow chamber required for wigglers 
exacerbates the problem since the longitudinal wake goes 

inversely with the square of the pipe diameter.  Such 
effects can have dramatic consequences even at the 
modest currents (5 to 10 mA) of our first generation ERLs 
(Figure 5).   

SUMMARY 
We have illustrated a number of ways in which the 
demands of high longitudinal brightness at the input of  
the FEL, and large energy spread at the output of the FEL 
can drive tight specifications for the magnetic transport 
system and its apertures.  In addition the need for output 
stability and the impact of laser transients sets additional 
strict requirements on the RF control system, and phase  
and timing stability of the beam.  While existing 
engineered solutions meet the need of first generation 
machines, improvements will be needed to extend the 
performance to systems presently in the planning stage. 
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Figure 5.  An image of the IR Upgrade wiggler chamber in the visible and infrared during 4.6 mA of beam.
Heating is estimated at 35 W/m with the chamber reaching 42oC on top and 100oC at midplane.  
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Abstract 

Peking University is currently designing an Energy 
Recovery Linac FEL (PKU-ERL-FEL). The system is 
consisted of a DC-SC photocathode injector, a 
superconducting linac which is composed of two nine cell 
TESLA-type cavities, an undulator and beam transport 
system. The objectives of the PKU-ERL-FEL are 
providing infrared FEL and building a test-bed for the 
study of beam dynamics and accelerator technology for 
energy recovery. In this paper the main parameters of the 
PKU-ERL-FEL are described and the optical design for 
the beam transport of PKU-ERL-FEL is presented. The 
simulation is carried out using the typical particle tracking 
codes such as elegant. 

INTRODUCTION 
Energy Recovery Linac (ERL) for FEL was approved 

in Jlab [1]. It is an economical operation mode for widely 
use in scientific research, industrial and other areas. As 
the benefit of reducing most of the energy loss, ERL 
would make it possible to construct large accelerators 

which need huge power and increase the beam current to 
a very high level that seems difficult nowadays. Recently 
many laboratories are developing ERL technology and 
some facilities are under constructing such as ERLP in 
Daresbury Laboratory [2][3][4]. Peking University also 
plan to build an Energy Recovery Linac FEL (PKU-ERL-
FEL) based on the research work of RF superconducting 
technology. This facility will not only provide infrared 
FEL (IR-FEL) for users but also be used as a test-bed for 
the study of beam dynamics and superconducting linac 
techniques for energy recovery. In this paper we mainly 
discuss the optical issues of the PKU-ERL-FEL.  

DISCRIPTION OF PKU-ERL-FEL 
Similar with other facilities, PKU-ERL-FEL consists of 

a DC-SC photocathode injector, a superconducting linac 
which is composed of two nine cell TESLA-type cavities, 
an undulator with mirrors in each side and beam transport 
system. PKU-ERL-FEL is under design and the general 
parameters are determined. Figure 1 shows the layout and 
table 1 gives the main parameters of the PKU-ERL-FEL.  

___________________________________________  

*Work supported by National Basic Research Project 
#lzhchao@pku.edu.cn 

+kxliu@pku.edu.cn  

Figure 1: Layout of PKU-ERL-FEL. 
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Table 1: Main parameters of the PKU-ERL-FEL 

Injection Energy 5MeV 

Maximum Energy 30MeV 

Bunch Frequency 26MHz 

Bunch Charge ~60pC 

Bunch length at Entrance of Undulator ~1ps 

Macro Pulse Length 2ms 

Rep. Frequency of Macro Pulse 10Hz 

Energy Spread (rms) 0.24% 

Transverse Emittance （rms, n.） ~3μm 

Length of Undulator 1.5m 

λu of Undulator 3cm 

K of Undulator 0.5-1.4 

Optical Cavity Length 11.52m 

Wavelength of FEL 4.7-8.3μm 

Injector 
The injector is a three and half cell DC-SC 

photocathode injector working at 2K with a frequency of 
1.3GHz. DC-SC photocathode injector has been studied at 
Peking University since 1999 and demonstrated with a 
one and half cell model [5]. The accelerating gradient of 
this three and half cell DC-SC photocathode injector will 
reach 15MV/m and the transverse emittance of the beam 
from the photocathode is less than 3.0μm. 

Linac 
The linac is composed of two nine cell TESLA-type 

cavities also working at 2K. Electron will be accelerated 
to 30 MeV from 5 MeV at a gradient of about 13MV/m. 
Then it goes through the whole loop and back to the linac 
to be decelerated to 5MeV at 180° phase shift which is 
exactly achieved by adjusting the length of the whole loop. 
The linac will be operated in pulse mode due to the 
limitation of the capability of the cryogenic system.  

Undulator 
The undulator is 1.5m long and with 50 periods. The 

wave length of the IR-FEL produced by the undulator is 
from 4.7μm to 8.3μm. As the bunch frequency is 26MHz, 
the length of the cavity is currently set at 11.52m. Before 
the undulator is a magnet compressor to compress the 
bunch length to about 1.0ps. The bunch length has to be 
lengthened for effective deceleration. There are two ways 
to lengthen the bunch after undulator, one is using a 
decompressing chicane and another is adjusting the R56 of 
return arc. We adopt the second way for saving cost and 
space. Therefore the undulator is put close to the second 
arc to make one mirror in the chicane and the other in the 
outside of the first  bending dipole of the second arc. 

Transport system 
Considering the limited space, the transport loop should 

be at a smaller scale. The length between the outer side of 
the outward arc and return arc is near 17 meters and the 
width of the trajectories is about 4.2 meters. 3 bend 
merger is adopted for beam injecting to the linac. 
Following the linac is the extraction chicane which bends 
the decelerated beam to the dump. After the first arc 
which contains three 60° bending magnets the beam will 
be turned 180° to the opposite direction. Then the beam 
goes through the chicane with a bending angle of 15° and 
the undulator. The beam comes out from the second arc 
and goes back to linac through the merger chicane. The 
energy is recycled and the exhausted electron beam goes 
to the dump with an energy of about 5MeV. 

DESIGN CONSIDERATION 
It is well known that the lattice of an ERL-FEL system 

should be achromatic and the whole loop should be 
isochronous. Keeping the matrix elements  

16 26 0R R= =                                  (1) 

in each section is necessary to ensure the lattice to be  
achromatic. Keeping the matrix element  

     56 0R =                                        (2) 

will make the whole loop isochronous. Because we will 
use the return arc to lengthen bunches, the R56 of the 
second arc should compensate the R56 coming from the 
compression chicane and other parts:  

 56, 2 56, 56,( )arc chicane otherR R R= − +               (3) 

The waist of the beta function should be removable and 
the beta function should match with the requirements of 
the undulator. 

Energy spread is another important parameter to realize 
FEL and energy recovery successfully. The beam energy 
spread is determined by [6] 

1
4N

δ <                                            (4) 

N is the undulator period. The undulator in PKU-ERL-
FEL has 50 periods so that the beam energy spread should 
be less than 0.5%. 

Space Charge and Coherent Synchrotron Radiation 
(CSR) can cause the increase of beam emittance. 
Therefore they should be taken into account in our design. 

In the optical design we also need to consider the 
second order matrix terms of T166, T266 and T566. 
Sextupoles should be used in the two arcs to reduce the 
value of second order matrix terms to a tolerable degree. 
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OPTICAL LAYOUT 

Injector to linac 
Considering the space charge, we have optimized the 

beam transmission with parmela in the injection line. 
Simulation has been carried out with and without space 
charge. The result shows that space charge takes little 
influence on beta function and emittance in x plane. In y 
plane, the emittance also doesn’t change a lot but beta 
function changes obviously with and without space 
charge.  Figure 2 shows the beta functions from the 
injector to the linac.  

A waist of the transverse beta function has been made 
at the entrance of the linac but this requirement is not very 
strict. Simulation shows that the beta function does not 
change a lot in the exit of the accelerator when the waist 
is at different positions around the entrance of the linac.  

Arc1 to arc2 
In the first arc the beta function is symmetric but in the 

second arc is not. The beta function in x plane makes a 
waist in the middle of the undulator and keeps small 
within the undulator for higher radiation power gain.  The 
energy spread is 0.24% (rms) at the entrance of the 
undulator which fulfills the requirement of lasing. The 
emittance and energy spread will increase greatly after 
undulator. We assume that the second arc has an 
acceptance of 30μm in emittance and 7% full width in 
energy spread according to the experiences of Jlab and 
JAERI [7]. The radius of beam envelope is up to 3.5cm in 
the outer quadrupole of the second arc due to this increase  
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Figure 3: Twiss parameters in the two arcs (Top one is the 
first arc and bottom one is the second arc) 
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Figure 2: Beta functions and emittance from the injector 
to the linac 
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of emittance and energy spread. The diameter of the 
aperture of this quadrupole should be ~10cm for 
completely acceptance of the beam. Figure 3 shows the 
beta function and the dispersion in the two arcs. 

CSR effect is taken into account from the first arc to the 
second arc in our simulation and it takes little influence 
on the emittance of the beam. 

The second order matrix terms of T166 , T266 and T566 
are decreased by using sextupoles in the two arcs.  T166 
and T266 are less than 0.02m and T566 is less than 1m after 
optimization. 

Arc2 to linac and dump 
The beta function of this section is well behaved in our 

design. The beta function of the beam from the second arc 
is adjusted by four quadrupoles and goes through the linac. 
After extraction it goes to the dump and the envelope is 
controlled well by three quadrupoles. 

SUMMARY 
 The preliminary optical design of the PKU-ERL-FEL 

is carried out and the beta function of whole loop has 
been obtained. The result will be checked by further 
careful simulation with different particle tracking codes 
before the construction of the beam line of the PKU-ERL-
FEL. 
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PROSPECTS OF CASCADED HARMONIC GENERATION FELS∗

G. Penn, Lawrence Berkeley National Laboratory, Berkeley, CA, USA

Abstract

Harmonic generation in Free Electron Lasers (FELs) en-
compasses many techniques for using an input seed laser
to produce FEL radiation at a frequency that is multiples
above that of the seed laser itself. This allows for the advan-
tages of seeded FELs to be preserved, while extending the
reach of these FELs to photon energies far above those pro-
duced by conventional laser sources. Many new projects
are underway to make use of these methods, including the
FERMI@Elettra [1] facility which envisions the use of two
harmonic generation stages to reach photon energies above
100 eV. Different methods of harmonic generation are dis-
cussed, as well as the technical challenges to overcome in
attempting to chain together multiple harmonic stages in an
FEL.

INTRODUCTION

Harmonic generation in an FEL [2] is a promising tech-
nique for achieving high-intensity photon sources at short
wavelengths. Among the benefits of this design is that the
output is seeded by a laser signal, allowing for excellent
frequency and timing control. The resulting output has the
potential of being a transform-limited pulse, and the out-
put power is not limited by the input power but instead by
the saturation level of the FEL itself. In addition, the FEL
output is at a harmonic of the laser signal, so that the re-
quired laser wavelength is longer than the desired output
wavelength.

Multiple stages of harmonic generation can be combined
into a cascade, where the output from each stage is used as
the input seed for the next stage. A harmonic cascade al-
lows conventional laser sources to be used to produce pho-
tons at extremely high energies. There are several facilities
which plan to use a harmonic cascade as a source for ex-
periments. Among these are FERMI@Elettra, which is to
consist of two FELs, one with a single harmonic stage pro-
ducing radiation in the 100 – 40 nm range, and one with
two harmonic stages producing radiation in the 40 – 10 nm
range. BESSY [3] is developing an FEL with up to four
stages of harmonic generation, yielding wavelengths rang-
ing from 50 nm down to as low as 1.2 nm. Both of these
facilities plan to use conventional laser sources. An addi-
tional possibility is seeding with a High-Harmonic Gener-
ation (HHG) signal [4], which uses a short, intense laser
pulse passing through a gas jet to generate many high har-
monics of the initial laser. Such sources would drastically
reduce the total harmonic conversion required in an FEL,

∗This work was supported by the Director, Office of Science, High En-
ergy Physics, U.S. Department of Energy under Contract No. DE-AC02-
05CH11231.

but much work remains to be done to ascertain their suit-
ability for use in this way.

This paper will begin with the FERMI@Elettra design
to illustrate the harmonic generation process and to show
some of the fundamental issues which need to be consid-
ered for a harmonic cascade. Sources of noise can degrade
the FEL output, and phase noise is particularly important to
consider for large harmonics. Simplified models are used
to characterize the major constraints which must be consid-
ered for a harmonic cascade. Future prospects are

FERMI@ELETTRA SIMULATIONS

The electron beam parameters for FERMI@Elettra are:
1.2 GeV energy, 1.5 micron emittance, and depending on
the beam compression the current can range from 400 A to
1 kA and the energy spread can range from 100 to 200 keV.
The seed laser is tunable in the range 240 – 360 nm, has a
peak power of 100 MW, and the pulse duration can be up to
1 ps. The first modulator has a period of 16 cm and is 3.04
m long. At the first harmonic, the undulators have a period
of 6.5 cm and are in sections of 2.34 m length. The final
radiator for the second harmonic has a period of 5 cm and
is in sections of 2.4 m length. The initial modulator pro-
duces an energy oscillation in the electron beam with the
same period as the wavelength of the seed laser, as the rel-
ative phase between the undulator field and the laser field
when they both overlap the electrons determines the energy
transfer. A dispersive chicane follows this modulator, con-
verting the energy modulation into bunching at the wave-
length of the seed laser. When this bunching is sufficiently
strong, there are significant components at harmonics of the
fundamental wavelength. Subsequently, the electron beam
passes through undulators tuned to a harmonic of the seed
laser, and radiates at that harmonic.

For the two-stage FEL, termed FEL-2, there are then two
possibilities, as shown in Fig. 1. In the “fresh-bunch” ap-
proach, the radiation produced at the end of the first stage
is made to overlap the electron beam in another modulat-
ing undulator after passing through a delay chicane. As a
result, the radiation pulse produces an energy modulation
in a region of the electron beam closer towards the head
of the bunch, which was relatively unperturbed by the first
stage of the FEL. The second stage produces a harmonic of
the output from the first stage in the same way as the first
stage generates a harmonic of the seed laser. In the “whole-
bunch” approach, the first stage is continued until there is
sufficient energy modulation at the harmonic to continue to
the next stage. The electron beam is then passed through a
dispersive chicane to enhance the bunching at the desired
final harmonic. In the final radiator, the same section of
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electron beam radiates at this higher harmonic.

Figure 1: Two possible configurations for the FEL-2 line of
the FERMI@Elettra facility: fresh-bunch (top) and whole-
bunch (bottom).

An example from the FERMI@Elettra optimization
study will motivate the topics discussed below. A realistic
longitudinal beam distribution from accelerator studies is
shown in Fig. 2. The central current is roughly 500 A. Note
that there is a strong parabolic shape to the slice energy as a
function of longitudinal position. More recent designs have
advanced far towards removing this feature, but it serves as
a useful reference. A whole-bunch configuration starting
with a 240-nm seed laser with 1 ps duration FWHM pro-
duces 10 nm output with 0.1 mJ per pulse, and with peak
power of 400 MW. The output power and phase (modulo
2π) resulting predicted by simulations using GENESIS [5]
are shown in Fig. 3. The phase shows a strong quadratic
dependence which mirrors the energy variation, and which
leads to a broad, fluctuating spectrum as shown in Fig. 4.
Applying an appropriate linear chirp to the seed laser is
quite effective at cancelling the phase variation, resulting
in the sharp spectrum shown on the same figure. While
this demonstrates that a parabolic energy profile can be
cancelled with a linear frequency chirp in the seed laser,
proper tuning may be challenging and more complex phase
space distributions will not be amenable to this type of a
fix. Avoiding such features in the beam profile therefore
becomes a high priority when high longitudinal coherence
and spectral brightness are desired.

ENERGY AND PHASE ERRORS

A simplified view of harmonic generation in an FEL
serves as a useful starting point for considering the chal-
lenges faced in designing a harmonic cascade FEL, as
touched on above. In Fig. 5, a slice of the electron beam
is modelled as a collection of mono-energetic beamlets,
each one with a uniform distribution in longitudinal posi-
tion (here expressed as phase). Note that phase increases
towards the head of the bunch. After the modulator and
dispersive chicane, the phase space distribution is folded
over to produce significant bunching centered at the zero
phase.

The spread in energies for the original beam results in
a finite width for the microbunch, as a consequence of the

Figure 2: Preliminary phase space distribution from
FERMI@Elettra study.
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Figure 3: Output power and phase at 10 nm using whole-
bunch approach.

conservation of phase space. There are more subtle issues
which can be understood with this picture, however. Ef-
fective bunching, especially at higher harmonics, requires
an energy modulation much larger than the initial energy
spread. Roughly, this requires that the energy modulation,
γM , satisfy

γM ≥ (n − 1)σγ , (1)
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where n is the harmonic number and σγ is the energy
spread. The degree of bunching generated at the harmonic
will be sensitive to the slice energy spread. Furthermore,
because each energy value corresponds to a different phase
for the microbunching, longitudinal variations in the aver-
age beam energy will lead to offsets in the timing of the
microbunches. As the microbunches are separated by n
wavelengths in terms of the harmonic output, these frac-
tional timing offsets can have a large effect on the coher-
ence of the output radiation.

To further understand the effect of longitudinal energy
variation in the beam, we consider a similar effect where
phase offsets are introduced within the seed laser itself.
In Fig. 6, the bunching produced by a seed laser with a
linear frequency chirp is compared to that produced by a
seed laser with no chirp, but for an electron beam with
a quadratic energy chirp. Both variations are greatly ex-
aggerated compared to that which would be encountered
in practice. The vertical bars indicate the phases of suc-
cessive microbunches. It is apparent that a chirped seed
laser can produce the same changes in timing structure as
a chirp in the electron beam energy. This explains how
a linear chirp in the seed laser can fix the output from an
electron beam having a parabolic energy profile. Note that
a linear energy chirp would simply produce a uniform off-
set in output wavelength. This is generated as the modu-
lated electron beam passes through the dispersive chicane,
where it is either compressed or stretched depending on the
sign of the energy variation. Curvature in the energy pro-
file leads to more complicated perturbations, as some sec-
tions of the beam are compressed and others are stretched.
This can lead to sidebands in the spectrum or broadening,
which would degrade the output radiation to be no longer
transform-limited. This effect is made worse at high har-
monics, as seen in Fig. 7. Here, an arbitrary small phase
error is introduced to a pure Gaussian pulse. The effect is
barely visible in the spectrum of the fundamental, but at
the 24th harmonic the spectrum is drastically altered. At
the fundamental, the signal is still transform limited, but
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Figure 5: Illustration of bunching process as it affects elec-
trons having different energies.

the pulse is still unsuitable for harmonic generation beyond
a certain limit. This introduces added complexity to the de-
sign of the seed laser, as the constraints are more stringent
than usual and are not a typical part of the vocabulatory of
laser sources. In particular, even short pulses (i.e., a small
number of wavelengths) will require a clock-like regularity
of the field oscillation in order to function optimally as an
FEL seed.

Macroparticle Noise

Because electrons at different energies are bunched at
different phases, there are additional concerns for the
proper simulation of harmonic generation. Typically,
macroparticle noise in FEL simulations are controlled by
starting with pseudorandom particle distributions, and us-
ing subsets of particles uniformly spaced in phase. De-
viations from this uniform spacing are chosen to mimic
the expected statistical fluctuations. However, an efficient
bunching process will put most particles of a given energy
at a single phase, so the final phase distribution will only
depend on the initial energy distribution. In the exam-
ple above, there will only be five bunches centered about
the zero phase. Different choices of modelling the en-
ergy distribution will thus lead to different bunching pa-
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rameters. Furthermore, especially for large energy spread
and harmonic number, the discrete nature of the bunching
will lead to noise in the bunching parameter as the gaps
between energy levels become resolved. The macroparti-
cle noise for an optimally bunched beam will be given by
nσγ/NγγM , where Nγ is the number of energies sampled
by the distribution. Sampling more phases will not reduce
this macroparticle noise, and may even make the problem
worse if it is done at the expense of the number of dis-
crete energies sampled. There is as of yet no known robust
method to control this effect in simulations. It becomes in-
creasingly difficult to get simulation results to converge as
the initial energy spread in the electron beam is increased,
especially when the nominal seeded bunching is already
low.

POWER FLUCTUATIONS AND ENERGY
OFFSETS

While phase distortions can reduce the longitudinal co-
herence of the FEL output, power fluctuations are also a
major concern. There are many possible sources of power
fluctuations, but typically the most important one is energy
offsets in the beam. Note that while phase errors accumu-
late due to longitudinal variation of the slice beam energy,
it is the difference between the slice energy and resonant
energy which determines the output power. Shot-to-shot
jitter in beam energy is thus a significant concern for out-
put power flucuations. The sensitivity of the FEL to rel-
ative energy offsets is typically the larger of 1/NU or the
FEL parameter [6], ρFEL = λU/LG. Here, NU is the
number of undulator periods, λU is the undulator period,
and LG is the exponential gain length, all for the final un-
dulator where the gain length is longest and the number of
undulator periods is largest.

Reducing the sensitivity of the FEL involves a trade-off
with trying to optimize the peak output power. One method
is simply to reduce the number of undulator periods, at the
cost of greatly reduced average power. A more efficient
method is to introduce either variations in the magnetic
field strength of the undulator, or phase offsets between un-
dulator sections. Examples are shown in Figs. 8 and 10; the
latter example is from a pseudorandom variation in the un-
dulator field strength which drastically reduces the depen-
dence on beam energy and reduces the peak power by a fac-
tor of 30. The evolution of the power and bunching for the
example labelled “phase 3” are shown in Fig. 9. Note that
the configuration is specific to the given length of undula-
tor, at which point the various beam energies come close to
each other in performance, but after passing through differ-
ent dynamics.
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Figure 9: Power and bunching evolution in the FEL, for dif-
ferent electron beam energies, using the “phase 3” example
in the previous figure.

Figure 10: An example of extreme reduction in the sensitiv-
ity of FEL output to electron beam energy through pseudo-
random tapering. Peak power in the tapered example (blue)
is a factor of 30 below that in the nominal case (red), but is
stable to much larger energy variations. Courtesy of G. De
Ninno and E. Allaria.

CHALLENGES FOR HARMONIC
CASCADES

The desire for even shorter wavelengths leads one to con-
sider more ambitious harmonic cascade FEL designs, as
in the BESSY multi-stage FEL. As the goal is moved to
shorter wavelengths, the tendency is to consider more en-
ergetic electron beams. One motivation is the reduced ef-
fectiveness of the FEL when the normalized emittance is
much larger than λr/4πγ, where λr is the radiation wave-

length and γ is the relativistic factor of the beam. This is
due to a combination of reduced electron density and in-
creased spread in longitudinal velocities. Another is the
challenge of satisfying the resonance condition,

λU =
2γ2

1 + a2
U

λr, (2)

where aU is the normalized strength of the undulator field.
The FEL parameter also tends to drop drastically as the
beam energy is reduced, which further constrains toler-
ances on energy jitter and energy spread.

The high harmonic numbers involved also introduce
complications. Attempting to take a single, large harmonic
jump becomes very impractical, as the required energy
modulation must be extremely large or the energy spread
must be very low in order to satisfy Eq. 1. This leads to
an additional problem, that for larger energy modulations
the beam will debunch more rapidly. If the gain length is
longer than the debunching length, the electrons will not
be trapped in the ponderomotive well and the FEL will not
reach saturation. A rough requirement to reach saturation
is

γM ≤ γλU/16LG. (3)

Together with Eq. 1, this limits the range of acceptable en-
ergy modulations, and also imposes a maximum allowed
energy spread.

Ultimately, many smaller harmonic stages become re-
quired. This adds to the complexity, and does not elim-
inate the sensitivity to phase noise and energy variations
which depend on the total harmonic multiplication fac-
tor. The noise-to-signal power ratio within a given band-
width can be expected to grow as the square of the total
harmonic power through the harmonic generation process.
The seeded FEL process must also compete with sponta-
neous FEL emission which may amplify the noise along
the FEL, as well as spontaneous growth in energy spread.

As the energy modulation itself increases the slice en-
ergy spread with each harmonic multiplication stage, fresh-
bunch delays between stages will ultimately be required.
Each delay to an unseeded section of the electron beam
introduces constraints on synchronization and reduces the
maximum duration of the output pulse for a given elec-
tron distribution. While it may be possible to alternate be-
tween fresh-bunch and whole-bunch stages, these consider-
ations lead to challenging electron source and acceleration
requirements. Numerical simulations also require more re-
sources and care when large harmonics are desired.

One attractive option is to take advantage of rapid ad-
vances in HHG sources, and seed the FEL at much shorter
wavelengths than conventional lasers can achieve. There
has been much recent activity studying the feasibility of
HHG sources as an FEL seed [7, 8, 9]. While further char-
acterization of these sources is clearly needed to make re-
liable predictions, some facts are already apparent. First,
the typically low peak power in these signals is not an ob-
stacle to their use. In particular, amplifying a signal is
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much less difficult than conversion to a harmonic (hence
the (n − 1) factor in Eq. 1). In addition, the HHG sources
typically have durations of less than 100 fs, which favors
experiments based on timing rather than spectral widths,
and slippage between the radiation and the electrons will
smooth out some phase noise components. Ultimately,
HHG sources could be used to seed X-ray FELs which use
only a single stage of harmonic generation.

While the challenges for developing cascaded harmonic
FELs are daunting, they link together a large range of tech-
nologies; small improvements on many fronts may open
up new horizons for seeded FELs in the future. It is clear
that the lasers used as seeds for the FEL require more de-
tailed characterization. In addition to improved or novel
sources for seeding, advances in electron sources, acceler-
ation, undulator design, and optics will enable more am-
bitious projects in the future. In the meantime, current
facilities on the horizon will offer experience and testing
grounds for new ideas, as well as provide opportunities for
performing advanced scientific research.
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Abstract

High-precision synchronization and stabilization tech-
niques are crucial for future advances in next generation
light sources, seeded x-ray free electron lasers. In this
paper, we present long-term stable femtosecond-precision
optical-to-RF and optical-to-optical synchronization and
stabilization techniques. For optical-to-RF synchroniza-
tion, we demonstrate an optical-microwave phase detector
that is capable of extracting an RF-signal from an optical
pulse train in a long-term drift-free way. Extraction of an
RF-signal with 3-fs in-loop timing jitter, integrated from
1 Hz to 10 MHz, from an optical pulse train is demon-
strated. Optical-to-optical synchronization of two fem-
tosecond lasers with sub-femtosecond precision over 12
hours is demonstrated. We also discuss how to use opti-
cally stabilized fiber links for timing distribution. Together
with low-noise mode-locked lasers, a flexible femtosecond
timing system can be constructed.

INTRODUCTION

Seeding of free electron lasers operating in the x-
ray regime with radiation generated from ultrafast laser
sources, either directly, via nonlinear crystals, or via high
harmonics from noble gases, may result in a fully coher-
ent x-ray laser. For seeding of such large-scale facilities
spanning over several hundreds meters to a few kilometers,
it is critical to synchronize low-level RF-systems, photo-
injector lasers, seed radiation and potential probe lasers
with low timing jitter, preferably in sub-10-femtosecond
range, in a long-term stable arrangement [1].

Figure 1 shows the schematic of the envisioned tim-
ing distribution and synchronization system for the future
next generation light sources, seeded x-ray free electron
lasers (XFELs). The pulse repetition rate of an optical
master oscillator implemented as a mode-locked laser is
stabilized to an optical and/or microwave frequency stan-
dard. The pulse train is distributed to all critical sub-
systems, i.e., the pulsed klystron, the photo-injector laser,
the low-level RF systems for linear accelerator, the seed
laser as well as probe lasers, by use of timing stabilized
fiber links. Finally, low-jitter, drift-free optical-to-RF and
optical-to-optical synchronization between the distributed
timing pulse trains and the remote RF- or optical sub-
systems will result in a tightly synchronized timing system
over the large-scale accelerator facility.

∗Supported by ONR, AFOSR, and EUROFEL.
† jungwon@mit.edu
‡ Permanent address: DESY, Hamburg, Germany
§ Permanent address: Peking University, Beijing, China
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Figure 1: Schematic outline of timing distribution and syn-
chronization for seeded X-ray free electron laser (XFEL)
facilities.

Currently, the most promising candidates for ultra-low
jitter optical master oscillators are passively mode-locked
Er-doped fiber lasers [2], Yb-doped fiber lasers [3] and
Er/Yb-glass lasers [4, 5]. Erbium and Ytterbium gain ma-
terials have long upper-state lifetime in the ms-range, and
therefore, the high frequency fluctuations of the laser out-
put in amplitude and timing are quantum noise limited [6].
Thus the timing jitter of mode-locked lasers is superior to
that of conventional microwave oscillators in the high fre-
quency range.

The crucial performance indicator for the optical mas-
ter oscillator is the phase noise or timing jitter in the high
frequency range. The bandwidth of optical/microwave ref-
erence locking is typically limited to tens of kHz range,
and the high-frequency noise beyond locking bandwidth
follows that of the free-running master oscillator. In addi-
tion, timing stabilization of fiber links based on the cross-
correlation of the back-reflected pulse from fiber end with
the fresh pulse also has a bandwidth limitation from the
travel time of the reflected pulse. These limitations assure
that a very low jitter mode-locked laser is a prerequisite for
a high-precision timing system.

In Refs. [7] and [8], the timing jitter is characterized by
measuring the phase noise of one harmonic (at 1.3 GHz)
of the microwave signal obtained by direct photodetection
of the pulse train. For standard Er-doped stretched pulse
fiber lasers, the integrated timing jitter from 1 kHz to 22
MHz (Nyquist bandwidth) is measured on the order of 10
fs, which is already better than most commercial high-
quality microwave signal generators (for example, Marconi
2041 signal generator). Note that the measurements are
often limited in precision by the amplitude-to-phase (AM-
to-PM) conversion from direct photodetection. A more de-
tailed discussion on this conversion will be given in the next
section. In theory, the high frequency timing jitter of pulse
trains from mode-locked lasers can be below one femtosec-
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ond.
Once a timing signal in form of an optical pulse train

is generated from a master oscillator, it should be distrib-
uted to the remote RF- or optical-subsystems that we aim
to synchronize with minimal excess noise. Precise transfer
of timing signals through fiber links for timing information
dissemination has been demonstrated recently [7, 9, 10, 11]
for short time spans, typically less than a minute. If the
fiber length is L, we assume that no length fluctuations are
faster than 2L/c, where c is the speed of light in the fiber.
Relative fiber expansion by temperature change is typically
on the order of 10−7/K, which can be compensated by a
fiber length control loop by referencing the back reflected
pulse from the fiber end with the later pulse from the mode-
locked laser. Recently, the demonstration of timing distri-
bution over 500 meters in an accelerator environment was
done with pure RF-techniques [7]. When the feedback loop
is open, the jitter integrated from 0.1 Hz to 5 kHz is 66
fs; when the loop is closed, the in-loop jitter is suppressed
down to 12 fs. More detailed information on this timing
distribution experiment can be found in Ref. [7].

Although a short-term stabilization on the order of few
tens of femtoseconds can be achieved with RF-techniques
only, for long-term stabilization of fiber links with sub-
10 fs accuracy over hours, balanced cross-correlation tech-
niques [12] can be employed, as discussed later in this pa-
per. Work is in progress to demonstrate long-term stable
fiber links.

OPTICAL-TO-RF SYNCHRONIZATION

Once precise timing information encoded as an optical
pulse train arrives at each remote location, the next task
is to synchronize it with, for example, RF-subsystems. It
is crucial to convert this optical signal into a low-jitter,
drift-free RF-signal with a satisfactory power level in a
long-term stable way. Recently, it has been shown that
the extraction of an RF-signal from an optical pulse train
using direct photodetection is limited in precision by ex-
cess phase noise [13]. The major contribution to this excess
noise was identified to be the amplitude-to-phase (AM-to-
PM) conversion in the photodetector. The intensity noise
of the laser can be converted into a significant amount of
phase noise and phase drift by this process. In Refs. [8]
and [14], the AM-to-PM conversion factor was measured
and it typically ranges 1 to 10 ps/mW depending on the bias
and the bandwidth of the photodetector. The intensity noise
of the delivered pulse train can be converted into a signif-
icant amount of excess timing jitter by this process. For a
12-GHz InGaAs photodetector at 6 V reverse bias that we
tested, the AM-to-PM conversion factor was measured as
1.6 ps/mW [8]. For an Er-doped fiber laser with 0.03 %rms

relative intensity noise (RIN), this may already result in 5-
fs excess jitter when 10 mW of power is applied to the pho-
todetector. In addition, direct photodetection has a limited
extractable RF-power and signal-to-noise ratio (SNR) due
to the damage threshold for the input optical power to the
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Figure 2: Schamatic of a balanced optical-microwave
phase detector and its use for RF-signal regeneration from
an optical pulse train. VCO, voltage-controlled oscillator.

photodetector. Moreover, phase drifts in the diode due to
temperature change as well as post-amplification to reach
the required signal level can prevent a long-term stable re-
generation of RF-signals.

Therefore, it is highly desirable to develop a phase-
locked loop between an optical pulse train and a high-
quality RF voltage-controlled oscillator (VCO) to prevent
those undesired AM-to-PM conversion and drifts due to
the photodetection process. In addition, one can leverage
the fly-wheel effect of VCO. In doing so, the key issue
is the development of drift-free, low-jitter phase detector
which compares the relative phase between pulse trains and
RF-signals in the optical domain before the photodetection
is involved. Previously, we proposed and demonstrated a
scheme to avoid the excess noise from direct photodetec-
tion by transfer of timing information in the optical domain
[15]. However, due to acoustic vibrations and poor phase
noise properties of the free-running VCO, the relative jitter
was limited to 60-fs measured from 100 Hz to 10 MHz.

For the extraction of low-jitter, high-power, and drift-
free RF-signals from optical pulse trains, a balanced
optical-microwave phase detector is proposed and demon-
strated. This phase detector is still based on the timing in-
formation transfer in the optical domain. The timing infor-
mation transfer in the optical domain is implemented by
use of a differentially-biased Sagnac fiber-loop and syn-
chronous detection. We used the phase error signal from
this balanced optical-microwave phase detector, which is
robust against drifts and photodetector nonlinearities, to re-
generate low-jitter RF-signals from optical pulse trains.

Figure 2 shows the schematic of the balanced optical-
microwave phase detector. Part of the input pulse train is
tapped off by Photodiode 1. This photodiode is used to
generate a synchronous detection signal at half the repe-
tition rate (fR/2) of the optical pulse source. This sig-
nal is applied to both the phase modulator and the down-
conversion mixer. The rest of the input pulse train is sent to
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Figure 3: The single-sideband (SSB) phase noise spectra
at 10.225 GHz. (a) Free-running VCO. (b) In-loop phase
noise when it is locked. (c) Signal analyzer noise floor.

the Sagnac-loop with a phase modulator. The phase mod-
ulation in the Sagnac loop is converted into an amplitude
modulated signal at fR/2 at the output of the Sagnac-loop.
The amplitude of this signal is, to the first order, propor-
tional to the phase error between the optical pulse train and
the RF-signal (which is, the output from the VCO). The de-
tected signal at Photodiode 2 is band-pass filtered at fR/2
and down-converted to the baseband by mixing with the
reference signal. This error signal is filtered and controls
the low-noise VCO to close the phase-locked loop.

For the demonstration experiment, a standard stretched-
pulse Er-doped fiber laser [2] (repetition rate fR = 44.26
MHz) is used as the optical pulse source. All optical com-
ponents in the phase detector are implemented using com-
mercial 1550-nm optical fiber and components. In the ex-
perimental implementation, we generated a signal with the
frequency 10.5fR for the phase modulation in the Sagnac-
loop in parallel with fR/2 component to reduce the neces-
sary fiber loop length. By closing the loop with a 10.225-
GHz (231st harmonic of the fundamental repetition rate)
VCO (PSI DRO-10.225), a long-term stable locking be-
tween the laser and the VCO is achieved.

Figure 3 shows the measured in-loop phase noise spectra
at the output of down-conversion mixer. The voltage sig-
nal from the phase detector was amplified with a low-noise
amplifier (G=10 non-inverting amplifier with AD797) and
measured with a low-noise vector signal analyzer (Agilent
89410A), and converted into single-sideband (SSB) phase
noise at 10.225 GHz. This measurement shows that the in-
tegrated in-loop jitter is 3.0 fs ± 0.2 fs integrated from 1
Hz to 10 MHz when it is locked. Currently, the system is
limited by the thermal noise from electronic amplifiers and
has not yet reached shot noise limited performance yet. We
are currently pursuing to further suppress the timing jit-
ter to below 1 fs by increasing optical and RF power lev-

els as well as optimizing loop characteristics. In addition,
the construction of a second loop is in progress to perform
long-term out-of-loop measurements by mixing two VCO
outputs in quadrature.

OPTICAL-TO-OPTICAL
SYNCHRONIZATION

Tight synchronization is necessary not only between op-
tical and RF-subsystems but also between different opti-
cal systems, for example, the photo-injector laser, the seed
laser and the probe lasers as shown in Fig. 1. Conventional
timing synchronization between two mode-locked lasers
based on microwave mixers [16] suffers from high resid-
ual jitter and thermal drifts in the electronic amplifiers and
mixers. To overcome this limitations, a balanced optical
cross-correlator [12] can be used for the long-term optical-
to-optical synchronization. This technique uses nonlinear
optical processes for an extremely sensitive detection of
timing differences between optical pulses.

Figure 4 shows the schematic of the balanced cross-
correlator. The combined pulses from two mode-locked
lasers with different spectra, denoted as wavelengths λ1

and λ2, are splitted by a broadband 50:50 beam split-
ter. The two beam paths have a different group delay
(GD), for example, by inserting a glass plate in one of the
arms. This group delay offsets the relative position be-
tween two pulses. Each combined pulse is focused into
a nonlinear crystal to generate a sum-frequency component
at 1

λSF G
= 1

λ1
+ 1

λ2
. After bandpass filtering the sum-

frequency generation (SFG) components, a balanced de-
tector measures the intensity imbalance. For small timing
differences (within the range of the group delay of the GD
element), the output from the balanced detector is nearly
proportional to the time difference between the two pulses.
At the zero-crossing of the balanced detector output, the
amplitude noise from each laser is balanced and does not
affect the detected error signal. The signal from the bal-
anced detector is used to lock the repetition rates of the
two lasers by controlling the cavity length of one laser
with cavity mirrors mounted on piezo-electric transducers
(PZTs). This finally closes the loop. This method enables
a drift-free and temperature-independent synchronization
between two independent lasers.

The long-term timing synchronization performance us-
ing balanced optical cross-correlation is demonstrated us-
ing a 5-fs Ti:sapphire laser (centered at 830 nm) and a 30-
fs Cr:forsterite laser (centered at 1250 nm). The pulses are
combined and splitted by use of a broadband 50:50 beam
splitter with matched group delay dispersion. LBO crystals
with 1-mm thickness are used for SFG at 499 nm (1/830nm
+ 1/1250nm = 1/499nm). To generate a group delay offset
of 45 fs between 830 nm and 1250 nm, a 3-mm thick fused
silica plate is used.

Figure 5 shows the out-of-loop cross correrlation result
for a timing jitter measurement between the Ti:sapphire
and Cr:forsterite lasers. The black line shows the cross-
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Figure 4: Schematic of a balanced cross-correlator. GD:
group-delay element between two color pulses. SFG: sum-
frequency generation.

Figure 5: Long-term optical-to-optical synchronization re-
sult between Ti:sapphire and Cr:forsterite lasers. Drift-free
sub-femtosecond synchronization over 12 hours were mea-
sured.

correlation trace when two lasers are not locked. The
red line shows the cross-correlation trace when two lasers
are locked adjacent to each other so that timing fluctua-
tions are transferred into intensity fluctuations in the cross-
correlation signal [16]. The pulse trains from the two lasers
are locked with 380 attoseconds rms timing jitter over 12
hours without thermal drift in the bandwidth from 0.02
mHz to 2.3 MHz. Note that the duration of 12 hours does
not constitute a limit to the locking scheme but was merely
the duration of the experiment. In principle, as long as the
lasers stay mode-locked, the timing lock can be maintained
if the mechanical perturbations to the system are below a
certain threshold value.

CONCLUSION

In summary, we reported on the progress toward a long-
term stable and scalable timing distribution and synchro-
nization system for future accelerator and seeded x-ray free
electron laser facilities proposed in Ref. [1]. In particular,
we demonstrated high-precision optical-to-RF and optical-

to-optical synchronization techniques. We proposed and
demonstrated the use of a balanced optical-microwave
phase detector and balanced optical cross-correlator. By
use of optical techniques, we could achieve a long-term
femtosecond and sub-femtosecond accuracies which was
not achievable with conventional pure RF-techniques.

REFERENCES
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CROSS-CORRELATION BETWEEN A VUV-FEL AND AN OPTICAL
LASER
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Stefan Cunovic, Norbert Müller, Universität Bielefeld, Bielefeld

Abstract
At the Free Electron Laser in Hamburg (FLASH) a synchro-
nized 800 nm optical laser is available for time-resolved
VUV/vis pump-probe experiments. We crossed both fem-
tosecond pulses in a Kr gas target and imaged the created
photoelectrons with an energy-dispersive electron spectrom-
eter. In the region where both pulses overlap in space and
time, the photoelectrons are energetically shifted and form
spectral sidebands. The imaging electron spectrometer projects
the spectral- into an intensity modulation, thus, mapping
time into space. This way, the technique delivers informa-
tion about the relative timing between VUV- and visible
pulse and is non invasive for both pulses. While observa-
tion of the cross-correlation signal currently requires data-
averaging, with proper focussing single shot capability shall
be reached, thereby enabling pulse-to-pulse jitter measure-
ments.
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INVERSE FREE ELECTRON LASERS
FOR ADVANCED LIGHT SOURCES
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Abstract

Laser accelerators hold the promise for high gradient ac-
celeration and production of ultra short electron bunches.
Among these, the inverse free-electron laser has recently
demonstrated to be a mature and reliable scheme ready to
step up from successful proof-of-principle experiments to
cutting-edge applications. The very high gradient and the
multi kAmp peak current of the output beam make it an at-
tractive option in the hundreds of MeV to few GeV energy
region. We examine the feasibility of using an IFEL driven
by an high power Ti:Sa laser source to generate soft x-rays
by FEL interaction in an undulator. A control of the slip-
page of the radiation over the ultrashort spikes of the IFEL-
microbunched beam current is implemented to increase the
gain and maintain the 200 as-long pulse structure in the ra-
diation profile.

INTRODUCTION

While the wall plug efficiency of laser based acceler-
ators still falls short of the requirements needed to cost-
effectively build a high energy physics linear collider, high-
gradient, short-wavelength advanced accelerator schemes
are an attractive option to produce electron beams suitable
to drive 4th generation x-ray lasers where one can choose
peak brightness over average brightness. The small trans-
verse emittances and high peak currents of current conven-
tional radiofrequency based designs [1, 2] are within the
reach of advanced state-of-the-art laser based accelerators.
The requirements on the beam relative energy spread (less
than few thousandths) could be tougher to satisfy but the
progress in the experimental results in these last few years
[3] brings closer to reality an advanced accelerator driven
x-ray laser with an attractive reduction of the footprint and
henceforth of the costs of such machines.

Among the various advanced accelerator schemes, the
inverse free-electron laser (IFEL) is one of the most
promising and well understood in terms of control of lon-
gitudinal phase space, trapping efficiency and final energy
spread [4]. Using a high power laser and a properly de-
signed undulator the IFEL has recently demonstrated ac-
celerating gradients superior to conventional rf accelera-
tors and very high energy gains [5]. Moreover, the IFEL
is a far-field vacuum acceleration scheme which preserves
the beam emittance through acceleration and it is in prin-
ciple free of optics damage threshold limitations. Finally,
the energy transfer mechanism, just the inverse of the well
known FEL principle at the basis of the last generation light

source facilities, is very efficient and one can design undu-
lators able to transfer more than 75 % of optical power to
beam power [6]. The final efficiency is in fact only limited
by the wall-plug to optical conversion efficiency which for
common high power laser systems is still quite low (below
1 %).

Even though many limitations arise when one considers
the IFEL for multi-GeV energies mostly due to the syn-
chrotron radiation losses from the wiggling electron trajec-
tories, the tremendous progress and commercial availabil-
ity of ultrahigh power laser sources makes the IFEL scheme
a very feasible and convenient choice in the hundreds of
MeV to few GeV energy, which is just the energy region
for x-ray FEL drivers.

The detailed control over the electron beam longitudinal
phase space obtainable with the interaction of a powerful
laser and relativistic electrons passing through an undula-
tor has already captured the interest of FEL physicists. In
fact the IFEL mechanism in its not-accelerating prebunch-
ing version has been already proposed to be used at LCLS
to enhance the SASE characteristics (ESASE). The short
high current spikes obtained converting the IFEL-induced
energy modulation into density modulation at the scale of
the optical wavelength are foreseen to shorten the undula-
tor distance needed to reach saturation and to produce sub
femtosecond X-ray pulses [7].

In this paper we conjugate the advantages of using an
IFEL as a prebuncher with its high gradient capabilities to
design a soft X-ray source based on an IFEL accelerator.
The design aims at producing coherent radiation in the so
called water window region of the electromagnetic spec-
trum (λ = 3-4 nm) and it is tailored on the SPARC linac
which is a state-of-the-art injector delivering a high bright-
ness electron beam at 200 MeV energy in its final stage of
construction at Frascati [8].

IFEL DESIGN

In Table 1 we report the input parameters considered for
the IFEL design.

The electron beam input parameters like energy, en-
ergy spread and peak current are the nominal values of the
SPARC linac [9]. In this design exercise we have consid-
ered to use a portion (20 TW out of 100 TW) of the high
power laser foreseen to be installed in the same experimen-
tal area of the high brightness injector [10]. The ratio be-
tween the laser rayleigh range and the undulator length has
been set to maximize the integrated gradient and so the fi-
nal energy gain [11]. The choice for the IFEL coupling is
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Table 1: IFEL input parameters
parameter fixed value

Energy 210 MeV
Energy spread 0.5 %
Current 1 kA
Wavelength 800 nm
Peak Power 20 TW
Wiggler length 2 m
wiggler gap 7 mm
Rayleigh range 0.2 m
Waist position 1 m

a permanent magnet helical undulator. The particle trans-
verse velocity is always different than zero and parallel to
the electric field of a circularly polarized laser (easily ob-
tainable from a linearly polarized pulse, using a high power
quarterwave plate) so that the energy transfer mechanism
between photons and electrons is always turned on. The
undulator gap is set to 7 mm in order to be able to prop-
agate without clipping along the undulator length both the
laser and the electron beam. To ensure feasibility of the
undulator construction, the Halbach relation

Bmax = 1.79e−λw/g[Tesla] (1)

which yields the maximum attainable magnetic field am-
plitude for a given gap g and period λw has been used as an
upper bound for the magnetic field. [12]. The optimized
variations for period and field amplitude are reported in
Fig. 1a. The resulting resonant energy

γr =

√
λw(1 + K2)

2λ
(2)

along the helical undulator is also shown (Fig. 1b). In (2)
K is the normalized peak magnetic field amplitude and λ
is the driving laser wavelength.

In order to guarantee an high quality final longitudinal
phase space for the accelerated beam the ponderomotive
resonant phase is varied along the undulator. In Fig. 2 we
show the longitudinal phase space and its projection on the
energy and time axis obtained tracking particles through
the undulator and laser electromagnetic fields with the 3D
IFEL code TREDI[13]. At the beginning the resonant phase
is close to zero to improve capture efficiency while later in
the undulator after the particles have been already captured
and bunched its value grows to π/3 to maximize the ac-
celerating gradient and reduce the final energy spread. The
latter in particular is one of the most sensitive parameters
for a 4th generation light source driver. The stable accel-
erating region of phasespace formed by the ponderomotive
IFEL potential ensures that small variations in driving laser
power and time/spatial jitter only affect the capture effi-
ciency reducing slightly the final peak current and not the
other parameters of the accelerator like final energy and
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Figure 1: Variation of period and magnetic field amplitude
along the undulator (a). The resonant energy is also shown
(b).
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Figure 2: Simulated longitudinal phase space of the elec-
tron beam at the exit of the IFEL accelerator.

energy spread [13]. The output accelerator parameters are
summarized in Table 2.

The average gradient obtained in this design is quite
large, more than one order of magnitude larger than con-
ventional rf-based designs. A length of just 2 m of undu-
lator is sufficient to reach an energy of 1.5 GeV suitable to
drive a x-ray laser at the water window wavelength (3 nm)
which is the goal of our design exercise. The high peak
current results from the bunching at the optical wavelength
that takes place in the IFEL (see Fig. 3).

SLIPPAGE DOMINATED FEL

The undulator magnet envisioned to be used to generate
the soft x-ray radiation is the same of the one being built
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Table 2: IFEL output parameters

Energy 1.7 GeV
Energy spread < 0.5 %
microbunch length 250 as
Peak current 6 kAmp
Avg. gradient 750 MeV/m

and installed for the SPARC project. The FEL parameters
are reported in Table 3.

Start-to-end simulations of the entire system are per-
formed using the output phase space from TREDI as the
starting distribution in Genesis 1.3 [14]. Even though the
physical mechanism of the interaction is the same along
the system, it is required to use a different code to model
the IFEL interaction since due to the strong tapering the
period-averaged classical FEL approximation is not valid
anymore, and the explicit 3d Lorentz-force equation solver
is used for the particle dynamics in the simulation of the
IFEL with TREDI. At the same time for the light generation
section of the system, TREDI does not take into account
the evolution of the electromagnetic field which has to be
calculated using Genesis. The longitudinal phase space is
periodic with period equal to the driving laser wavelength.
The FEL simulation is performed over a window includ-
ing a portion of the accelerated beam of a length such to
include 6 to 8 periods of 800 nm. In Fig. 3 we show the
beam parameters along the electron bunch coordinate in-
side the simulation window. The energy spread at the peak
of the current is almost as large as the FEL ρ parameter and
this degrades the interaction. Further work is needed in the
optimization of the last section of the IFEL accelerator in
order to minimize this effect.

The Genesis simulation result is shown in Fig. 4. The
final peak power is limited to only few MW and in the lon-
gitudinal profile of the newborn radiation there is no trace
of the attractive sub-fs structure of the incoming electron
beam.

To explain these results, we must keep in mind that the
the duration of the current spikes is only 1/10th of the op-
tical wavelength, that is 250 attoseconds or ∼ 90 nm. Con-
sidering the fact that in the undulator the radiation slips one
radiation wavelength each undulator period, after only 30
periods of undulator the radiation has slipped over the peak

Table 3: FEL parameters

Radiation wavelength 3 nm
Undulator period 2.8 cm
Undulator K 1.65
Periods per section 77
Number of sections 6
ρ parameter 4.5 ·10−3
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Figure 3: Electron beam current along the bunch. The cur-
rent spikes are very short (250 as) and distant an optical
period 2 fs between eachother.
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Figure 4: Output of the SASE simulation.

of its gain medium. An FEL driven by such beam would
operate in a strongly slippage dominated regime. Clearly
the problem is reduced if the IFEL accelerates the electron
beam to higher energies enabling the production of shorter
wavelength radiation. In this case in fact the length of each
current spike would be the same, being fixed by the IFEL
driver wavelength) and the shorter wavelength FEL radia-
tion would experience a high gain for a larger number of
undulator periods before slipping away of the high peak
current region. Unfortunately the IFEL accelerator design
gets more complicate for higher final energies since it re-
quires a larger laser power and it also involves staging of
two different IFEL modules. Moreover the planned exten-
sion of the SPARC photoinjector, SPARX [15], is foreseen
to deliver coherent soft X-rays and user and diagnostics
availability make attractive the few nm region of the elec-
tromagnetic spectrum.

One possible solution to the slippage problem is to take
advantage of the microbunch train structure of the electron
beam. In principle one could retard the charged particles
inserting a magnetic path length between different undula-
tor sections so that the radiation would slip faster over the
electrons and take over the next high current spike at the
beginning of the next undulator section. A cartoon illustra-
tion of this scheme is shown in Fig. 5. The advantage in
this configuration is twofold: i) the FEL radiation only ex-
perience high gain and is amplified over the entire undula-
tor length and ii) the magnetic chicane inserted to delay the
electrons between undulator sections is a positive R56 ele-
ment which helps the conversion of energy modulation into
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Figure 5: Schematics of chicane to compensate slippage
inserted between undulator sections.

density modulation and so accelerates the microbunching
process enhancing the FEL instability in a optical-klystron
like configuration [16].

Without a coherent seed over all the electron bunch, on
the other hand, the enhancement of the FEL interaction will
not take place since the phase of the electromagnetic field
and of the induced bunching starting in the different high
gain high current regions is completely random being de-
termined by the shot-noise in the electron beam. Suitable
seeds at these short wavelengths are of course lacking at
this time, but the strong progress in high harmonic genera-
tion in gas [17] could help in this regard. In Fig. 6 we show
the results of the GENESIS simulation obtained introduc-
ing a coherent seed over the entire macrobunch length so
that there is a definite phase relationship between the radi-
ation and the bunching in the different current spikes and
the FEL interaction can start constructively at the beginning
of each undulator section. In the upper right corner the x-
trajectory of the electron beam is represented. The bumps
represent the magnetic chicanes located in between differ-
ent undulator sections. The final peak power is > 1 GW
and the radiation is composed by a train of sub-fs spikes
locked with the 800 nm IFEL drive laser phase.
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Figure 6: Output of the GENESIS1.3 simulation with a
seed and with the magnetic chicanes between the undulator
sections.

CONCLUSIONS

We propose the use of an inverse free electron laser to
drive a 4th generation light source in the soft X-ray re-
gion of the electromagnetic spectrum. Taking advantage
of the high gradient and of the precise control over the lon-
gitudinal electron beam phase space, the inverse free elec-
tron laser accelerator delivers a high current, high energy
electron beam. The sub-fs structure on the current induces
strong limitations due to the slippage on the FEL dynam-
ics. If one wants to preserve the structure and increase the
final power, some special precautions have to be taken. It
is worthwhile to note that even if in this paper we consid-
ered the inverse free-electron laser as the advanced acceler-
ator scheme to generate the electron beam, a similar output
beam structure is likely to be found using other laser and/or
plasma based accelerators. The considerations and the so-
lutions discussed here are applicable to those cases also.
Another benefit of the proposed laser driven source is the
synchronization and phase-locking of the x-ray pulse with
an external high power laser for pump-probe experiments.
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Abstract
In this paper we present an overview of current status

of the Optical Replica Synthesiser at DESY. The method
is based on producing an "optical copy" of the electron
bunch with its subsequent analysis with optical techniques
[1]. To this end, a near-IR laser beam is superimposed on
the electron beam in the first undulated of an optical
klystron. In the following dispersive section the laser-
induced energy modulation is transformed into a density
modulation. The modulated electron bunch then produces
a strong optical pulse in the second undulator. Analysis of
this near-IR pulse (the optical copy) then provides
information about the profile, the slice emittance and the
slice energy spread of the electron bunch. We discuss the
implementation of such a measurement set-up at the
FLASH facility at DESY and investigate the influence of
various parameters on the performance of the device.
Topics we address include the dispersive chicane, as well
as the requirements for the seed laser pulses and the
detection and analysis of the near-IR pulse.

INTRODUCTION
Monitoring and tuning the bunch properties are

essential for the reliable operation of linac-based SASE
free-electron lasers such as FLASH [2], XFEL [3], and
LCLS [4]. This need has triggered the development of
new diagnostic methods based on a transversely
deflecting cavity [5] or electro-optical sampling [6]. The
Optical Replica Synthesiser (ORS), a complementary
scheme that was introduced in reference 1, is similar to an
optical klystron FEL seeded by an infrared laser as is
shown in figure 1. In the modulator the interaction of the
laser with the transversely oscillating electrons causes an
energy modulation. A dispersive section turns this energy
modulation into a density modulation at the wavelength
of the light. In a following radiator undulator the micro-
bunched beam radiates coherently and the emitted light
pulse has the same longitudinal profile as the electron
beam. Hence the name optical replica synthesiser.

The optical replica pulse is analysed in a FROG
(frequency resolved optical gating) device [7], which is
based on recording the spectrally resolved signal of the
auto-correlation. Subsequent application of a pulse
retrieval algorithm reveals both amplitude and phase of
the incident electric field and thus of the longitudinal
profile of the electron bunch. A very compact second

harmonic FROG device, Grenouille [8], which performs
the analysis, is available commercially.

Following up on the signing of a letter of intent by
DESY and the vice-chancellors of three Swedish
universities in Uppsala and Stockholm the recently
established SU-KTH-UU Free Electron Laser Centre has
entered a collaboration with DESY to design and
implement a prototype of the ORS in FLASH in order to
establish the feasibility of the device for the X-FEL. In
this note we present the status of the project as of August
2006.

SPACE AND TIME
The ORS will be installed in the beam line of FLASH

between the collimating dog-leg and the VUV-undulator.
The seed laser will be coupled in into the beam line just
downstream of the dog-leg where a vacuum window is
available. The modulator will be located about 10 m
downstream of the vacuum window. The magnets will fit
into 1.5m long unoccupied sections between quadrupoles
and other equipment and the magnet gap of 40mm is
sufficiently large to allow installation without modifying
the existing beam pipe. The chicane consisting of four
standard dipole magnets will also fit in between
consecutive quadrupoles and can be mounted without
breaking the vacuum. The housing of the extraction
coupling mirror and some extra diagnostic for beam size
measurements and alignment of laser and electron beam
will require some vacuum intervention.

The distance between the modulator and the radiator
will be on the order of 15m and it should indeed be short,
because collective effects such a plasma oscillations [9]
perturb the micro-bunching, caused by modulator, before
it can generate the optical replica pulse in the radiator.
The replica pulse in this case would not be a faithful
replica of the electron bunch profile.

The laser system will be placed outside the linac
tunnel with the shortest possible laser transfer line. For
that an additional tunnel into the beam-tunnel will be
drilled near the dog-leg. The installation of the ORS in the
beam line is foreseen for a shutdown during spring 2007
which will be followed by commissioning and operating
until the self-seeding option for FLASH will be installed
in the beam line between the collimating dog-leg and the
undulator.
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Figure 1: Schematic view of the Optical Replica Synthesiser.

SEED LASER
The seed laser will be based on an 1550 nm Erbium

fiber oscillator that can be synchronised to the RF system
of the linear accelerator. This oscillator has recently been
constructed and the first, preliminary tests show that it is
functioning properly. Stable mode locking is achieved
and the pulse has the desired characteristics regarding
pulse energy and spectral width. A schematic diagram of
the Erbium fiber laser is shown in figure 2. As a next step
the pulses will be compressed and frequency doubled.
Subsequently the active synchronisation will be
implemented and its effect on the laser operation will be
tested.

Figure 2: Schematic view of the Erbium fiber oscillator.
FC: fiber coupler; SMF: single mode fiber; ErF: Erbium
doped fiber, PBS: polarising beam splitter, WDM:
wavelength division multiplexer, λ4: quarter lambda
plate, λ2: half lambda plate.

As an amplifier we will use an existing Clark-MXR
CPA2001 Ti:Sapphire laser from Stockholm University.
The interfacing of the home-built oscillator and the
amplifier will start soon. The choice for this amplifier is
mainly motivated by budgetary reasons, as the CPA2001
is a highly compact laser system that is not easily adapted
to this particular application. On the other hand, it has
performed very reliably in our lab, with little maintenance
and without major malfunctions for many years. The
doubled output pulses of the Erbium fiber oscillator will
be stretched before injection into the Ti:Sapphire
amplifier cavity. We will attempt to use the stretcher
currently installed inside the CPA2001. This means that
we will have to separate the two layers of the CPA2001 in
order to gain access to the lower level. No modifications

of the amplifier cavity or the compressor are envisaged
and only slight changes of control electronics are
necessary, predominantly in the Pockels cell driver. The
normal operating frequency of the CPA2001 is 1 kHz, but
it can easily be reduced to 1-10 Hz to match the frequency
of FLASH.

A seed laser intensity of about 4.5 GW/cm2 is
necessary to achieve required energy modulation of the
electron bunch in a five period modulator undulator [1]. If
we account for reflection losses during transport, the
estimated maximum pulse energy of the modified
CPA2001 laser system will be approximately 700 μJ
inside the accelerator vacuum tube. The pulse length will
be set to about 2 ps to attain a stable temporal overlap
between the laser pulse and the electron bunch. This is
achieved by deliberately misaligning the compressor of
the CPA2001. The resulting longitudinal chirp on the
laser pulse is not expected to influence the operation of
the ORS significantly.

In order to estimate the beam diameter inside the
modulator undulator we have performed a straightforward
calculation using Gaussian optics. The results of this
calculation, in which the beam is focussed by a Galilean
telescope consisting of two achromatic lenses with focal
lengths of 1.0 m and -0.8 m separated by 0.26 m, are
shown in figure 3. The beam from the CPA2001 was
assumed to be diffraction limited with an initial diameter
of 6 mm (FWHM). From figure 3 we can see that a beam
diameter of about 0.8 mm (FWHM) can be expected at
the position of the modulator undulator located about 10
m downstream from the second telescope lens. This leads
to a laser peak intensity of about 45 GW/cm2 a factor of
ten in excess compared to what should be required. A
more realistic simulation that takes into account the
transversal mode structure of the femtosecond pulses is
under way using commercial beam propagation software.
This simulation will also address the transport form the
CPA2001 laser system to the focussing telescope.

In principle even higher laser intensities could be
reached by focussing tighter, but here we are limited by
the requirement that the intensity is essentially constant
over the entire length (ca. 1.5 m) of the modulator and by
the dimensions of the input vacuum window (16 mm
diameter). Furthermore, the laser beam should easily
accommodate the whole electron bunch, which has a
diameter of 0.1-0.2 mm (FWHM), even while it is
performing its oscillatory motion in the modulator, and by
making the diameter of the seed laser beam too small we
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may simply become too sensitive to the pointing stability
of the laser system. In any case, the distance between the
laser and the modulator is so large that probably active
beam position stabilisers are required to maintain spatial
overlap between the laser and the electron beam for
extended periods of time. Existing beam position
monitors and screens will be used to monitor the spatial
overlap between the laser and the electron beams.
Diagnostic stations to monitor the laser before the
vacuum window as well as after the radiator undulator are
foreseen, but not yet finalised.

Figure 3: Seed laser beam diameter as a function of the
distance to the focussing telescope showing a focus of 0.8
mm diameter (FWHM) inside the modulator.

One point of concern is the presence of a spatial chirp
and / or a tilted wavefront on the CPA2001 seed laser
pulse. At the moment it is not entirely clear how this will
affect the detailed micro-bunching process or the
subsequent analysis of the radiator pulse using the
Grenouille FROG apparatus. We will perhaps be forced to
take steps to correct the seed laser pulse for these
imperfections.

UNDULATOR AND CHICANE
The undulators for the modulator and radiator with

period l0 and K=93.4B0l0  must fulfil the FEL resonance
condition λ=l0(1+K2/2)/2γ2 with an IR laser operating at λ
= 780 nm and beam energies E = γmc2 between 500 and
1000 MeV. Together with the constraint to be shorter than
1.5 m we arrive at electromagnetic magnets that have 5
full periods plus two extra periods to zero the field-
integrals with a period of 20 cm and a peak field B0 below
0.5 T. In order to allow separating the high power seed
laser from the weaker replica pulse by a polariser we will
have one horizontal and one vertically polarised
undulator. Both magnets are now ordered from
Scanditronix in Sweden and will be delivered to DESY in
spring 2007. The support structure for the undulators to
move them in and out of the beam line will be designed
by staff at DESY.

The standard steering dipoles with a peak excitation of
33x10-3 Tm are sufficient for chicane to provide an R56 of
up to 0.3 mm. The transverse offset ( ca. 10 mm) of the
beam  in the chicane can also be used to insert a mirror
and extract a major portion of the seed laser pulse to
avoid irradiating downstream equipment and disturbing
the weak replica pulse.

LASER DIAGNOSTICS
Once the replica pulse is generated in the radiator

undulator it has to be extracted from the beam pipe and
transported to the diagnostic section with the Grenouille.
Presently we are discussing several options to extract the
light, either by pointing the radiator undulator at a
downstream off-axis mirror. This option, however, would
introduce significant wavefront distortion and is not
favoured. In another option we add a second chicane
downstream of the radiator with steering magnets to steer
around an off axis screen. A third option would be to
insert a mirror with a hole into the beam pipe such that
the electron beam can pass the mirror, but the IR pulse is
deflected out. These options will be scrutinised in the
coming months.

The placement of the Grenouille either in the
accelerator tunnel or in the new laser housing has not
been decided yet. Placement of the Grenouille inside the
tunnel has the advantage of a shorter beam path for the
replica pulse as well as easier alignment and construction,
but access to the tunnel during accelerator operation is
impossible and parasitic operation without impeding other
activities is, of course, much favoured.

CONCLUSIONS AND PROSPECTS
We have taken the first steps towards implementing

the ORS in FLASH at DESY. Ordering the magnets
which have a long lead time was the first major step and
building the laser will be the next, together with solving
all the other issues that we only mentioned in passing.
The infrastructure of lasers and undulators created for the
ORS provides a fertile ground for further experiments
with beams and lasers, especially regarding
synchronisation. For example, using the FIR-undulator
that will be installed downstream of the VUV-undulator
as the radiator instead of the original radiator will allow to
generate a coherent light pulse at the wavelength of the
seeding laser close to the experimental hall where it can
be cross-correlated with an external laser used for pump
probe experiments. This will yield information about the
relative timing of the external laser and the bunch arrival
time, which also caused the VUV-pulse. In this way the
relative timing between VUV-pulse and external laser can
be determined.

Furthermore, passing the micro-bunched electron beam
after the chicane through an optical transition radiation
screen, will yield information about the bunching and this
signal can be used for tuning.
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INVESTIGATIONS OF THE LONGITUDINAL ELECTRON BUNCH
STRUCTURE AT THE FLASH LINAC WITH A TRANSVERSE

DEFLECTING RF-STRUCTURE

Michael Röhrs∗, Christopher Gerth, Holger Schlarb
Deutsches Elektronen-Synchrotron DESY, D-22603 Hamburg, Germany.

Abstract

In the single-pass Free-Electron Laser FLASH, Self-
Amplification of Spontaneous Emission (SASE) occurs in
a small fraction of an electron bunch with a length in
the order of micrometers. As a consequence, there is a
need for bunch diagnostics with a time resolution in the
femtosecond regime for understanding and improving the
machine performance. At FLASH, a vertically deflect-
ing structure (LOLA) is used to measure the longitudi-
nal charge density profile and phase space distribution of
single bunches with high time resolution. The horizon-
tal slice emittance can be determined by additionally using
quadrupole scan techiques. In this paper, we present results
of measurements under conditions close to SASE operation
at 13.7 nm. We reached a RMS resolution of 20 fs for the
longitudinal profile measurements, and resolved the longi-
tudinal phase space distribution and slice emittance with
50 fs and 60 fs, respectively. Strong indications for a sub-

structure within the horizontal phase space distribution of
the peak current region have been found.

INTRODUCTION

At the Free electron LASer in Hamburg (FLASH), elec-
tron bunches with peak currents of 1-3 kA are produced
by longitudinal bunch compression in two magnetic chi-
canes. This results in a narrow high current region at the
front of the bunch (“spike”) with a width of less than 100
fs (FWHM) and a long trailing tail. The SASE process
may be initiated within the spike, if transverse slice emit-
tance and slice energy width are sufficiently small. How-
ever, these parameters are significantly degraded by coher-
ent synchrotron radiation (CSR) effects in the dipoles of
the magnetic chicanes, and by space charge forces along
the linac. The SASE signal with a duration in the order of
10 fs suggests that only a fraction of the charge in the spike
contributes to the lasing process. To resolve the longitu-
dinal structure, bunch diagnostics with an appropriate time
resolution is necessary.

The most powerful and multifunctional tools for this pur-
pose are currently transverse deflecting rf-structures called
LOLA [1, 2, 3]. LOLA structures operate in a hybrid
mode (a superposition of a TM110 and a TE110 mode),
which propagates with a phase velocity equal to the speed
of light. A passing relativistic electron is subject to a de-
flecting force in vertical direction, which is independent of

∗michael.roehrs@desy.de

the transverse position of the electron within the structure
and constant in time. The force sensitively depends on the
phase of the fields at the arrival time due to a high fre-
quency time variation at 2.856 GHz. Injection of a bunch
at zero crossing of the deflecting force results in a shearing
or “streaking” of the bunch without centroid deflection. As
a consequence, the vertical positions of the bunch electrons
downstream of the structure are linearly correlated with
their longitudinal coordinates. Standard OTR screens then
allow for measurements of the particle distribution in the
longitudinal-horizontal plane. Alongside the measurement
of the longitudinal charge density profile, this technique
permits to determine the horizontal slice emittance by scan-
ning quadrupoles upstream of LOLA [4]. Furthermore, the
longitudinal phase space distribution can be obtained in a
single shot measurement at locations with significant hor-
izontal dispersion. An estimate for the time resolution is
given by the vertical size of the bunches at the screen lo-
cation without streak, i.e. with LOLA being switched off.
Parameters of the LOLA structure are listed in Table 1 [3].

Table 1: Properties of LOLA [3]
Length 3.64 m
Frequency 2.856 GHz
Max. operating power 25 MW
Deflecting voltage at 20 MW 26 MV
Filling time 0.645 μs
Aperture 44.88 mm

EXPERIMENTAL SETUP

A schematic of the FLASH linac and the sections used
for the measurements is shown in Fig. 1. Electron bunches
are generated in an rf photocathode (gun) and accelerated
in five superconducting modules ACC1 to ACC5. The
bunches are longitudinally compressed in two magnetic
chicanes BC2 and BC3 at energies of typically 127 MeV
and 360 MeV, respectively. A dispersive section (dogleg)
is used to collimate the beam before it enters the undula-
tor section. For the presented measurements, the linac was
operated with a bunch charge of 0.5 nC and a final energy
of 677 MeV to produce a SASE signal at 13.7 nm wave-
length. We obtained an average radiation energy of 5 μJ
per electron bunch. The phase of module ACC1 was set to
-7.6◦ from minimum energy width operation, which is 4.4 ◦

above the phase for maximum peak current (-12 ◦). The

TUBAU06 Proceedings of FEL 2006, BESSY, Berlin, Germany

300 The Challenge of fs Pulses and Synchronisation



UND6     ….    UND1 Dogleg ACC45LOLA ACC1 GUNBC3 ACC23

Beam direction

BC2

OTR-
SCREEN

CAMERA

COLLIMATORS

DIPOLE
OFF-AXIS
SCREEN

QUADRUPOLE

LOLA

KICKER

Figure 1: Schematic of the FLASH beamline and a zoom into the regions used for the measurements. Longitudinal profile
and slice emittance have been measured on an off-axis screen (bottom right), the distribution in longitudinal phase space
with a screen in the dogleg section (bottom left).

phases of modules ACC23 and ACC45 were set to -25◦

and 0◦, respectively.
LOLA is located at the end of the linac. An off-axis

screen with a hight of 17 mm has been used in combina-
tion with a horizontal kicker preceding LOLA to measure
the longitudinal profiles. The time scale on the vertical axis
of the screen has been calibrated by measuring the vertical
bunch position while varying the phase of LOLA around
zero crossing. The calibration constant or “streak strength”
was 4.9 mm/ps in case of the density profile measurement.
The input power of LOLA has been adjusted to observe en-
tire bunches on the screen, including the long tails. In this
way additional quantities may be infered, e.g. the charge
portion within the spike, whereas the time resolution is
slightly degraded. The horizontal slice emittance has been
measured by varying quadrupoles upstream of LOLA. Sev-
eral quadrupoles had to be scanned simultaneously in order
to minimize the changes in time resolution (vertical beam
size with LOLA switched off) while the phase advance in
horizontal direction was varied.

An OTR screen in the horizontally dispersive dogleg sec-
tion has been used for measuring the longitudinal phase
space distribution. The dispersion generated by the up-
stream dipole has been determined to be 233 mm by mea-
suring the horizontal beam position on the screen for dif-
ferent dipole currents.

Before the measurements, the optics downstream of BC3
had been modified in order to improve the resolution of
the measurements. However, we expect only a negligible

modification of the longitudinal bunch properties and the
horizontal emittance. In case of longitudinal phase space
measurements, also the optics upstream of BC3 had to be
modified slightly, which may have altered CSR effects in
the dipoles of BC3.

RESULTS

LONGITUDINAL PROFILE

Fig. 2 shows the measured longitudinal charge density
profile of a single bunch. It consists of a sharp leading spike
and a long tail. The width of the spike is ∼70 fs (FWHM).
The time resolution is ∼50 fs FWHM and ∼20 fs RMS.
The properties of the spike change slightly from bunch to
bunch most likely due to phase and / or amplitude fluctua-
tions of the first acccelerating module. An analysis for 100
successive bunches reveals a nearly gaussian-shaped distri-
bution of the spike width with a mean of 74 fs and a sigma
of 9 fs. The same applies to the charge in the spike de-
fined by the coloured area in Fig. 2 and the corresponding
current, which are 0.13 ± 0.01 nC (25 ± 1 % of the total
bunch charge) and 1.7 ± 0.1 kA.

LONGITUDINAL PHASE SPACE

The particle distribution of a single bunch in longitudi-
nal phase space, which is directly obtained from an OTR
image of a streaked bunch in the dispersive dogleg section,
is presented in Fig. 3 (top). It shows the expected overall
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Figure 2: Normalized longitudinal charge density profile
measured with LOLA. The width of the coloured region
is equal to the width of the spike (FWHM). The specified
charge fraction in the spike refers to this area.

correlation, which is characterized by a rapid energy varia-
tion at the head of the bunch leading to the observed sharp
spike in the longitudinal profile, and an increasing energy
along the tail due to off-crest acceleration. Within the high
density region, there are deviations from the ideal shape
in terms of spikes in time and energy direction. Track-
ing calculations with ASTRA [5] and CSR-Track [6] are
in qualitative agreement with these results [7]. Some dis-
tinct distortion patterns are mostly related to longitudinal
space charge (LSC) forces: On the way from BC3 to the
screen, LSC causes an increase in energy width, which can
clearly be seen in Fig. 3. The spike at the very front of the
bunch in time direction is due to energy spread generated
by LSC during the passage from BC2 to BC3, which is then
sheared in longitudinal phase space in BC3.

The slice energy widths and the longitudinal density pro-
file calculated from the measured phase space distribution
are shown in the bottom plot in Fig. 3. The chosen slice
widths is equal to the RMS resolution of 50 fs. The slice
energy spread reaches a maximum value of ∼0.26 % or
∼1.8 MeV at the bunch head and decreases to ∼ 0.06 %
(∼406 keV) in the tail. Here, the values are limited by the
residual transverse beam size without dispersion and pro-
vide an estimate for the energy resolution of the measure-
ment.

The increase in energy width at the front is largely due
to a non-gaussian energy distribution. Within this region,
two local maxima of the energy profile can be observed
(Fig. 4). This structure may arise from both, LSC and CSR,
but we expect the LSC effects to be dominant. By divid-
ing the phase space distribution between the two maxima
as indicated by the dashed line in Fig. 4, the longitudinal
density profile in the high current region can be considered
seperately for the two regions, revealing a separation of the
charge density maxima in time by ∼50 fs (see Fig. 4). It
may be speculated that this is a true substructure of the
spike in the longitudinal density profile, which could not
be resolved here.
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Figure 3: Longitudinal phase space distribution for a single
bunch (top) and corresponding RMS slice energy width σ δ

(bottom). In the bottom image, the slice boundaries and the
density profile are drawn in.
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Figure 4: Projections of the longitudinal phase space dis-
tribution within the peak current region ( Fig. 3) onto the
time and energy axis. The longitudinal profile is splitted
into two parts, as is indicated by the dashed horizontal line:
The one for the low energy part and the one for the high
energy part. The maximas of the profiles are seperated in
time by ∼50 fs.

SLICE EMITTANCE

Figure (5) shows the measured horizontal 1σ slice emit-
tance (normalized) along the bunch (bottom) with a reso-
lution of 60 fs, and an OTR image of a bunch during the
scan (top). Within the bunch tail the slice emittance ranges
from 2 μrad to 3 μrad. There is a dramatic increase in slice
emittance at the front of the bunch with a value of∼16 μrad
within the density spike, which is significantly larger than
expected for SASE operation. Assuming an RMS energy
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Figure 6: Result of a Monte Carlo simulation with 1000
seeds for the relative emittance error assuming 3 % peak to
peak quadrupole gradient errors.

width of ∼0.2 % as measured in the spike, the emittance
would have to be about ∼5 μrad to obtain the observed
SASE power [8].

One contribution to this increase in slice emittance is
due to a substructure in the horizontal profile of slices in
the high current region. For certain quadrupole settings,
two separate density maxima appear, as can be seen on the
bunch image in Fig. 5. This suggests that there are two
islands with high charge density in the horizontal phase
space distribution, each for its own having a smaller emit-
tance. Assuming that these density maxima correspond to
the observed maxima in the energy profile of the head, the
horizontal displacement of the two density maxima may be

explained by dispersion in the order of 50 mm, which is
a possible value at this location. The dispersion caused
by the kicker amounts only to ∼10 mm and does there-
fore not explain this behaviour. In case CSR forces sig-
nificantly contribute to the separation of the energy max-
ima, this would lead to a horizontal displacement as well.
However, we have no proof yet that there is a connection
between the observed structures in the energy profile and
the horizontal profile.

Another contribution may come from a systematic er-
ror of the absolute emittance values. The accuracy is
mainly determined by quadrupole gradient errors, since six
quadrupoles have been used for the scan. Figure (6) shows
the result of a Monte Carlo simulation for 3 % peak to peak
errors of all quadrupole gradients (independently), which is
a rather pessimistic assumption. The probability of having
an error larger than 30 % is accordingly 15 %. The ratios of
the given slice emittance values are not affected by gradient
errors.

The shown results for the slice emittance suggest that a
reasonable analysis of the emittance in the high current re-
gion can, at least for the time resolution given here, only be
done by reconstructing the transverse phase space distribu-
tion. A main goal for the future is therefore to apply phase
space tomography methods. Moreover, quantitative com-
parisons with simulations using ASTRA and CSR-Track
will be done.
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Abstract

The Conceptual Design Report (CDR) for the 4th Gener-
ation Light Source (4GLS) at Daresbury Laboratory in the
UK was published in Spring 2006. The proposal includes
a low-Q cavity (also called a regenerative amplifier) FEL
to generate variably-polarised, temporally-coherent radia-
tion in the photon energy range 3-10eV. A new simulation
code has been developed that incorporates the 3D FEL code
Genesis 1.3 and which simulates in 3D the optical compo-
nents and radiation propagation within the non-amplifying
sections of an optical cavity. This code is used to estimate
the optimum low-Q cavity design and characterise the out-
put from the 4GLS VUV-FEL.

INTRODUCTION

4GLS is a 4th Generation Light Source [1] proposed
by CCLRC Daresbury Laboratory to meet the needs of
the ‘low photon energy’ community. The Conceptual De-
sign Report (CDR) was published in 2006 [2]. 4GLS
will comprise synchrotron radiation sources, free-electron
lasers and conventional lasers which will be combined syn-
chronously to allow innovative pump-probe experiments.

A 600MeV high average current branch operating in en-
ergy recovery mode (80pC bunches at up to 1.3GHz) will
feed spontaneous sources and a VUV-FEL. A 750-950MeV
high peak current branch (1nC bunches at 1-10kHz) will
feed a XUV-FEL[3]. There will also be an IR-FEL operat-
ing over 2.5–200μm.

This paper first summarises the VUV-FEL CDR design.
The proposal is a low-Q cavity FEL, or Regenerative Am-
plifier FEL [4, 5], in which the high gain allows satura-
tion to be reached in a few passes with mirrors of low re-
flectivity. It has been shown from 1D simulations [6] that
the optimum outcoupling fraction is ∼ 75% for mirrors of
60% reflectivity, using a hole for outcoupling. This fraction
gives a near maximum output power but is a stable working
point, such that the output power is relatively insensitive to
small changes in outcoupling fraction or mirror reflectivity.

The next section presents 3D simulations of the CDR de-
sign, using Genesis 1.3 [7] and a new 3D optics simulation
code developed at Twente University [8]. These simula-
tions confirm the validity of the CDR design and the ear-
lier 1D simulations which investigated the parameter space.
The last section presents simulations to optimise the res-
onator.

∗ n.r.thompson@dl.ac.uk

Table 1: Baseline VUV-FEL parameters, as presented in
the 4GLS CDR.

UNDULATOR

Undulator Period λw 60 mm
Periods per module 37
Number of modules 5
ELECTRON BEAM

Electron Beam Energy 600 MeV
Relative Energy Spread (rms) 0.1%
Bunch Charge 80 pC
Peak Current 300 A
Normalised emittance 2 mm-mrad
OPTICAL CAVITY

Cavity length Lcav 34.6 m
Upstream ROC r1 12.85 m
Downstream ROC r2 22.75 m
Rayleigh length zr 2.8 m
Fundamental mode waist w0 0.34 mm
Waist position (measured from US mirror) 12.2 m
Outcoupling hole radius 2 mm
Cavity stability g1 × g2 0.88

CDR PARAMETERS

The VUV-FEL will produce radiation of variable polar-
isation using APPLE-II undulator modules. The minimum
gap is 10mm and the undulator period 60mm. The pho-
ton energy range 3–10eV is covered by gap tuning from
10–19mm in helical mode and 12–25mm in planar mode.
For high enough gain for RAFEL operation, the undula-
tor length, expressed in the universal scaling of [9], must
give z̄ ≡ 4πρNu ≥ 4 over all wavelengths and polarisa-
tions. The required length is then 11m, achieved with five
2.2m modules of 37 periods. The intermodule gap is 0.6m
to allow space for a quadrupole, BPM and phase matching
unit. A FODO lattice is used with quadrupoles of length
0.12m and strength 9T/m. The electron beam parameters
have been derived using the FEL design formulae of Ming
Xie [10].

The resonator parameters are derived from simple as-
sumptions, with the expectation they will be revised after
3D optics modelling. The fundamental cold cavity mode
is focussed to maximise the overlap between radiation and
electron beam over the first two undulator modules. This is
done with a waist at the end of the first module, 12m from
the upstream (US) mirror as shown in Fig.1. The optimum
Rayleigh length zR (for maximum overlap) is then approx-
imately one third the total length of the two modules plus
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Figure 1: A schematic of the 4GLS VUV-FEL with the baseline CDR parameters. The fundamental cavity mode is shown
on the same longitudinal scale as the engineering representation. The electron beam direction is right to left.

gap, i.e. around 1.7m. However, this zR pushes the cavity
geometry close to instability and gives an excessive spot
size at the downstream mirror and some diffraction losses
on the undulator aperture for the longer wavelengths. In
addition the hole size on the downstream mirror is larger
than the spot size of the spontaneous radiation emitted on
the first pass and does not allow sufficient feedback. The
Rayleigh length is therefore chosen so that the spot size
of the fundamental cavity mode is the same as the esti-
mated spot size of the spontaneous emission. This gives
a Rayleigh length of 2.8m, somewhat larger than the value
for maximum overlap.

The hole size is such that the outcoupling fraction of the
fundamental cold cavity mode is 65%. This is slightly less
than the optimum value (from 1D simulations) of 75% but
the high gain FEL interaction is expected to guide the radi-
ation reducing the spot size and increasing the outcoupling
fraction towards its optimum value. The mirror material
is protected aluminium with a reflectivity of 60% at 10eV.
The CDR parameters are given in Table 1 and a schematic
shown in Fig.1 where the fundamental cold cavity mode is
shown on the same longitudinal scale as the machine lay-
out.

3D SIMULATIONS

A new simulation code has been developed at Twente
University that incorporates the 3D FEL code Genesis 1.3
and which simulates in 3D the optical components and ra-
diation propagation within the non-amplifying sections of
the optical cavity. Full details of the code are given else-
where [8]. The code has been used to model the 4GLS
VUV-FEL using Genesis 1.3 in steady-state mode. All the
simulations presented here are for 10eV operation. Simu-
lation results for 3eV will be presented in a later work.

Simulations of baseline design

The CDR parameters have been used for the initial sim-
ulations. The growth of output power and the measured
outcoupling fraction, both as a function of pass number,
are shown in Fig. 2. At saturation the output power is
350MW with a measured outcoupling fraction of 68%. The
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Figure 2: The growth of output power and the measured
outcoupling fraction, both as a function of pass number,
for the CDR parameters.

normalised power profiles at saturation, for different points
within the optical cavity, are shown in Fig.3. A modal ex-
pansion algorithm is under development and will calculate
the power distribution between the fundamental and higher
order modes. It is clear however from Fig.3 that there is
significant transverse HOM content in the radiation field.
It is interesting to note that although the on-axis power of
the radiation reflected from the downstream (DS) outcou-
pling mirror is zero, due to the large hole, by the time the
radiation is reflected back off the upstream (US) mirror and
back into the undulator the power is concentrated on-axis
allowing good coupling with the electron beam for the next
pass.

Cavity optimisation

Fig.4 shows the effect of varying the radius of the out-
coupling hole and the mirror reflectivity on the output
power after 20 passes (by which time the FEL has reached
saturation for almost all parameter sets used here). The
results show that the CDR working point (hole radius
2mm, reflectivity 60%) is satisfactory and stable—the out-
put power is near optimum, yet small changes in hole size
or reflectivity have a correspondingly small effect on the
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Figure 3: The normalised intensity cross sections at satu-
ration, for different points within the optical cavity. The
parameters are the CDR values (waist position 12 m, waist
radius 0.34mm).
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Figure 4: Output power (W) as a function of hole radius
and mirror reflectivity. The CDR hole radius is 2mm and
mirror reflectivity is 60%.

output power. In fact a reduction in reflectivity would cause
a small increase in output power, as predicted by the earlier
1D simulations.

Different cavity configuration have been investigated by
changing the ROC of the mirrors such that either waist
size or waist position of the lowest order cold-cavity mode
is kept constant and the other is varied. The dependence
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Figure 5: Output power (W) as a function of hole radius
and waist position.
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Figure 6: Output power (W) as a function of hole radius
and waist size, for waist position 12.19m.

of the output power on hole radius and waist position is
shown in Fig.5. It appears that moving the waist back 1m
towards the undulator entrance (from 12m to 11m from the
upstream mirror), i.e. to the centre of the first undulator
module, gives a working point in a broader region of near
maximum output power which would be beneficial.

The results of varying the waist radius from its CDR
value of 0.34mm are shown in Fig.6 for a waist position of
12m where it is seen there is little dependence on waist ra-
dius even when the waist radius is 0.1mm which represents
a cavity on the boundary of instability with g1g2 = 1.00.
Extensions of geometry into unstable resonator configura-
tions will be investigated in the future. Similar results have
been obtained for a waist position of 10.5m. These results
demonstrate that considerations of cold cavity resonator
modes are not very relevant to this design—the gain guid-
ing of the high-gain FEL interaction strongly dominates.

This interpretation is supported by simulations investi-
gating the effect of changes in waist position on the radi-
ation profiles at different cavity positions. Shown in Fig.
7 are the far field intensity cross sections (calculated at
14m beyond the outcoupling hole, this being the position
of the VUV-FEL optical diagnostic bench) and at the undu-
lator entrance. The cross sections are displayed in arbitrary
units. Again, the dependence on waist position is weak.

It is noted that the far field cross section in Fig.7 dis-
plays clear higher order transverse mode structure, with a
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Figure 7: Intensity (a. u.) cross sections in the far field
(top) and at the undulator entrance (bottom) as a function
of the waist position of the cold-cavity fundamental mode
of the resonator. The hole radius is 2mm.
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Figure 8: Intensity (a. u.) cross section in the far field as a
function of hole radius, for waist position 12.19m.
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Figure 9: Power (W) growth along undulator as a function
of waist position. The vertical bands are due to the gaps
between the undulator sections.

minimum intensity on axis. A scan of the effect of hole
radius on far-field cross section is shown in Fig.8 where
it is seen that the far field cross section can be improved
(i.e. brought closer to a fundamental gaussion mode) by
reducing the hole radius. Further optimisation will now be
done to maximise the output power while maintaining the
optimum far-field cross section, including investigation of
unstable resonators.

Finally, the total power within the undulator as a func-
tion of waist position is shown in Fig.9. The baseline waist
position of 12m gives the strongest power growth.

CONCLUSION

Full 3D modelling of the VUV-FEL has been made
possible with the new optics simulation package. The main
conclusions are:

• The CDR parameters are close to the optimum values
found with steady state simulations;

• The far field cross-section and total output power de-
pend on hole radius but, for each hole radius, are oth-
erwise relatively insensitive to the resonator configu-
ration over a large range of ROC’s around the CDR
values;

• The high gain of the FEL ensures that optical guiding
within the undulator and hole size are far more domi-
nant in defining the radiation profile than the ROC of
the mirrors.

These conclusions demonstrate that the VUV-FEL should
be treated as a self-seeding amplifier FEL rather than as an
oscillator FEL.

After 3eV simulations are complete it is expected that 3
mirror sets will be specified, one optimised for 10eV out-
put, one for 3eV output and one for scanning over the full
range.
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DEVELOPMENT OF FREQUENCY-RESOLVED OPTICAL GATING FOR 
MEASUREMENT OF CORRELATION BETWEEN TIME AND 

FREQUENCY OF CHIRPED FEL 
H. Iijima, R. Hajima, E. J. Minehara, R. Nagai and N. Nishimori, Japan Atomic Energy Agency, 2-4 

Shirakata-Shirane, Tokai, Naka, Ibaraki, Japan.

Abstract
A femtosecond infrared-chirped free-electron laser 

(FEL) is an effective tool of dissociating molecules 
without the intramolecular vibrational redistribution. The 
ultrashort FEL pulse with the broadband spectrum is 
achieved operating the long-pulse electron beam from an 
energy recovry linac at Japan Atomic Energy Agency. 
Until now, the broadband spectrum of ultrashort pulse 
was measured to be  / 0 = 14% with the central 
wavelength of 23 m and the pulse duration of 320 fs at 
FWHM by an autocorrelation of fringe-resolved second 
harmonic generation. However the information of pulse 
shape and  variation of frequency depending on the time 
during the pulse were not obtained. Since it is essential to 
know both information in the pulse for the dissociation of 
the molecule, we will measure them by frequency-
resolved optical gating (FROG). 

INTRODUCTION
A femtosecond infrared-chirped free-electron laser 

(FEL) is an effective tool of dissociating polyatomic 
molecules without the intramolecular vibrational 
redistribution [1,2]. Coherent vibrational climbing 
proceeds from exciting a molecular vibration transitions 
by the ultrashort infrared pulse with the broadband 
spectrum which encompasses several vibrational 
transitions of the molecule. Indeed, these transition 
energies become smaller and smaller with climbing the 
ladder because of molecular anharmonicity. Therefore, the 
climbing efficiency can be increased dramatically when 
using a negatively chirped pulse so that its high-frequency 
components which resonant with the lower transitions of 
the ladder precede its low-frequency components which 
resonant with the upper transitions of the ladder. Coherent 
vibrational climbing can be viewed also as a rapid 
adiabatic passage leading to efficient excitation of the 
upper vibrational states with an efficiency that in theory 
can be close to 100% because of the coherent nature of 
the interaction. 

At Japan Atomic Energy Agency (JAEA), an energy 
recovery linac (ERL) driven by superconducting 
accelerators has been constructed to produce a high-
power far-infrared FEL(~20 m) [3,4]. Operating this 
device, it succeeds in generating ultrashort pulses with the 
broadband spectrum using a long macro pulse of electron 
beam by JAEA-ERL. 

Until now, the broadband spectrum was measured to be 
 / 0 = 14% at the central wavelength of 23 m and the 

pulse width of 320 fs at FWHM by an autocorrelation of 
fringe-resolved second harmonic generation (FRSHG) [3]. 

However the intensity and the variation of frequency 
depending on the time during the FEL pulse were not 
obtained. Since it is essential to know both of the intensity 
and the variation of frequency in the pulse for the 
dissociation of the molecule, we will measure them by 
frequency-resolved optical gating (FROG) [5]. 

FREQUENCY-RESOLVED OPTICAL 
GATING 

Principle of FROG 
FROG is a technique to completely determine the 

intensity and phase versus time or frequency. The 
apparatus of FROG is only an autocorrelator followed by 
a spectrometer. In the autocorrelation and related 
techniques, the ultrashort pulse is measured purely in the 
time domain (autocorrelator), or in the frequency domain 
(spectrometer). In all these measurements, detectors can 
only measure the intensity of the signal. As a result, it is 
inevitable to lose the phase information, if the 
measurement is taken only in one domain. The 
measurement of FROG trace is taken in a hybrid 
domain: time-frequency domain. As time and frequency 
are two reciprocal domains connected by Fourier 
transform, the phase information in time domain is 
encoded into the intensity information in frequency 
domain, and vise versa. Therefore FROG trace contains 
the information of both intensity and phase of ultrashort 
FEL pulse by doing only intensity measurement in time-
frequency domain. 

As the time-dependent component of the pulse can be 
written in 

))(exp()(Re)( 0 tititItE ,       (1) 

where I(t) and (t) are the time-dependent intensity and 
the variation of frequency, and 0 is a carrier frequency, 
FROG trace is described as 

2

)exp(),(),( dttitEI sigFROG ,       (2) 

where a quantity Esig(t, ) is a signal field defined by 
E(t)g(t- ) . The function g(t- ) is a gate function with 
respect to the gate delay .  Now, consider the Fourier 
transform of Esig(t, ) with respect to , Eq. (2) is 
transformed to 
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2

)exp(),(ˆ),( dtdititEI sigFROG
. (3) 

Since Eq. (3) is the 2-dimensional Fourier transform with 
respect to t and , the signal field Esig(t) implementing 
IFROG is determined uniquely due to the fundamental 
theorem of algebra. As a result, the information of I(t) and 

(t) in Eq. (1) are obtained from the quantity IFROG( , ).
Various non-linearities such as second-harmonic 

generation (SHG), third-harmonic generation, self-
diffraction and polarized-gate are well known as the gate 
function [6]. In our measurement, SHG autocorrelation is 
used as the gate for FROG trace.  

Simulation of SHG-FROG 
In the SHG-FROG geometry, the pulse is split into two 

pulses which are then spatially overlapped in a piece of 
frequency-doubling crystal. In the frequency-doubling 
crystal, the two pulses induce a second harmonic due to 
the second-order optical non-linearity. Hence the signal 
field for SHG-FROG is given by Esig(t, ) = E(t)E(t- ). The 

main advantage of SHG-FROG is sensitivity: it involves 
only the second-order nonlinearity. Consequently, for a 
given amount of input pulse energy, SHG-FROG will 
yield more signal pulse energy. 

In order to evaluate retrieval of the intensity I(t) and 
phase (t) of the ultrashort pulse from SHG-FROG trace, 
a numerical simulation for SHG-FROG was carried out 
using the JAEA-FEL parameters. As a temporal profile of 
input intensity, the previous simulation result was used [7]. 
The carrier frequency 0 was determined by an 
experimental measurement of 0 = 21 m. Three types of 
input variation of frequency were assumed for the 
simulation. 

The simulation results are shown in Fig. 1, in which the 
top row shows false-color FROG trace for each phase; red 
means high intensity and violet means low intensity. The 
images of FROG trace in Fig. 1 are cropped, but the 
simulation was achieved in double range. The bottom row 
shows retrieval results of FEL pulse, where red closed 
(open) circle indicates the retrieval intensity (phase) 
respectively, and blue lines mean the input shape of FEL 
pulse. The each column indicates the difference of the 

-2.5 2.50.0 0.00.0 2.52.5 -2.5-2.5

0.0

1.0

28.65

41.38

15.92

Delay [ps]

(a) (b) (c)

Time [ps]

Figure 1: The top row shows false-color FROG trace for each phase; red means high intensity and purple means low 
intensity. The bottom row shows the retrieval result, where red closed (open) circle indicates the retrieval intensity 
(phase) and blue line indicates the initial parameter. The each column (a), (b), (c) indicates Fourier transformer-
limited, negative chirp, self-phase modulated pulse respectively. 
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variation of frequency; (a) is a Fourier transformer-
limited, (b) is a negative chirp, and (c) is a self-phase 
modulated pulse respectively. The retrieval intensity and 
phase were good agreement with the input intensity and 
phase.  

MEASUERMENT SETUP 
Focus and transport system 

Since the FEL pulse is diverged by optical diffraction 
due to a 2-mm pinhole on an output coupler mirror of 
FEL optical cavity, a pair of Au-coated elliptical mirrors 
is used to parallelize the FEL pulse with large beam size 
(approximately 5 cm in diameter). This optical focusing 
system is located near the output coupler. In an 
experimental room, the transported FEL is focused again 
by a pair of Au-coated parabolic mirrors. The whole set-
up is mounted in vacuum boxes, which are evacuated up 
to 10-7 Torr, in order to avoid distortion of the FEL pulse 
due to absorption of the infrared radiation by ambient 
water vapour, and is connected to the 24-m FEL transport 
ducts. The optics design was determined to be close to 
100% optical transport efficiency by a numerical 
simulation code GRAD [8]. 

Experimental setup of SHG-FROG 
Figure 2 shows a schematic view of SHG FROG 

apparatus constructed now. As shown in Fig. 2, the 
incoming FEL pulse is split by a polyethylene 
terephthalate (PET) film, whose thickness is 23 m, into 
two beams. One of them is delayed by a movable retro 
reflector; the other has a fixed path length. The movable 
reflector can be achieved by a stepper-motor-driven linear 
stage on which the retro reflector is mounted. A parabolic 
mirror focuses both pulses onto the frequency doubling 
crystal consisting of 2mm thickness Tellurium (Te). The 
second harmonic generated in the crystal when both 
pulses have a temporal and spatial overlap propagates 
through a slit to the spectrometer. Finally a mercury-
cadmium telluride (MCT) detector detects the intensity of 
signal. 

MCT
DetectorSpectrometer

OD

FEL pulse

BS

Cry: SHG Crystal (Te)
BS: Beam Splitter
RR: Retro Reflector
OD: Optical Delay (Stepper-Motor-Driven Stage)
PM: Parabolic Mirror

Cry

RR

RR

PM

Figure 2: The schematic view of the SHG-FROG setup. 

STATUS OF MEASUREMENTS 
Spectrum of FEL pulse 

Now, the whole optics is being adjusted precisely to 
provide the SHG signal from the Te crystal, therefore the 
focus, transport, and measurement system are in 
atmosphere. The atmospheric transport efficiency was 
measured to be 40 ~ 50 % due to the absorption by the 
ambient water vapour, and the average power of FEL 
pulses was measured to be 500 mW, typically. 

Figure 3 shows a spectrum of the FEL pulse measured 
by a spectrometer. One can find the absorption by the 
ambient water vapour at 21.1, 21.8 and 22.6 m. 

Figure 3: The spectrum of FEL pulse. The absorption of 
the infrared radiation by the water vapour can be seen at 
21.1, 21.8 and 22.6 m. 

Polarization 
High efficiency SHG is one of important points to 

perform SHG-FROG trace. The efficiency depends on an 
angle between a Te crystal orientation and a polarizing 
plane, and an input power of the FEL pulse dominantly. 
On the other hand, the surface of Te crystal is damaged if 
the pulse is strongly focused to generate the second 
harmonic. Therefore the angle between the Te crystal 
orientation and the polarizing plane of FEL pulse should 
be adjusted precisely.  

Figure 4 shows a measurement result of polarizing 
angle of the FEL pulse at position of Te surface. The 
measurement was done using a polarizer. In this figure, 
zero degree corresponds to the horizontal direction. In our 
case, the FEL pulse has a vertical polarization at the 
output coupler. At the surface of Te crystal, the polarizing 
direction rotates to 133 degree due to the refractions via 
the mirrors in the transport system. The measurement 
value is good agreement with the designed value. 
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Figure 4: Polarizing angle on the surface of the doubling 
crystal.

SUMMARY 
The femtosecond infrared-chirped FEL is the  effective 

tool of dissociating molecules without the intramolecular 
vibrational redistribution. JAEA ERL-FEL has been 
constracted to provide a high-power far-infrared FEL. The 
ultrashort FEL pulse with the broadband spectrum is 
achieved operating the long-pulse electron beam from 
JAEA ERL-FEL. Since it is essential to know both of the 
intensity and the variation of frequency in  the pulse for 
the high-efficiecny dissociation of the molecule, we 

consider to  measure them by SHG FROG. The numerical 
simulation of SHG FROG using the FEL parameters can 
completely retrieves the intensity and phase of the pulse. 
In the following, we have start to develop the apparatus of  
SHG FROG. Now we are measuring basic parameters of 
the FEL pulse (beam size, power, wavelength, 
polarization and so on) in the experimental room. 
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BEAM CURRENT DOUBLING OF JAEA ERL-FEL 
R. Nagai#, R. Hajima, H. Iijima, N. Kikuzawa, 

E. Minehara, N. Nishimori, T. Nishitani, M. Sawamura, 
Japan Atomic Energy Agency, Tokai, Ibaraki, Japan

Abstract 
An energy-recovery linac (ERL) R&D program for a 

high-power free-electron laser (FEL) is in progress at 
Japan Atomic Energy Agency (JAEA; formerly JAERI 
and JNC).  The first energy-recovery operation and FEL 
lasing was demonstrated in 2002 by remodeling the 
superconducting linac of the JAERI-FEL driver.  In the 
first demonstration, the accelerated beam current was 
same as the original linac.  One of the advantages of an 
ERL is that the accelerating beam current can be 
increased by only changing micro-pulse repetition rate 
without increasing the RF power of the main linac.  The 
advantage of an ERL has been demonstrated by the 
current doubling. 

INTRODUCTION 
For the high-power free-electron laser (FEL), the FEL 

extraction efficiency or the drive beam power should be 
increased.  Increasing of the drive beam power is more 
effective than increasing of the FEL extraction efficiency 
because the FEL extraction efficiency is limited in several 
percent.  For the beam power increasing in a usual linac, 
there are some problems as follows: high-power RF 
source and coupler corresponding with the beam power 
are needed, high-power and high-energy beam should be 
dumped, radiation shield at the beam dump is very tough.  
A high-power beam can be accelerated by small RF 
power in an energy-recovery linac (ERL) because the 
beam power not extracted to the FEL light is recovered 
and used to the acceleration.  The radiation shield and 
thermal design of the beam dump becomes easy because 

the dumped beam power and energy is reduced by the 
deceleration at the linac.  Using an ERL as an FEL driver 
therefore solves the problems for the beam power 
increasing. 

An ERL-FEL R&D program is in progress at Japan 
Atomic Energy Agency (JAEA; formerly JAERI and 
JNC).  The first energy-recovery operation and FEL 
lasing was demonstrated [1] in 2002 by remodeling the 
superconducting linac of the JAERI-FEL [2].  In the first 
demonstration, the accelerated beam current was same as 
the original linac.  One of the advantages of the ERL is 
that the accelerating beam current can be increased by 
only changing micro-pulse repetition rate without 
increasing the RF power of the main linac.  To 
demonstrate the advantage, the e-gun, the injector RF 
source, the low-level RF (LLRF) controller, and the 
operation system have been improved.  As a result of the 
improvement, the doubled beam acceleration and the FEL 
power improvement have been successfully achieved. 

IMPROVEMENT OF THE JAEA ERL-FEL 
The layout of JAEA ERL-FEL is shown in Fig. 1.  The 

injector consists of a DC electron gun with thermionic 
cathode driven by a grid pulser, an 83.3 MHz sub-
hermonic buncher, and two 499.8 MHz 1-cell 
superconducting modules.  The merger is a two-step 
staircase type that consists of four bending magnets and 
three quadrupole magnets.  The main linac consists of two 
499.8 MHz 5-cell superconducting modules.  The beam 
transport system to the undulator consists of a triple-bend 
achromatic (TBA) arc and a half-chicane achromatic 
system.  The undulator is a hybrid type with period 

___________________________________________  
#Email: nagai.ryoji@jaea.go.jp 

Figure 1: Layout of JAEA-ERL.
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number of 52 and period length of 33 mm.  The optical 
resonator is a near-concentric Fabry-Perot type that 
consists of two gold-coated mirrors with center-hole 
output coupler.  The recovery beam transport system is a 
TBA arc. 

In the original linac, the electron beam was accelerated 
in burst mode with 10 Hz macro-pulse and 10.4125 MHz 
micro-pulse repetitions.  The macro-pulse average current 
was 5 mA that was mainly limited by the RF power 
sources and the grid pulser.  To demonstrate that the 
higher beam current than the RF source capacity of the 
main linac can be accelerated, the ERL has been 
improved. 

The electron gun is equipped with a thermionic cathode 
and operated at 230kV DC voltage.  A train of electron 
bunch is generated by the grid pulser.  To generate 20.825 
MHz bunch train, doubled repetition of original one, a 
main-circuit of the grid pulser was replaced to new circuit 
[3].  The bunch length and timing jitter of the electron 
beam at the electron gun are 590 ps-FWHM and 12.8 ps-
rms, respectively.  The bunch length and timing jitter are 
compressed into about 1/100 through the beam transport 
system to the undulator. 

In the original linac without energy-recovery, two 1-
cell superconducting modules were driven by two 8 kW 
solid-state amplifiers for each, enough capacity for 5 mA 
operation.  The solid-state amplifiers were replaced by 
two IOT of 50 kW [4], which is enough capacity for 40 
mA operation. 

Stable operation of an FEL depends much on the 
stability of an accelerator.  In a superconducting 
accelerator, a LLRF controller is one of the key 
components for achieving good stability.  The original 
LLRF controller was designed for phase flatness at ±1 
deg. within a 1 ms macro-pulse.  This LLRF controller 
contributed to the 10-year operation of JAERI-FEL.  After 
the remodeling into the ERL, however, the original LLRF 
controller performance was insufficient for the ERL 
operation.  The LLRF controller was replaced by new one.  
The new controller is based on analog phase and 
amplitude control of the cavity RF field coupled with a 
tuner controller, which is same as the original controller.  
In the new controller, the following functions were 
introduced for the better stability:  the feedback gain, time 
constant and loop phase offset can be varied during 
operation to obtain good flatness of RF phase and 
amplitude within a macro-pulse, all the circuits are 
contained in a temperature regulated oven [5].  By the 
new controller, the phase and amplitude stabilities at the 
beam acceleration are 0.07 %-rms and 0.07 deg-rms, 
respectively.  The original controller was placed at the 
control room, and the feedback loop involved 50 m cables 
to connect the controllers and the RF cavities.  These long 
cables have large phase drift due to the temperature 
dependence of the electrical length.  The new controller 
are installed just beside the cavities to make the cable 
length as short as possible.  Furthermore the cables 
between the controllers and the cavities are contained in a 
temperature-regulated pipe to suppress the effect of the 

changing of the room temperature [6].  The phase stability 
in any season has been achieved less than 0.1 deg-rms by 
the temperature-regulated cable system. 

The electron motion in the longitudinal and transversal 
phase space is very complex because the injector has long 
drift spaces before and after the pre-accelerator.  The 
achromaticity of the merger and the bunch length of the 
electron beam are sensitive to the quadrupole magnets 
parameter.  Therefore, the beam transport parameter 
adjustment of the injector and the merger is not easy.  To 
support systematic parameter search, the accelerator 
operation system of the JAEA-ERL is equipped with a 
data-logging system and database services [7].  The initial 
parameter set of the injector was decided by the numerical 
optimization [8].  In the result, the electron bunch length 
of less than 10 ps has been achieved at the undulator.  

The length of the optical resonator was changed along 
with remodeling to the ERL. The optical resonator 
geometry was optimized by a Fox-Li procedure utilized 
simulation code[9].  In the optimization, the center-hole 
thickness was not taking into account.  The center-hole 
thickness causes additive loss.  If the center-hole 
thickness is taking into account, the radius should be 
enlarged more than the ideal case.   The center-hole radius 
of 1.0 mm was adopted in consideration of the loss by the 
center-hole thickness because the optimum radius was 0.8 
mm in the ideal case. The misalignment tolerance of the 
resonator was estimated by the Fox-Li simulation code 
[10].  The offset and tilt tolerance for the FEL power 
fluctuation of 1% are 0.1 mm and 40 μrad, respectively. 
The vibration of the floor is less than 1 μm.  The accuracy 
of the He-Ne alignment system of the optical resonator is 
less than 20 μrad.  The offset and tilt tolerance of the 
optical resonator is therefore sufficiently large for the FEL 
power fluctuation of less than 1%. 

ERL AND FEL DEMONSTRATIONS 
In the adjustment of the beam transport, the higher 

current beam than the RF source capacity cannot be 
accelerated because the energy-recovery is not enough. 
The energy-recovery acceleration and beam transport 
have been adjusted in the condition of original micro-
pulse repetition of 10.4125 MHz.  Under the micro-pulse 
repetition in 10.4125 MHz, because the beam lost is 
allowed, the screen monitor can be used for the beam 
transport adjustment.  After the adjustment, doubled beam 
in the repetition frequency of 20.825 MHz has been 
accelerated only changing of the micro-pulse repetition.  
The current increase only by changing the micro-pulse 
repetition is scalable.  The successful current doubling 
shows that the current can be increased easily up to 40 
mA corresponding with the repetition of the SHB 
frequency.  Typical signal of the current monitor at the 
entrance of the main linac is shown in Fig. 2.  These 
signals are the injection beam to the main linac and the re-
circulated beam from the recovery beam transport system 
in the repetition of 20.4125 MHz.  The amplitudes of the 
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injection and the re-circulated beam signal are the almost 
same. 

 

20.825MHz 

Recovery Beam 
 

Figure 2: Typical signal of the current monitor at the 
entrance of the main linac.

Typical signal of output power of the main linac RF 
source is shown in Fig. 3.  The RF source is operated in 
the pulse mode in the repetition of 10 pps and the pulse 
width of 2 ms.  The electron beam has been accelerated 
with 1ms in the latter half.  In the case of Fig. 3, the 
macro-pulse width of the electron beam is 230 μs.  The 
RF output power with and without the electron beam are 
the almost same because the RF power is recovered by 
the decelerated electron beam. As shown in Fig. 3, the 
high-current electron beam can be accelerated if there is 
an RF power only of the amount of exciting the 
acceleration field.  The spike at the edge of the electron 
beam macro-pulse is caused by the feedback of the RF 
low-level controller.  In the pulse mode, the RF power to 
compensate the disturbance such as the edge of the 
electron beam macro-pulse is needed as shown in Fig. 3. 

with Beam 

without Beam 

 
Figure 3: Typical signal of output power of the main linac 
RF source. 

After the energy-recovery acceleration, the FEL lasing 
is successfully achieved by adjusting the length and the 
beam position of the optical resonator. The beam position 
is adjusted while monitoring the stored spontaneous 
emission with a liquid-nitrogen-cooled HgCdTe detector. 
The FEL extraction efficiency is obtained by measuring 
the energy loss of the electron beam.  The energy loss and 
energy spectrum of the electron beam is measured by a 
wire-monitor set up on the way of the recovery TBA arc.  
The amount of the beam lost by the wire monitor is less 

than the RF power source capacity.  The detune curve of 
the FEL extraction efficiency is shown in Fig. 4.  The 
Maximum efficiency and power are 2.7 % and 0.7 kW, 
respectively.  The output efficiency of the optical 
resonator is about 30 %.  The output efficiency of the 
optical resonator is about 37 % in the numerical 
simulation.  The difference of the measured value and 
calculated one is caused by the thickness of the output 
center-hole, and misalignment of the resonator. 
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Figure 4: Detune curve of the FEL extraction efficiency. 
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Figure 5: Recovery rate of the electron beam at the beam 
dump. 

The recovery transport system with a large energy 
acceptance is necessary because after lasing the electron 
beam has large energy spread. The energy spread is about 
5 times of the extraction efficiency. The recovery rate of 
electron beam at the beam dump is shown in Fig. 5. The 
electron beam is almost recovered up to the extraction 
efficiency about 1 %.  Under the present condition, the 
beam loss at the FEL lasing is less than the RF source 
capacity.  To increase the beam current, the recovery rate 
should be close to 100 %.  Measured energy spread at the 
maximum output power is about 13.5 % (tail to tail).  The 
energy acceptance of the recovery TBA arc is about 16 % 
in the calculation, and almost electron beam can be 
transported. There is actually little bremsstrahlung 
radiation in the arc part.  The beam is therefore lost 
mainly in deceleration at the main linac.  To recover the 
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almost electron beam, after lasing the energy spread of the 
electron beam should be compressed because it is too 
large into the energy after decelerating [11].  Therefore, 
R56 of the recovery TBA arc and deceleration phase 
should be optimized to achieve fully recovery.  The 
optimization of the energy compression is in progress. 

CONCLUSION 
One of the advantages of an ERL is that the high beam 

current over the RF source capacity of the main linac can 
be accelerated.  The advantage of an ERL has been 
successfully demonstrated by the current doubling with 
only changing of the micro-pulse repetition rate.  The 
current increase only by changing the micro-pulse 
repetition is scalable.  The successful current doubling 
shows that the current can be increased easily up to 40 
mA corresponding with the repetition of the SHB 
frequency. 

To achieve in the future the 10 kW class high-power 
FEL, the beam current will be increased by solving the 
problem of the recovery rate and increasing the repetition 
of micro-pulse up to the SHB frequency of 83.3 MHz.   
The RF sources of the pre-accelerators are ready for 40 
mA beam. For the 83.3 MHz operation, the drive 
frequency of the grid pulser should be improved up to 
83.3 MHz.  Design of a grid pulser for the higher 
repetition rate is under investigation.  A photo cathode 
electron gun driven by a laser as another option for the 
83.3 MHz operation is under investigation also. 
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PERFORMANCE OF A CONVENTIONAL ANALOG Φ-A TYPE LOW-
LEVEL RF CONTROLLER 

R. Nagai#, R. Hajima, H. Iijima, N. Kikuzawa, 
E. Minehara, N. Nishimori, T. Nishitani, M. Sawamura, 

Japan Atomic Energy Agency, Tokai, Ibaraki, Japan

Abstract 
For a free-electron laser application and energy-

recovery linac based light source, high-stability of 
accelerator RF amplitude and phase is required.  A low-
level RF controller of the JAEA-ERL has been improved 
to ensure high-stability accelerating RF field.  The 
controller is a conventional analog Φ-A type controller.  
The controller performance is evaluated with a 499.8 
MHz superconducting cavity and a 1300 MHz copper 
cavity. The phase and amplitude stabilities of the 499.8 
MHz superconducting cavity within latter half of an RF 
pulse are 0.0055 deg-rms and 7.64×10-5, respectively.  For 
the 1300 MHz copper cavity, the performance of pulse 
and CW modes are evaluated.  In the case of pulse mode, 
the phase and amplitude stabilities are 0.011 deg-rms and 
7.64×10-5, respectively.  In the case of CW mode, the 
phase and amplitude stabilities are 0.011 deg-rms and 
6.68×10-5, respectively.  Therefore, the performance of the 
analog Φ-A type low-level RF controller is sufficient for a 
free-electron laser stable operation and an energy-
recovery linac based light source. 

INTRODUCTION 
Stable operation of a free-electron laser (FEL) and 

performance of an energy-recovery linac (ERL) based 
light source depend much on the stability of an accelerator.  
In a superconducting accelerator, a low-level RF (LLRF) 
controller is one of the key components for achieving 
good stability.  An ERL R&D program for a high-power 
FEL is in progress at Japan Atomic Energy Agency 
(JAEA; formerly JAERI and JNC).  A LLRF controller 
based on analog phase and amplitude feedback system 
was improved in the R&D program.  An analog Φ–A 
system has the faster response than a digital feedback 
system because there is no delay caused by the 
computation.  There is however the following 
disadvantages: the feedback parameters are not adjustable 
easily, the temperature coefficient of the circuit parts are 
larger than the digital feedback system.  To solve the 
disadvantages, the following functions were introduced: 
the feedback gain, filter time constant and phase-lock 
loop (PLL) offset phase can be varied during operation, 
all the circuits are contained in a temperature regulated 
oven.  As a result of the improvement, the accelerator 
phase stability of 0.06 deg-rms was achieved within latter 
half of an RF pulse [1]. 

The feedback filter of the LLRF controller is a low-
pass filter of a single-pole RC circuit type.  Only the 

resistance can be varied to change the time constant.  The 
operation frequency of the PLL is 499.8 MHz, which is 
the same frequency of the superconducting cavity.  To 
satisfy the requirements of the ERL based next generation 
light source, the following functions are added:  the filter 
time constant can be varied by changing the resistance 
and capacitor, the frequency converter and band-pass 
filter can be added for the various frequency operation. 

  The improved controller performance is evaluated 
with a 499.8 MHz superconducting cavity and a 1300 
MHz copper cavity.  The stabilities are measured by the 
error signal of the controller.  For the 499.8 MHz 
superconducting cavity, the RF mode is a pulse mode 
which is the same mode with the JAEA-ERL usual 
operation mode.  For the 1300 MHz copper cavity, the 
phase and amplitude stabilities are measured in the pulse 
and CW modes.  In the CW mode, the phase stability is 
estimated by also the phase noise measurement. 

STABILITY MEASUREMENTS 
Stability of the 499.8 MHz Superconducting 
Cavity 

The RF field stability is measured for the 499.8 MHz 
superconducting cavity used as a pre-accelerator of the 
JAEA-ERL.  The JAEA-ERL is operated by pulsed RF 
mode in the width of 2 ms and the repetition of 10 pps.  
The stability in the part of latter half used to accelerate the 
electron beam is measured in the setup as shown in Fig. 1.  
The setup is similar to the usual operation of the JAEA-
ERL.  The signal of 499.8 MHz from the master oscillator 
(Hewlett-Packerd 8665A) is input to the controller as a 
reference signal.  The output of the controller is amplified 
with 400 W pre-amplifier (THAMWAY T145-56AAA) 
and 50 kW IOT (CPI CHK2500W5508) [2], and input to 
the superconducting cavity.  The monitor signal of the 
superconducting cavity is returned to the controller for the 
feedback loop.  The signals of the phase and amplitude of 
the cavity are output from the controller and measured by 
a signal monitor.  The signal monitor consists of a 
digitizer (Yokogawa WE7000) and a computer.  The 
signals of the phase and amplitude from the controller are 
digitized and acquired to the computer.  The phase and 
amplitude stabilities are calculated with real-time from 
the digitized data.  The feedback gain, filter time constant 
and PLL offset phase of the controller are adjusted in real-
time monitoring of the stabilities.  

Typical signal of the phase and amplitude within a 
pulse is shown in Fig. 2.  The phase and amplitude 
stabilities within latter half of an RF pulse are 0.0055 deg-___________________________________________  
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rms and 7.64×10-5 rms, respectively.  The accelerating 
gradient and loaded Q of the superconducting cavity are 
5.2 MV/m and 1.3×106, respectively.  In this case, main 
disturbance is an RF shaking due to the pulse operation. 
 
Master Oscillator 

LLRF Controller 

400W Pre-Amplifier 50kW-IOT 

Signal Monitor RF Signal 
DC Signal 

Superconducting Cavity

Figure 1: Stability measurement setup for the 499.8 MHz 
superconducting cavity. 
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Figure 2: Typical result of the phase and amplitude (inset) 
within a pulse for the 499.8 MHz superconducting cavity. 

Stability of the 1300 MHz Copper Cavity 
To evaluate the performance of the LLRF controller at 

the 1300 MHz operation, the phase and amplitude 
stabilities are measured using a copper cavity in the pulse 
and CW modes.  The loaded Q of the copper cavity is 
about 5800.  The measurement setup is shown in Fig. 3.  
The signal of 1300 MHz from the master oscillator 
(Hewlett-Packerd 8341B) is input to the controller as a 
reference signal.  The signal of 800.2 MHz from the local 
oscillator (Agilent 8662A) is input to the controller for a 
frequency conversion.  The output of the controller is 
amplified with +28 dBm amplifier (Mini-Circuits ZHL-
4240W), and input to the copper cavity.  The monitor 
signal of the copper cavity is returned to the controller for 
the feedback loop.  A part of the returned signal is input to 
a spectrum analyser (Tektronix RSA230) for the phase 
noise measurement in the CW mode.  The master 
oscillator, local oscillator and spectrum analyzer are 
synchronized with the local signal of the master oscillator. 

For the pulse mode measurement, the phase and 
amplitude stabilities are measured with the width of 3 ms 
and the repetition of 10 pps.  The feedback parameters are 
adjusted according to the similar procedure of the 
superconducting cavity case.  Typical signal of the phase 
and amplitude within a pulse is shown in Fig. 4.  The 
phase and amplitude stabilities within latter half of an RF 
pulse are 0.011 deg-rms and 7.64×10-5 rms, respectively.  

For the CW mode measurement, the feedback parameters 
are re-adjusted.  The phase and amplitude stabilities are 
0.011 deg-rms and 6.68×10-5 rms, respectively. 
 

Master Oscillator

LLRF Controller 

+28dBm Amplifier 

Signal Monitor 

Test Cavity 

RF Signal 
DC Signal 

Spectrum 
Analyzer 

Local Oscillator 

Frequency Converter & Band-Pass Filter 

Figure 3: Stability measurement setup for the 1300 MHz 
copper cavity. 
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Figure 4: Typical result of the phase and amplitude (inset) 
within a pulse for the 1300 MHz copper cavity. 

For the CW mode, the phase stability is estimated by 
also the phase noise measurement.  The phase fluctuation 
(phase stability), σφ over a frequency range from f1 to f2 is 
given by 

][)(2
2/1

2

1

raddffL
f

f
⎟
⎠
⎞⎜

⎝
⎛= ∫ϕσ ,  (1) 

where L(f) is a single sideband (SSB) phase noise [3].  In 
this measurement, the frequency range is 2 Hz to 10 kHz.  
The measurement accuracy of the spectrum analyzer used 
for this measurement is about -100 dBc/Hz.  The phase 
noise of the master oscillator is not negligible small.  The 
phase stability of the cavity is therefore estimated by 

( ) 2/12
0

2
ϕϕϕ σσσ −= m ,   (2) 

where σφm is measured phase stability and σφ0 is phase 
fluctuation of the oscillator and spectrum analyzer.  The 
measured SSB phase noise against offset from the carrier 
frequency (offset frequency) is shown in Fig. 5.  The inset 
is a phase noise of the oscillator and the spectrum 
analyzer.  The phase stability is 0.013 deg-rms as a result 
of the measurement.  Even if two phase noises in Fig. 5 
are compared, the difference is hardly seen.  The phase 
noise of the spectrum analyzer and the oscillator is not 
small enough to measure such a very high stability (less 
than 0.01deg-rms).  The high-accuracy measurement of 
the phase noise by a low-noise measurement system is 
under arranging. 
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Figure 5: SSB phase noise of the copper cavity and the 
oscillator (inset). 

The main disturbance of the ERL is a minute vibration 
of the acceleration cavity which is called microphonic 
[4,5].  To evaluate the microphonic disturbance, the phase 
noise is measured with the mechanical vibrated cavity.  
The phase and amplitude stabilities measured by the error 
signal of the controller are 0.014 deg-rms and 7.60×10-5, 
respectively.  The measured phase noise is shown in Fig. 
6.  The large phase noise (-37 dBc/Hz) due to the 
mechanical vibration is observed around 25 Hz without 
the feedback.  When feedback is on, the phase noise is 
almost the same as the background level (-75 dBc/Hz).  
Therefore, the feedback gain of the phase around this 
frequency is 38 dB or more.  The phase stability estimated 
from the phase noise is 0.034 deg-rms.  The estimated 
value differs from the measured by the error signal due to 
the accuracy of the measurement system in this condition. 
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Figure 6: SSB phase noise with mechanical vibration. 

CONCLUSION 
The phase and amplitude stability requirements for an 

ERL based light source are 0.06 deg-rms and 3×10-4 rms, 
respectively [5].  The performance of the conventional 
analog Φ-A type LLRF controller is sufficient for the 
ERL-FEL stable operation and the ERL based light source 
as a result of the stability measurement. 

The measurement of the SSB phase noise is useful for 
the performance evaluation of the controller with 
frequency resolved disturbance analysis. 
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JAEA PHOTOCATHODE DC-GUN FOR AN ERL INJECTOR  
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Abstract 
An ERL-based next-generation synchrotron light 

source and free electron laser require an electron beam of 
large current and small emittance. In order to realize an 
electron gun satisfying such requirements, we are 
developing an NEA-GaAs photocathode DC-gun. The 
gun is based on an existing DC-gun of Japan Atomic 
Energy Agency (JAEA) ERL-FEL and designed to 
provide a beam with energy of 250 keV and average 
current of 50 mA. Conditioning of a high voltage power 
supply has been completed up to design the target 
voltage of 250 kV. We have also decided to use 
superlattice semiconductor as a new type of 
photocathode with higher performance than an existing 
technology. We fabricated bulk-AlGaAs photocathode 
samples by molecular beam epitaxy in order to optimize 
the superlattice structure. We measured quantum 
efficiency and lifetime of the samples and achieved twice 
QE of a bulk-GaAs photocathode and longer NEA 
surface life than that of the bulk-GaAs photocathode. 

INTRODUCTION  
NEA-GaAs photocathodes have played very important 

roles as polarized electron sources in several fields of 
fundamental science [1]- [5], because polarized electrons 
is generated from an NEA-GaAs photocathode can be 
through the excitation of electrons by polarized photons 
tuned to the band-gap energy. 

Now, an NEA-GaAs photocathode is also expected as 
a high-brightness electron source for ERL-based 
next-generation synchrotron X-ray light sources 
(ERL-LS). Ultimately high-brightness electron beam is 
required to realize the ERL-LS [6]. In order to realize 
such a high-brightness electron source, we need to 
control initial momentum spread of electrons as small as 
possible. An NEA photocathode can generate electron 
beam with such small initial momentum spread by 
excitation energy corresponding to the band-gap. 

However, a conventional NEA-GaAs photocathode 
using a bulk type of GaAs semiconductor (bulk-GaAs) 
has serious problems, small quantum efficiency (QE) and 
short lifetime of the NEA surface. 

In JAEA, we are developing a high-brightness electron 
gun for future ERL LS and FEL. In this study, we have 
decided to use a superlattice semiconductor for a 
high-brightness photocathode to fulfill the requirement 
of future ERL LSs. In the design of superlattice structure, 
we can optimize its electron affinity, band-gap energy 
and quantum confinement effect to improve the 
photocathode performance: higher QE, smaller

 momentum spread and longer lifetime. 

DEVELOPMENTAL STATUS OF THE 
JAEA PHOTOCATHODE DC-GUN 

An NEA photocathode has a fragile surface consisting 
of thin layer of cesium-atoms attached to gallium-atoms, 
which form electric dipole field to pull down the vacuum 
potential barrier. The NEA surface is easy to destroy by 
ion back-bombardment, which is ion generation by 
collision of extracted electrons and residual gas 
molecules followed by acceleration of the ions toward 
the cathode surface. Therefore, extreme high vacuum is 
essential to make an NEA surface of good quality and 
preserve it for long time. 

A field emitting electrons also causes the ion 
back-bombardment. The field emission current can be 
suppressed using titanium and molybdenum as electrode 
materials [7] and isolating gun chamber from NEA 
activation chamber to prevent cesium contamination to 
the electrode. 

The JAEA photocathode DC-gun consists of the gun 
chamber, the NEA surface preparation chamber and the 
load-lock system for transporting photocathode between 
these chambers. The preparation chamber is equipped 
with 200l/s NEG pump modules and a 500l/s ion pump. 
The gun chamber is equipped with 2000l/s NEG pump 
modules and two ion pumps, 500l/s and 200 l/s.  

We have decided to use titanium alloy for the 
electrodes and these chambers. The titanium alloy shows 
out-gassing rate of 6×10-13 Pa m/s, which is much lower 
than that of standard vacuum materials by three orders of 
magnitude [8]. In our estimation of the ultimate pressure 
using the pumping speed and the out-gassing rate, the 
chambers is expected to be below 5×10-10Pa 

The ceramic insulator of the gun and the high voltage 
stack of the 250kV-50mA power supply are located 
side-by-side in a pressure vessel filled with SF6 gas of 
2kgf/cm2. 

Figure 1 shows the gun chamber and the high voltage 
power supply. 
 

  
Figure 1 : JAEA photocathode DC-gun. 
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Conditioning of the high voltage power supply has 
been completed up to the design voltage of 250kV. 
Figure 2 shows leakage current of high-voltage terminal 
as a function of applied voltage. We confirmed the linear 
relationship between leakage current and supplying 
voltage without severe corona discharge.  
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Figure 2 : Leakage current of the high-voltage terminal 
as a function of applied. 

STRATEGY OF A NEW TYPE OF 
PHOTOCATHODE   

Superlattice photocathode 
We have decided to use a superlattice photocathode as 

a new type of photocathode with higher performance 
than the existing technology [9]. A superlattice structure 
has periodically interchanging solid layers, well-layer 
and barrier-layer, thickness of which is less than 10nm. 
By selecting appropriate semiconductor for a each layer, 
a superlattice is possible to have larger band-gap energy 
and smaller electron affinity than that of a bulk-GaAs. 

We consider the superlattice has intrinsic advantages 
in realization of higher QE, smaller initial momentum 
spread of photoelectrons and a longer lifetime of the 
NEA surface than those of a bulk-GaAs photocathode 
due to the following two reasons.  

 (1) Larger band-gap and smaller electron affinity 
than those of a GaAs is possible by optimization of a 
superlattice structure. 

Experimental results of polarized electron sources 
have suggested that larger band-gap photocathode is 
more suitable for higher QE photocathode [10]. 
Moreover, we predict smaller electron affinity is more 
suitable for longer NEA life. Because a semiconductor 
with smaller electron affinity has lower vacuum level 
when the surface is NEA-activated. 

 (2) Electron density of state (DOS) for a superlattice 
is a step function of excitation photon energy because of 
quantum confinement effect. 

In a semiconductor photocathode, QE is proportional 
to its DOS integrated from the band-gap energy to the 
excitation photon energy. A bulk GaAs, which has a 
monotonically increasing DOS function, requires rather 

higher energy photons to achieve high-QE operation at 
the expense of large momentum spread of electrons. A 
superlattice photocathode, on the other hand, enable one 
to achieve high-QE and small momentum spread 
simultaneously by choosing a photon energy just above 
the step energy of DOS [11].  

NEA-ALGAAS PHOTOCATHODE 

Advantages of bulk-AlGaAs in a high QE and a 
longer lifetime 

In order to confirm the effect of band-gap energy and 
electron affinity on the photocathode performance, we 
have measured QE and lifetime of different materials: 
bulk GaAs and bulk AlGaAs, which has larger band-gap 
energy and smaller electron affinity than GaAs. It is 
known that the AlAs semiconductor has larger band-gap 
energy and smaller electron affinity than the GaAs 
semiconductor [12]. 

The measurement of the QE and the NEA surface 
lifetime as a function of band-gap energy and electron 
affinity is essential for optimization of the material 
fraction in the barrier layer of a superlattice structure. 
The bulk AlGaAs cathode is also expected to be a higher 
QE and a longer lifetime in comparison with a 
conventional GaAs photocathode. 

Fabrication of crystal samples 

We fabricated bulk-GaAs and bulk-AlGaAs samples 
with various Al fractions (=0.10, 0.17. 0.28). These 
samples have the same active-layer thickness for the 
photoelectron generation. Figure 3 shows samples 
fabricated by Molecular Beam Epitaxy at Nagoya 
University. 

Exposure of a cathode surface to atmosphere results in 
adsorption of impurities such as oxide and carbide, 
which are harmful for NEA activation and hard to 
remove by heat cleaning. The samples have, therefore, 
covered by arsenide film in their preparation at the MBE 
chamber. The film is removed by heating in a vacuum 
chamber just before the NEA activation. 

 

 
Figure 3 : Photocathode samples: bulk-GaAs and 
bulk-AlGaAs. 
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Experimental setup 

The measurements of QE and life time for GaAs and 
AlGaAs have been made at a test bench as shown in 
Figure 4.  

The main chamber keeps extreme high vacuum of 
3×10-9 Pa using the combination of a 500 l/s ion pump 
and a 1300 l/s NEG pump. The surface of samples is 
cleaned by radiation heating using a tungsten heater. The 
NEA surface is activated by alternatively adsorption of 
cesium and oxygen (yo-yo method). 

Ti:Sapphire laser (720-870nm), He-Ne laser (633nm) 
and laser diode (690nm and 670nm) is used as a 
excitation laser. 

 

 
Figure 4 : Experimental set up.  

Quantum efficiency measurement  
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Figure 5 : Quantum efficiency of the bulk-GaAs sample 

Figure 5 shows measured QE spectrum of the 
bulk-GaAs sample. We can see a  threshold around the 

band-gap energy (1.42eV) and QE of 2~3% from the 
band-gap energy to 0.1eV above the band-gap energy. 
These results are consistent with previous experiments 
[13]. 

  

10-4

10-3

10-2

10-1

100

101

102

1.4 1.6 1.8 2

Q
ua

nt
um

 E
ff

ic
ie

nc
y(

%
)

Excitation Energy(eV)  
Figure 6 : Quantum efficiency of the bulk-AlGaAs 
sample.  

Figure 6 shows QE spectrum of the bulk AlGaAs 
sample. We can also see a threshold around the band-gap 
energy (1.79eV) calculated from the content of 
aluminum.. The QE from the band-gap energy to 0.1eV 
above the band-gap energy is 5~8%, which is two times 
higher than that of the bulk-GaAs sample. 

NEA-surface life measurement 

Figure 7 shows measurement results of NEA surface 
lifetime of samples, where laser photon energy was 
chosen at 0.1 eV above the band-gap for each sample. 
Photocurrent was below 100 nA and applied voltage was 
as low as 200 V to avoid NEA surface degeneration by 
ion back bombardment.  

 

 
Figure 7 : NEA-surface lifetime of bulk-GaAs (laser 
wavelength of 804nm) and bulk-AlGaAs (laser 
wavelength of 633nm). 
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In the case of the bulk-GaAs, QE, initially 3.5%, 
decreases below 1% 4hours after the NEA activation and 
the photocurrent ceases after 6 hours. In the case of the 
bulk-AlGaAs, QE shows initial drop from its initial value 
of 8% to 3% during 5 hours, but keeps 3% QE more than 
26 hours. 

From these results, we have found the bulk-AlGaAs 
has a longer lifetime of NEA surface than the bulk-GaAs. 
These results agree with our prediction that smaller 
electron affinity is suitable for longer NEA life. 

SUMMARY 
In JAEA, we are developing an electron gun for future 

ERL X-ray light sources and FELs. Fabrication of a DC 
gun and study on a photocathode for small emittance and 
high average current are in progress. We have proposed 
novel approaches, titanium alloy for the DC gun 
chambers and superlattice for the photocathode. The 
superlattice produces electrons with small initial 
momentum spread due to its quantum confinement effect, 
and realizes high QE, small emittance and long life time 
by optimizing well- and barrier-layers so that it has large 
band-gap and small electron affinity. Preliminary results 
from the measurements of QE and lifetime for the bulk 
GaAs and the AlGaAs photocathodes support our 
strategy. We will measure QE and NEA surface of 
samples with various fraction of aluminum to optimize 
the superlattice structure 
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HARMONIC LASING CHARACTERIZATION AT JEFFERSON LAB

S. V.  Benson and M. D. Shinn, Jefferson Lab, Newport News VA 23606.

Abstract
Harmonic lasing is normally suppressed because of

lasing at the fundamental wavelength. It can, however, be
achieved using any of several methods that suppress fun-
damental lasing.  In this paper we discuss two methods
used at Jefferson Lab.  The first is to use the characteris-
tics of dielectric coatings to allow harmonic lasing at cav-
ity lengths longer than the synchronous length for the
fundamental.  The second is to use a dielectric coating
that has little reflectivity at the fundamental.  This allows
us to directly compare fundamental and harmonic lasing
with the same optical resonator and electron beam.  We
present measurement carried out at Jefferson Lab using
the IR Upgrade FEL operating at 0.53, 0.94, 1.04, 1.6, and
2.8 microns in which both schemes are used to produce
lasing at both the 3rd and 5th harmonic of the fundamental.

INTRODUCTION
Harmonic lasing was predicted in 1980[1][2] and third

harmonic lasing was demonstrated at Stanford and Los
Alamos [3][4] in 1988.  Since then many groups have
demonstrated 3rd harmonic lasing and Jefferson Lab has
demonstrated 2nd and 5th harmonic lasing as well [5][6].
In all cases the challenge has been two-fold: produce a
sufficiently bright electron beam with high gain at har-
monic wavelengths, and somehow suppress fundamental
lasing.  Photocathode injectors now routinely produce
electron beams bright enough to lase well at harmonics.
There are also several techniques that are available to
suppress the fundamental.  The first harmonic lasing
demonstrations used a dispersive element to force the
harmonic lasing to a longer cavity length or an aperture to
preferentially diffract away the fundamental.  Another
way, more appropriate for a high power system, is to use
dielectric mirrors to provide a high resonator Q at the
harmonic and little or no Q at the fundamental.  This is
how lasing at the second and fifth harmonic were
achieved at Jefferson Lab.  In either case the gain was
quite low so two high reflectors were used to produce
lasing.

In this paper dielectric mirrors were used to produce
harmonic lasing with relatively high gain at the third and
fifth harmonic and a new mechanism was discovered that
produces harmonic lasing using a resonator with high Q at
the fundamental.

FEATURES OF DIELECTRIC MIRRORS
RELATED TO HARMONIC LASING

Most high power resonator mirrors consist of a stack of
layer pairs.  The layers alternate between high and low
refractive index materials, for example silicon diox-
ide/hafnium dioxide or thorium fluoride/zinc selenide.
The thickness of each layer is one quarter of the center

wavelength, or /4n where n is the refractive index of the
coating.  The peak reflectivity is a function of the ratio of
the refractive indices and the number of layer pairs.  The
spectral width of the reflectivity band is proportional to
the square root of the ratio of the refractive indices.  Note
that the third harmonic center wavelength is not exactly
one third of the fundamental wavelength because the re-
fractive indices vary with wavelength, however in prac-
tice, if a quarter wave stack has good reflectivity for one
wavelength, it will have similar reflectivity at the third
harmonic of that wavelength.

As for the laser cavity, if a resonator has a high reso-
nator Q at the fundamental wavelength, then it usually has
high resonator Q for the third harmonic and possibly the
fifth harmonic if the fundamental is a long wavelength.
In our case the resonator Q is actually slightly higher for
the third harmonic than for the fundamental. Since the
gain at the fundamental wavelength is typically much
higher than the third and fifth harmonic gain, the laser
will almost always lase at the fundamental with a quarter
wave stack.  If the wiggler is set to a wavelength 5/3 as
long as the center wavelength of the quarter wave stack
coating, the third harmonic of the coating will be coinci-
dent with the fifth harmonic of the FEL.  There is very
little resonator Q at 5/3 of the center wavelength or at 5/9
of the resonator wavelength where the third harmonic is
resonant.  The laser then lases at the fifth harmonic of the
FEL and the third harmonic of the coating.  Note that it is
also possible to lase at the fundamental of the FEL with
the third harmonic of the coating.

CASE 1. LASING AT HARMONICS AT A
FIXED WAVELENGTH

The first measurements were performed with the same
resonator and center wavelength, while varying the wig-
gler strength.  The resonant wavelength of the wiggler
was set to 1.02 microns, 3.06 microns, and 5.1 microns.
All three settings produced strong lasing.  The detuning
curves for the three settings are show in figure 1.  It is
very interesting to note that the fundamental, which has
the highest gain of the three, has the shortest detuning
curve. According to G. Dattoli’s formulas [7], the detun-
ing curve length should be proportional to GhNW . where
G is the small signal gain, h is the harmonic number, NW

is the number of wiggler periods and  is the laser wave-
length.  The ratio of the detuning curve lengths using the
measured gain should be 3.5:6.0:5.7 according to the for-
mula.  The third and fifth are a bit shorter than this would
indicate but they are also closer to threshold, which short-
ens the detuning curve.

Table 1 shows a comparison of measured and predicted
gain and power, where predicted values were obtained
using Dattoli’s formulas.   The measured gain was in-
ferred from the minimum turn-on time in the detuning
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curve.  Simulations indicate that the turn-on time to half
power is 22.5 e-foldings and direct measurements of the
gain support this observation.  The power was measured
using a high power laser power meter accurate to 5%.
The gain and power are in good agreement for the funda-
mental and fifth harmonic but the experimental gain is
lower and power is much larger than predicted for the
third harmonic.  This may have been due to differences in
accelerator setup though no single accelerator parameter
can explain the discrepancy.
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Figure 1. Power vs. cavity length for lasing at the funda-
mental, third, and fifth harmonic, with fundamental
wavelength ~1.04 μm.
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Figure 2. Spectra while lasing with 1.06 micron mirrors
with the resonant wavelength equal to 1.02, 3.06, and 5.1
microns.  The resonator losses were 3.5%/pass. Note the
movement towards 1.02 microns as the harmonic number
is increased.

Table 1.  Measured and predicted gain and power when
lasing at harmonics at ~1.04 microns.

h Meas.
Gain

Calc.
Gain

Meas.
Power(W)

Calc.
Power (W)

1 48% 48% 700 885
3 20.4% 24% 275 180
5 11.6% 11% 63 65

Spectra for these three cases are shown in Figure 2.  Note
that the wavelengths are not the same.  Simulations indi-

cate that the lasing wavelength is typically a fraction
1/hNW longer than the resonant wavelength. Since h is
changing but the resonant wavelength is not, one expects
the laser wavelength to get closer to the resonant wave-
length.  The fundamental is shifted further from the reso-
nant wavelength because it is lasing harder than the har-
monics, as is evident from the weak sideband at 1.11 μm.

CASE 2: LASING ON THE FIFTH HAR-
MONIC OF THE LASER AND THE THIRD

HARMONIC OF THE COATING
For both the 2.8 and 1.6 micron mirrors, it was possible

to lase at the third harmonic of the laser coating and the
fifth harmonic of the laser. For the 2.8 micron mirrors the
wiggler was set to 4.65 microns and lased at 0.935 mi-
crons.  For the 1.6 micron mirrors the wiggler was set to
2.74 microns and lased at 0.53 microns. In both cases the
lasing was quite robust.  Note that both mirror sets have
higher reflectivity at the third harmonic than at the fun-
damental.  The detuning curve at 0.53 μm was as long as
5 microns, which is comparable to the fundamental lasing
curve. Dattoli’s formula noted above, implies that the 5th

harmonic gain is 3/5 of the fundamental gain.  The gain
inferred from the turn-on time and losses is about 1/3 the
fundamental gain.  Direct gain measurements will be nec-
essary to resolve these discrepancies.  The efficiency was
not as good as the 1.06 micron lasing but we did obtain 35
W of CW light in the green.
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Figure 3.  Detuning curves for three different configura-
tions using the 2.8 micron mirrors.

In figure 3 we show the detuning curves while lasing at
the fundamental using both the 2.8 μm and 0.935 μm re-
flectivity peaks.  The detuning curves for the fundamental
have a three to one ratio. Dattoli’s formula then would
indicate similar gain.  In fact the gain at 2.8 microns is
about 50% larger than at 0.935 microns.  This apparent
discrepancy has been seen before when varying the elec-
tron beam repetition rate [8]. Both curves have a convex
shape (negative second derivative), which is common
when the gain is well above threshold.  The fifth har-
monic curve at 0.935 μm should be five times as long as
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the fundamental if the gain is similar.  In fact it is only
twice as long indicating a gain 40% of the fundamental.
It also has a concave shape, which is typical for lasing
close to threshold.  The ratio between the fifth harmonic
gain and fundamental gain is extremely sensitive to the
energy spread.  The ratio is 0.4:1 for an energy spread of
0.3%.  This is a typical value for our machine, though the
spread was not measured the day of these measurements.

CASE 3: A NEW WAY TO LASE AT THE
THIRD HARMONIC

When the laser is very well tuned and the wavelength is
very close to or slightly longer than the center wavelength
of the mirror coatings, we see a very interesting phe-
nomenon.  The laser starts to lase sporadically at the third
harmonic when the cavity length is very close to the syn-
chronous cavity length where the round trip time in the
resonator matches the arrival time of the electron
bunches.  This occurs for both the 1.6 micron and 2.8
micron mirrors.  We sometimes use this as a measure of
how well the laser is optimized.  If the laser optimization
is poor, harmonic lasing will not occur.

a.

b.

Figure 4.  (a) coherent harmonics emitted during funda-
mental lasing on the output coupler of the laser.   (b)
Harmonic lasing at 0.53 microns obtained by lengthening
the optical cavity by a fraction of a micron.
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Figure 5. Lasing spectrum using an Ocean Optics visible
spectrometer array.  This is a single macropulse shot.

This behavior is shown in figure 4.  In figure 4a we see
the pattern of coherent spontaneous radiation that is al-
ways present when lasing at 1.6 microns.  In figure 4b we
have lengthened the optical cavity by a fraction of a mi-
cron and see very strong green emission with a TEM00

profile.  The image here completely saturates the CCD
camera.  The spectrum of the third harmonic lasing is
shown in Figure 5.  This signal at 530 nm is not present
when the cavity is tuned for strong fundamental lasing.

With the 2.8 μm mirrors the lasing can occur over a
larger range of detuning and can be quite stable.  In figure
6 we show a detuning curve obtained using a spectrome-
ter at 0.935 microns.  The detector did not show any sig-
nal when lasing at the fundamental but showed a strong
signal when lasing at the 3rd harmonic.

Figure 6.  Detuning curve taken through a spectrometer
set to 935 nm.  The lasing occurs over about 0.5 microns
in cavity length.  The fundamental is not lasing over this
range.

We do not understand exactly how this new lasing
phenemonan works.  It seems as though the round trip
time in the resonator is less for the third harmonic than for
the fundamental.  This suggests that the fundamental light
penetrates more deeply into the coating than the third
harmonic light.  The interference that produces the out-
going wave should be the same for the third harmonic as
for the fundamental.  The different penetration depth may
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be related to the higher reflectivity of the coating at the
third harmonic.  Future experiments will study the wave-
length dependence of the harmonic lasing and compare
with reflectivity models of the coating.

CONCLUSIONS
The availability of a high brightness electron beam and

a wiggler with large tuning range has opened up an inter-
esting diagnostic device for free-electron lasers.  Since the
harmonic lasing is far more sensitive to beam parameters
than the fundamental it allows one to more carefully op-
timize the laser.  The presence of lasing at harmonics
greatly restricts the laser modeling since the model must
fit both the fundamental and harmonic lasing with the
same optical resonator and electron beam.

In the future we plan to try to lase with an electron
beam with half the energy spread of the one now used.
This reduces the fundamental gain but greatly increases
the harmonic gain.  We should have a situation where the
harmonic gain actually exceeds the fundamental gain.
This should also allow lasing at the seventh and possibly
the ninth harmonic.
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A DESIGN STUDY OF A FIR/THZ FEL FOR HIGH MAGNETIC FIELD 
RESEARCH 

M. Tecimer,  L.C. Brunel, J. van Tol,  NHMFL / FSU, Tallahassee, FL 32310, USA, 
 G. Neil, TJNAF, Newport News, VA 23606, USA. 

 
Abstract 

Presently a conceptual design for a NIR-FIR FEL 
system at the National High Magnetic Field Lab. - Florida 
State University (NHMFL-FSU) is being undertaken in 
collaboration with the FEL group at the Thomas Jefferson 
Laboratory. The system is expected to combine high 
magnetic field research with an intense, tuneable photon 
source spanning the spectral region  ~ 2 - 1100 microns. 
Here, a design study involving the  FIR/THz  part of the 
NHMFL-FEL design proposal is presented. The 
suggested long-wavelength FEL encompasses in the first 
phase a thermionic injector  with a ~2 mA average current 
and a ~10 MeV superconducting rf linac module 
operating at 1.3 GHz. The broadband outcoupling over 
the envisaged FIR/THz spectral range (100 - 1100 
microns) can be accomplished by adopting a  variable-
outcoupler scheme  in a waveguided cavity. Besides the 
performance predictions of the suggested long wave-
length FEL, techniques for the generation of high peak 
power, nanoseconds long THz pulses (for magnetic 
resonance applications) are also briefly discussed. 

INTRODUCTION 
In the framework of the NHMFL FEL initiative the 

design efforts for the construction of FIR/THz FEL 
radiation sources are twofold; the main effort is directed 
towards the generation of high peak power micropulses 
for time resolved measurements in the (tens of) 
picoseconds range. The planned rf-linac based system 
relies on relatively mature technologies developed at 
FELIX (FOM), Stanford, Jefferson Lab. and  FZ-
Rossendorf.  The use of superconductive rf-linac cavities 
enables quasi-cw operation  with the associated higher 
average THz radiation power levels (tens of  Watts) and 
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offers the possibility of  an extension  to an energy 
recovery linac (ERL) system (considered for the NIR-
MIR FELs) as well. The second part of the FEL effort 
focuses on the development of techniques in producing 
relatively long ((sub-) nanoseconds),  kW - level  tuneable 
(sub-)millimetre wave pulses, in order to generate  spin 
excitations at high magnetic fields  and  for  possible  
pulsed  magnetic resonance  applications. While it has 
been shown that the FIR-FEL technology developed by 
the TeraHertz Center at UCSB with an electrostatic 
accelerator (EA) [1,2], this long wavelength range at the 
envisioned power levels have not yet been achieved with 
a rf linac system.  
    Here, we give an overview of  the studied outcoupler 
design options and report on the simulated performance 
of a rf-linac driven waveguide FIR-FEL based on 
specified system settings. Finally, we discuss briefly on 
the current status of  search for methods that would allow 
us to extend the inherently short pulse durations in the 
studied sc rf linac driven FIR FEL configuration into the 
ns range. 

RF  LINAC-FIR FEL DESIGN ISSUES 
 In the current design , the beam energy for the FIR 

FEL  is provided by the first cryomodule (~10 MeV, 
operating at 1.3 GHz) which constitutes, along with the 
thermionic injector,  the  injector section of the NIR-MIR 
FELs. The thermionic injector system (a grid modulated  
DC   gun   followed   by  subharmonic   and   fundamental  

Table 1:FIR FEL Specifications 

PARAMETER FIR FEL UNITS 

Wavelength 100  to 1100 μm 

Micropulse Energy 1 to 3 μJ 

Micropulse-width ~ 5  to 60 ps 

Fract. bandwidth         ~ 0.3 - 5%  

Resonator pp- waveguide, ~ 5.8 m 

Outcoupling Variable (others?)  

Pulse rep. rate 26  (13)  MHz 

Macropulse-width 100μs to CW  

Beam energy 10 - 11 MeV 

Wiggler period 70   (hybrid.) mm 

Wiggler K 0.6-3.5  

Periods 40  

Figure 1: Layout of  the  FIR-FEL beamline option. 
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bunchers) [3] is similar to the ones in use at FZ-
Rossendorf and Stanford University. It is planned to 
provide ~2 mA average current at 26 MHz repetition rate. 
The NHMFL FIR-FEL is being designed to cover a large 
portion of the THz spectrum while employing a single 
wiggler, (possibly) a single cylindrical outcoupler mirror  
along with a  waveguide structure that extends over the 
entire cavity (~5.8 meters). The latter option reduces the 
diffraction losses inherent in this long wavelength spectral 
region and avoids oversized cavity mirrors and mirror 
vacuum chambers. It requires the  injection of the beam 
into the parallel-plate waveguide cavity (gap:10 mm) 
prior matching the beam into the undulator. After leaving 
the interaction section, the spent beam is directed into a 
beam dump. The design specifications along with the 
major system parameters are listed in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     The continuous tunability offered by the FEL over the 
envisaged large spectral range ideally would incorporate a 
broad-band feedback/outcoupling which can be accomp-
lished by adopting a variable outcoupler scheme on one of 
the cylindrical metal-mirrors. The outcoupler option 
illustrated in Fig. 2a is a modified version of the variable 
height outcoupler (Fig. 2c) studied and realized in [4,5]. 
Adjusting the slot aperture in the vertical dimension 
between 0. – 3.0 mm continuously, the power output can 
be optimised  over the entire 100 - 1100 microns. Hereby,  
the use of inserts with different lateral sizes (1.5mm, 
3.0mm) allows  one  to  keep  the  ratio  of  horizontal to 
vertical dimensions of the aperture < ~1.5 , at any slot 
aperture/wavelength configuration. In the second option, 
depicted in Fig. 2b, the middle insert  (thus the centre of 
the hole aperture)   is  displaced  in  the vertical, sampling 
different areas of the hybrid waveguide mode on the 
mirror surface. The latter scheme covers    the   targeted   
wavelength   range   using  max. three different hole 
apertures (or, alternatively, three cylindrical mirrors that 
could be moved up and down in the vertical, each having 
a different hole aperture). The optical beam transport 
accounts for the small (max. ~ 2 - 3 mm) off-axis 
displacement of the optical beam centre behind the 
outcoupler. Other variable outcoupler options such as 
FPI-meshes are being considered  (as far as they remain 
operational at cw multi-kW level intracavity power), 
particularly for wavelengths above 500 microns. 
     The performance modelling of the FIR-FEL system is 
based on electron beam parameters (bunch charge, norm. 
transverse emittance, longitudinal emittance, energy 
spread) that are similar to those implemented at FZ-
Rossendorf FEL, with the exception of an increase in the 
electron bunch repetition frequency up to 26 MHz, the 
latter being  relevant in determining the resonator length 
and the average radiation power. Using the waveguide 
FEL code described in [5,6], that models the physics of a 
rf-linac driven, highly slippage dominated short pulse 
THz-FEL  oscillator,  the  FEL  performance  for  various 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 a-c: The lateral dimension of the outcoupler  mir-
rors shown in a.) , b.) amounts to ~14 cm. The radius of 
curvature is ~3.5 m.  The outcoupler mirror shown in c.) is 
constructed  for an FIR FEL operating at ~230-650 μm. 
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Figure 3: The upper peak power values (blue dots) are 
obtained at the peak of the detuning curve whereas the 
lower data points at cav. Detuning  ~ -0.4·λ. 
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Figure 4: FEL operation at 13 MHz and 26 MHz pulse 
rep. rates with  ~5.8 m cavity length , λ ∼ 155 μm.   
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wavelength/wiggler settings (assuming a FEL operating at 
a fixed beam energy of 10.8 MeV) and outcoupling ratios 
(optimised by using the transmission characteristics of the 
scheme shown in Fig. 2a) are studied. An aspect that 
affects strongly the intracavity radiation build-up process 
and the evolution of the optical pulse structure is the use 
of ps-short electron bunches for the generation of (for rf-
linac based systems unusually) long wavelength radiation 
in a waveguided propagation medium. Fig.3 shows the 
predicted (approximate) peak power levels achievable in 
the generated THz micropulses. The inset illustrates the 
simulated pulse shape whose leading edge exhibits a 
distinct exponential decay deviating from the Gaussian. 
    Another possible operational mode is driving  the FIR 
FEL with 13 MHz  rep. rate  (limiting  the average current 
to ~1mA), while keeping the waveguide resonator length 
5.8 meters. In this case, the optical pulse interacts  with 
the electron beam every other roundtrip, thus  experien-
cing nearly twice as much cavity losses for each 
amplifying pass. The simulated evolution of the  intra-
cavity  micropulse energy  up to the saturation  is shown  
in Fig. 4 at 155 microns (as an example) for both, 13 
MHz and 26 MHz rep. rates. In the ‘13 MHz case’ the 
outcoupling ratio  is set to ~ 0.6 %  (optimised to obtain 
the highest pulse energy coupled out), while the ‘26 MHz 
case’ employs  ~ 3.0 %. The calculated outcoupled pulse 
energies at different wavelengths indicate that 13 MHz 
rep. rate in combination with 5.8 m resonator length does 
not lead to a satisfying  FEL operation. It results in a 
significant reduction in the pulse energies obtained. In 
addition, the micropulse energy fluctuations in subsequent 
roundtrips (by an amount defined by the cavity losses) 
may not be tolerable in many applications. In the 
following,  simulated pulse energies are given for the ‘13 
MHz and 26 MHz repetition rates’ at two different 
wavelengths, 155 microns and 1080 microns respectively:  
 

• ‘13 MHz ‘case:  
- outcoupled max. pulse energy   ~0.7 μJ  (@155 μm)  
- outcoupled max. pulse energy   ~0.3 μJ  (@1080 μm) 

• ‘26 MHz’ case: 
- outcoupled max. pulse energy  ~3.1 μJ  (@ ~155 μm)  
- outcoupled max. pulse energy  ~1.6 μJ  (@ ~1080 μm) 
 

GENERATION OF  (SUB-) NS PULSES 
 For pulsed magnetic resonance excitations, the pulse 
length condition is given by  γB1τ  ≈ 0.5   in which γ  is 
28 GHz/Tesla, B1 is the amplitude of the oscillating 
magnetic field, and τ is the FIR pulse length. For the 
envisioned time resolution and the available power, the 
pulse length is of the order of  1 ns. At the present design 
stage, having optical pulse rep. rates of  max. 26 MHz, the 
planned superconductive  rf-linac FIR FEL configuration 
is not suitable for the implementation of interpulse phase-
locking techniques described in [7] to generate narrow 
bandwidth,  ns - long   pulses.  On  the  other   hand,  the  
 

 
 

λ 
[μm] 

d 
[μm] 

m Z  
[m] 

Initial 
[ps] 

Final 
[ns] 

100 80 1 3.0 5.0 1.5 

100 80 3 1.34 5.0 3.1 

500 400 1 3.0 25.0 1.6 

500 400 3 0.57 25.0 3.1 

1000 800 1 3.0 65.0 1.2 

1000 800 3 0.78 65.0 3.1 

 
 
flexibility offered by the variation of cavity 
desynchronization on modifying the pulse durations (thus 
the Fourier transform limited spectral  bandwidth)  falls 
short   of  providing   the pulse lengthening effect that 
would be necessary to meet the requirements posed on the 
pulse durations and the associated spectral bandwidths. A 
possible (standard-) solution to lengthen the (rf-linac 
generated) picoseconds long optical pulses with 
sufficiently broad bandwidths is the use of  grating 
stretchers [8], ending up with frequency chirped pulses of 
ns-duration. However, due to the introduced time 
frequency correlation within the pulse and the still 
existent broad bandwidth (not Fourier transform limited 
pulses), frequency chirped pulses remain restricted in 
their applications in the area of pulsed magnetic 
resonance experiments. Table 2 illustrates the parameters 
of a grating stretcher and the stretching factors achievable   
upon   application  of   the  device  on   the outcoupled 
FIR FEL pulses specified in Table 1. In Table 2,  
parameters d, m, Z  denote the groove spacing of the 
blazed grating, the order at which the grating is used and 
the variable distance between the grating and the 
telescope mirror used in the setup, respectively. 
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Abstract

Operation of Volume Free Electron Laser with a ”grid”
photonic crystal, built from periodically strained metallic
threads, was studied in the backward wave regime. Gener-
ation threshold was observed for different ”grid” photonic
crystals. Dependence of the generation threshold on the
resonator length was investigated.

INTRODUCTION

Generators using radiation from an electron beam in a
periodic slow-wave circuit (travelling wave tubes, back-
ward wave oscillators, free electron lasers) are now
widespread [1].

Diffraction radiation [2] in periodical structures is in the
basis of operation of travelling wave tubes (TWT) [3, 4],
backward wave oscillators (BWO) and such devices as
Smith-Purcell lasers [5, 6, 7] and volume FELs using two-
or three-dimensional distributed feedback [8, 9, 10, 11].

A challenge of precise electron beam guiding over the
slowing structure (the electron beam should pass at the dis-
tance δ ≤ λβγ

4π over the diffraction grating, here δ is the
so-called beam impact parameter, λ is the radiation wave-
length, β = v/c , v is the electron beam velocity, γ is
the electron Lorentz-factor) restricts application of Smith-
Purcell lasers and the similar devices. Electrical endurance
of resonator limits radiation power and current of accept-
able electron beam. Conventional waveguide systems are
essentially restricted by the requirement for transverse di-
mensions of resonator, which should not significantly ex-
ceed radiation wavelength.

The most of the above problems can be overcome in
VFEL [8, 9, 10, 11, 12]. In VFEL the greater part of elec-
tron beam interacts with the electromagnetic wave due to
volume distributed interaction. Transverse dimensions of
VFEL resonator could significantly exceed radiation wave-
length D � λ. In addition, electron beam and radiation
power are distributed over the whole volume that is ben-
eficial for electrical endurance of the system. One of the
VFEL types uses a ”grid” volume resonator (”grid” pho-
tonic crystal) that is formed by a periodically strained either
dielectric or metallic threads.

The ”grid” structure of dielectric threads was experi-
mentally studied in [13], where it was shown that such
”grid” photonic crystals have sufficiently high Q factors
(104 − 106).

Theoretical analysis [14, 16] showed that periodic metal
grid does not absorb electromagnetic radiation and the
∗bar@inp.minsk.by

”grid” photonic crystal of metal threads is almost transpar-
ent for the electromagnetic waves in the wavelength range,
where the skin-depth is less then the thread radius. The
conclusions of [14] declared possibility of development of
VFEL with the ”grid” photonic crystal of metal threads.

First lasing of the volume FEL with a ”grid” volume
resonator, which was formed by the periodic set of metal
threads inside a rectangular waveguide, was observed in
the proof-of-principle experiment [15] and completely con-
firmed conclusions of [14].

In the present paper dependence of the generation inten-
sity as a function of the grid photonic crystal length is stud-
ied for the backward wave oscillation regime.

THE CONCEPT

Waves propagation through photonic crystals is the sub-
ject for numerous studies both theoretical and experimental
[17, 18, 19, 20].

Challenges, which appears when considering interaction
of an electromagnetic wave with such a photonic crystal,
are as follows: It is well known that a metal grid reflects
electromagnetic waves perfectly. Therefore, the question
arises as to whether a wave penetrate deep into resonator,
especially since resonator contains a set of grids. Theoret-
ical analysis [14, 16] showed that periodic metal grid does
not absorb electromagnetic radiation and the ”grid” pho-
tonic crystal, made of metal threads, is almost transparent
for the electromagnetic waves in the frequency range from
GHz to THz. In this range the skin depth δ is about 1 mi-
cron or less for the most of metals (for example, for 10 GHz
δCu = 0.66 μm, δAl = 0.8 μm, δW = 1.16 μm and so on).
Thus, in this frequency range the metallic threads can be
considered as perfect conducting.

According to [14, 16] the refraction index for the ”grid”
photonic crystal, can be expressed as:

n2
‖(⊥) = 1 +

η‖(⊥)

k2
, (1)

where
η‖(⊥) =

4π

Ω2

A0

1 + iπA0 − 2CA0
, (2)

n‖ and n⊥ are the refraction indices for the waves with
polarization parallel and perpendicular to the thread axis,
respectively, k = 2π/λ is the wave number, R is the thread
radius, Ω2 = dy · dz , where dy and dz are the photonic
crystal periods along the axis y and z, respectively, C =
0.5772 is the Eiler constant. The values A0(‖) and A0(⊥)

for perfectly conducting threads are defined as [15, 16]:

A0(‖) =
1
π

J0 (kR)N0 (kR)
J2

0 (kR) + N2
0 (kR)

+
i

π

J2
0 (kR)

J2
0 (kR) + N2

0 (kR)
,
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(3)
A0(⊥)=

1
π

J ′
0 (kR)N ′

0 (kR)
J ′2

0 (kR) + N ′2
0 (kR)

+
i

π

J ′2
0 (kR)

J ′2
0 (kR) + N ′2

0 (kR)
,

where J0, N0, J
′
0 and N ′

0 are the Bessel and Neumann
functions and their derivatives, respectively.

To consider threads with finite conductivity one should
use the following expressions:

A0(‖)=
i

π

J0(ktR)J ′
0(kR) −√

εtJ
′
0(ktR)J0(kR)

J0(ktR)H(1)′
0 (kR) −√

εtJ ′
0(ktR)H(1)

0 (kR)
,

(4)

A0(⊥)=
i

π

J0(ktR)J ′
0(kR) − 1√

εt
J ′

0(ktR)J0(kR)

J0(ktR)H(1)′
0 (kR) − 1√

εt
J ′

0(ktR)H(1)
0 (kR)

,

where εt is the dielectric permittivity of the thread material,
kt =

√
εtk, H

(1)
0 is the Hankel function of the zero order.

The expressions (3) can be obtained from (4) considering
εt → ∞.

Difference in the refraction indices for different wave
polarizations (n‖ �= n⊥) indicates that the system owns
optical anisotropy (i.e. possesses birefringence and dichro-
ism). To escape this anisotropy we can alternate the treads
position in the grid: threads in each layer are orthogonal to
those in the previous and following layers.

Smith - Purcell (diffraction) radiation in photonic crystal
for an electron beam with the velocity 	v passing through
the ”grid”arises when the radiation condition is fulfilled:

ω − 	kn(k)	v = 	τ	v , (5)

where 	τ is the reciprocal lattice vector and n(k) is the re-
fraction index (see (1)). Suppose the electron beam veloc-
ity is directed along the axis OZ, then (5) can be presented
in the form:

k − τzβ = k n(k)β cos θ, (6)

where β = v
c , the angle between 	k and the electron beam

velocity is denoted by θ and τz = 2πmh

dz
, where mh =

1, 2, ... is the number of harmonic. The roots of this equa-
tion give the spectrum of frequencies of diffraction (Smith-
Purcell) radiation, which is induced by a particle moving in
the above ”grid” photonic crystal.

Diffraction radiation in a metal waveguide of the rectan-
gular cross-section with the ”grid” photonic crystal placed
inside it is shown in [14, 16] to be described by the equation
similar to (6):

(
ω − τzv

v
)2 = (

ω

c
)2 − (κ2

mn − η), (7)

where η is determined by (2) and the eigenvalues κmn are
determined by the waveguide transverse dimensions (width
a and height b):

κ2
mn = (

πm

a
)2 + (

πn

b
)2 . (8)

The roots of equation (7) for η
τ2

z β2 � 1 can be obtained as:

ω1 (m,n) =
τzv

1 − β2

(
1 − β

√
1 − (κ2

mn − η)
τ2
z

1 − β2

β2

)
,

(9)

ω2 (m,n) =
τzv

1 − β2

(
1 + β

√
1 − (κ2

mn − η)
τ2
z

1 − β2

β2

)
.

It should be reminded here that τz = 2πmh

dz
, where mh =

1, 2, ... is the number of harmonic. From (9) it follows that
higher harmonics provide for getting radiation with higher
frequencies. For example, for the electron beam with the
energy 200 keV, considering θ ∼ 20◦ and dz = 1.6 cm, the
first harmonic (mh = 1) gives radiation frequencies ∼ 10
GHz and ∼ 40 GHz for the roots 1 and 2 of the equation
(7), respectively, the 30-th harmonic (mh = 30) provides
∼ 230 GHz and ∼ 1 THz.

EXPERIMENTAL SETUP

The ”grid” photonic crystal is built from tungsten threads
with the diameter 0.1 mm strained inside the rectangular
waveguide with the transversal dimensions a = 35 mm,
b = 35 mm and length 300 mm (see Fig.1). The distance
between the threads along the axis OZ is dz = 12.5 mm.
A pencil-like electron beam with the diameter 32 mm, en-
ergy ∼200 keV and current ∼2kA passes through the above
structure. The magnetic field guiding the electron beam is
∼ 1.55 − 1.6 tesla. Period of grating is chosen to pro-
vide radiation frequency ∼ 8.4 GHz. The ”grid” structure

Figure 1: The ”grid” diffraction grating placed inside the
waveguide.

is made of separate frames each containing the layer of 1,
3 or 5 parallel threads with the distance between the next
threads dy = 6 mm). Frames are joined to get the ”grid”
structure with the distance dz between layers.

Frequency range was evaluated by means of tunable
waveguide filters, which were tuned in the band 7.8 - 12.4
GHz with passbands 0.25 GHz, 0.5 GHz and 1 GHz. At-
tenuation of radiation in the suppressed band of this filter
is ∼ −25 dB.
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EXPERIMENTAL RESULTS
The objective of the experiment is to study dependence

of the generated radiation intensity on the ”grid” photonic
crystal length.

The maximal radiation power of VFEL generator in the
this experiment was about 1.5 kiloWatt for one thread in
the frame, 5 kiloWatts for three threads in the frame and 10
kiloWatt for five threads in the frame.

The sample oscillogram is shown in Fig.2, where signals
marked 1 and 2 are the signals obtained from microwave
detectors. Other two curves are the electron gun voltage
and electron beam current. Time scale is 80 ns.

80 ns

Figure 2: The sample oscillogram.

Two types of experiments are reported.
1. The radiation power was measured for photonic
crystal with 4, 8, 10 and 24 frames each containing one
thread equidistant from waveguide top and bottom walls
(see Fig.3). The result of these measurements is presented
in Fig.4, where the radiation power is normalized to the
maximal detected power (1.5 kiloWatt).
2. The radiation power is measured for photonic
crystal with 4, 6, 10, 12, 14 and 22 frames each containing
five threads distant dy = 6 mm each from other (see Fig.5).

The result of these measurements is presented in Fig.6,
where the radiation power is also normalized to the maxi-
mal detected power (10 kiloWatt). The solid curve in this
figure shows the numerically simulated radiation power,
which also normalized.

CONCLUSION

Operation of Volume Free Electron Laser with a ”grid”
photonic crystal, built from periodically strained metallic
threads, was studied in the backward wave regime. Gen-
eration threshold was observed for different ”grid” pho-
tonic crystals. Dependence of the generation threshold on
the resonator length was investigated. Use of volume res-
onators of the described type provides to weaken require-
ments for the electron beam shape and guiding precision,

single frame with a strained thread frames with threads

Figure 3: Photonic crystal with frames each containing one
thread equidistant from waveguide top and bottom walls.
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Figure 4: Dependence of the generation intensity on the
length of the ”grid” photonic crystal with one thread in
the frame, the upper scale show the resonator length in the
number of wavelength L/λ0, where λ0 = 3.6 cm.

because the electron beam passes directly through the pho-
tonic crystal.
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Figure 5: Photonic crystal with frames each containing five
threads distant dy = 6 mm each from other
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ELECTRODYNAMICAL P  ROPERTIES OF A VOLUME
FREE ELECTRON L  ASER WITH A ”GRID”       RESONATOR
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Research Institute for Nuclear Problems, 11 Bobryiskaya str., 220050, Minsk, Belarus.

Abstract

The electrodynamic properties and lasing in Volume
Free Electron Laser with a ”grid” resonator (”grid” pho-
tonic crystal) with changing in space parameters are con-
sidered. The equations describing lasing of VFEL with
such a resonator are obtained. It is shown that use of
diffraction gratings (photonic crystal) with variable period
increases radiation intensity and provide to create the dy-
namical wiggler with variable period. This makes possible
to develop a double-cascaded FEL with variable parame-
ters, which efficiency can be significantly higher then that
of conventional system.

INTRODUCTION

Diffraction radiation [1] in periodical structures is in the
basis of operation of travelling wave tubes (TWT) [2, 3],
backward wave oscillators (BWO) and such devices as
Smith-Purcell lasers [4, 5, 6] and volume Free Electron
Lasers [7, 8, 9] (see also [10]).

Volume Free Electron Laser (VFEL) is a radiation gen-
erator using non-one-dimensional distributed feedback,
which is created with the aid of Bragg diffraction gratings
or photonic crystals.

One of the VFEL types uses a ”grid” volume resonator
(”grid” photonic crystal) that is formed by a periodically
strained either dielectric [11] or metallic threads [12, 13,
14, 15].

In the present paper the electrodynamic properties and
lasing in Volume Free Electron Laser with a ”grid” res-
onator (”grid” photonic crystal) with changing in space pa-
rameters are considered. The equations describing lasing
of VFEL with such a resonator are obtained. It is shown
that use of diffraction gratings (photonic crystal) with vari-
able period provide to create the dynamical wiggler with
variable period. This makes possible to develop a double-
cascaded FEL with variable parameters changing, which
efficiency can be significantly higher that of conventional
system.

THEORY OF LASING FOR VFEL WITH A
”GRID” PHOTONIC CRYSTAL WITH

VARIABLE PERIOD

To obtain equations, which describe VFEL lasing in the
”grid” photonic crystal (see Fig.1), the Maxwell equations

∗gur@inp.minsk.by

and motion equations for a particle in an electromagnetic
field should be considered:

rot �H =
1
c

∂ �D

∂t
+

4π

c
�j, rot �E = −1

c

∂ �H

∂t
,

div �D = 4πρ,
∂ρ

∂t
+ div�j = 0, (1)

here �E and �H are the electric and magnetic fields, �j and
ρ are the current and charge densities, the electromagnetic
induction Di(�r, t′) =

∫
εil(�r, t− t′)El(�r, t′)dt′ and, there-

fore, Di(�r, ω) = εil(�r, ω)El(�r, ω), the indices i, l = 1, 2, 3
correspond to the axes x, y, z, respectively. The current and
charge densities are respectively defined as:

�j(�r, t) =e
∑

α

�vα(t)δ(�r−�rα(t)), ρ(�r, t) =e
∑

α

δ(�r−�rα(t)),

where e is the electron charge, �vα is the velocity of the
particle α (α numerates the beam particles),

d�vα

dt
=

e

mγα

{
�E(�rα, t) +

1
c
[�vα× �H(�rα, t)]−�vα

c2
(�vα

�E(�rα, t))
}

,

here γα = (1 − v2
α

c2 )−
1
2 is the Lorentz-factor, �E(�rα, t) and

�H(�rα, t) are the electric and magnetic field in the point of
location �rα = �rα(t) of the particle α.

front view side view

Figure 1: A ”grid” photonic crystal.

The dielectric permittivity tensor can be expressed as
ε̂(�r) = 1+ χ̂(�r), where χ̂(�r) is the dielectric susceptibility.
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When χ̂ � 1 the system (1) can be rewritten as:

Δ �E(�r, t) − 1
c2

∂2

∂t2

∫
ε̂(�r, t − t′) �E(�r, t′)dt′ = (2)

= 4π

(
1
c2

∂�j(�r, t)
∂t

+ �∇ρ(�r, t)

)

.

When the grating is ideal χ̂(�r) =
∑

τ χ̂τ (�r)ei�τ�r, where �τ
is the reciprocal lattice vector [16, 17].

Let the diffraction grating (photonic crystal) period is
smoothly varied with distance, which is much greater then
the diffraction grating (ptotonic crystal lattice) period. It is
convenient in this case to present the susceptibility χ̂(�r) in
the form, typical for theory of X-ray diffraction in crystals
with lattice distortion [18]:

χ̂(�r) =
∑

τ

eiΦτ (�r)χ̂τ (�r), (3)

where Φτ (�r) =
∫

�τ(�r ′)d�l′, �τ(�r ′) is the reciprocal lattice
vector in the vicinity of the point �r ′. The expressions for χ̂
for the ”grid” photonic crystal were obtained in [12, 14]:

χ‖(⊥) =
4π

Ω2k2

A0‖(⊥)

1 + iπA0‖(⊥) − 2CA0‖(⊥)
, (4)

the symbols ‖ and ⊥ indicate the waves with polarization
parallel and perpendicular to the thread axis, respectively,
k = 2π/λ is the wave number, R is the thread radius, C =
0.5772 is the Eiler constant, Ω2 = dy · dz , where dy and
dz are the photonic crystal periods along the axis y and z,
respectively. The values A0(‖) and A0(⊥) for the threads
with finite conductivity are defined as[14]:

A0(‖) = i
π

J0(ktR)J′
0(kR)−√

εtJ
′
0(ktR)J0(kR)

J0(ktR)H
(1)′
0 (kR)−√

εtJ ′
0(ktR)H

(1)
0 (kR)

,

A0(⊥) = i
π

J0(ktR)J′
0(kR)− 1√

εt
J ′
0(ktR)J0(kR)

J0(ktR)H
(1)′
0 (kR)− 1√

εt
J ′
0(ktR)H

(1)
0 (kR)

,

where εt is the dielectric permittivity of the thread material,
kt =

√
εtk, H

(1)
0 is the Hankel function of the zero order,

J0 and J ′
0 are the Bessel functions and their derivatives,

respectively.
In contrast to the theory of X-rays diffraction, in the case

under consideration χ̂τ depends on �r. It is to the fact that
χ̂τ depends on the volume of the lattice unit cell Ω2, which
can be significantly varied for diffraction gratings (pho-
tonic crystals), as distinct from natural crystals.

It should be reminded that for an ideal crystal without
lattice distortions, the wave, which propagates in crystal
can be presented as a superposition of the plane waves:

�E(�r, t) =
∞∑

�τ=0

�A�τei(�kτ�r−ωt), (5)

where �kτ = �k + �τ .
In the case under consideration the solution of (2) can be

written in the form (compare with [18]):

�E(�r, t) = Re

{ ∞∑

�τ=0

�A�τei(φτ (�r)−ωt)

}

, (6)

where φτ (�r) =
∫ �r

0
k(�r)d�l + Φτ (�r) and k(�r) can be found

as solution of the dispersion equation in the vicinity of the
point with the coordinate vector �r, integration is done over
the quasiclassical trajectory, which describes motion of the
wavepacket in the photonic crystal with lattice distortion.

Let us consider now case when all the waves partici-
pating in the diffraction process lays in a plane (coupled
wave diffraction, multiple-wave diffraction [17, 16]) i.e. all
the reciprocal lattice vectors �τ lie in one plane. Suppose
the wave polarization vector is orthogonal to the plane of
diffraction.

Let us rewrite (6) in the form �E(�r, t) = �e E(�r, t), where

E(�r, t) = Re
{

�A1e
i(φ1(�r)−ωt) + �A2e

i(φ2(�r)−ωt) + ..
}

,(7)

φ1(�r) =
∫ �r

0

�k1(�r ′)d�l, (8)

φ2(�r) =
∫ �r

0

�k1(�r ′)d�l +
∫ �r

0

�τ(�r ′)d�l. (9)

Then multiplying (2) by �e one can get:

ΔE(�r, t) − 1
c2

∂2

∂t2

∫
ε̂(�r, t − t′)E(�r, t′)dt′ = (10)

= 4π�e

(
1
c2

∂�j(�r, t)
∂t

+ �∇ρ(�r, t)

)

. (11)

Substitution of (7) to (11) gives the following system:

1
2
ei(φ1(�r)−ωt)[2i�k1(�r)�∇A1 + i�∇�k1(�r)A1 − k2

1(�r)A1 +

+
ω2

c2
ε0(ω,�r)A1+i

1
c2

∂ω2ε0(ω,�r)
∂ω

∂A1

∂t
+

ω 2

c2
ε−τ (ω,�r)A2+

+i
1
c2

∂ω2ε−τ (ω,�r)
∂ω

∂A2

∂t
] + conjugated terms =

= 4π�e

(
1
c2

∂�j(�r, t)
∂t

+ �∇ρ(�r, t)

)

, (12)

1
2
ei(φ2(�r)−ωt)[2i�k2(�r)�∇A2 + i�∇�k2(�r)A2 − k2

2(�r)A2 +

+
ω2

c2
ε0(ω,�r)A2+ i

1
c2

∂ω2ε0(ω,�r)
∂ω

∂A2

∂t
+

ω2

c2
ετ (ω,�r)A1+

+i
1
c2

∂ω2ετ (ω,�r)
∂ω

∂A1

∂t
] + conjugated terms =

= 4π�e

(
1
c2

∂�j(�r, t)
∂t

+ �∇ρ(�r, t)

)

,

where the vector �k2(�r) = �k1(�r)+�τ , ε0(ω,�r) = 1+χ0(�r),
here notation χ0(�r) = χτ=0(�r) is used, ετ (ω,�r) = χτ (�r).
Note here that for numerical analysis of (12), if χ0 � 0, it
is convenient to take the vector �k1(�r) in the form �k1(�r) =

�n
√

k2 + ω2

c2 χ0(�r).
For better understanding let us suppose that the diffrac-

tion grating (photonic crystal lattice) period changes along
one direction and define this direction as axis z.
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Considering the right part of (2) let us take into account
that microscopic currents and densities are the sums of
terms, containing delta-functions, therefore, the right part
can be rewritten as:

e−i(�k⊥�r⊥+φ1z(z)−ωt)4π�e

(
1
c2

∂�j(�r, t)
∂t

+ �∇ρ(�r, t)

)

=

= −4πiωe

c2
�e

∑

α

�vα(t)δ(�r − �rα(t))e−i(�k⊥�r⊥+φ1z(z)−ωt)×

× θ(t − tα) θ(Tα − t), (13)

here tα is the time of entrance of particle α to the res-
onator, Tα is the time of particle leaving from the resonator,
θ−functions in (13) image the fact that for time moments
preceding tα and following Tα the particle α does not con-
tribute in process.

Let us suppose now that a strong magnetic field is ap-
plied for beam guiding though the generation area. Thus,
the problem appears one-dimensional (components vx and
vy are suppressed). Averaging the right part of (13) over
the particle positions inside the beam, points of particle en-
trance to the resonator r⊥0α and time of particle entrance
to the resonator tα we can obtain:

e−i(�k⊥�r⊥+φ1z(z)−ωt)4π�e

(
1
c2

∂�j(�r, t)
∂t

+ �∇ρ(�r, t)

)

=

= −4πiωρϑ1 u(t) e

c2

1
S

∫
d2�r⊥0

1
T

× (14)

×
∫ t

0

e−i(φ1(�r,�r⊥,t,t0)+�k⊥�r⊥0−ωt)dt0 =

= −4πiωρϑ1 u(t) e

c2
〈〈e−i(φ1(�r,�r⊥,t,t0)+�k⊥�r⊥0−ωt)dt0〉〉,

where ρ is the electron beam density , u(t) is the mean elec-
tron beam velocity, which depends on time due to energy

losses, ϑ1 =
√

1 − ω2

β2k2
1c2 , β2 = 1 − 1

γ2 , 〈〈 〉〉 indicates

averaging over transversal coordinate of point of particle
entrance to the resonator r⊥0α and time of particle entrance
to the resonator tα.

According to [19] averaging procedure in (14) can be
simplified, when consider that random phases, appearing
due to random transversal coordinate and time of entrance,
presents in (14) as differences. Therefore, double inte-
gration over d2�r⊥0 dt0 can be replaced by single integra-
tion [19].

The system (12) in this case converts to:

2ik1z(z)
∂A1

∂z
+ i

∂k1z(z)
∂z

A1 − (k2
⊥ + k2

1z(z))A1 +

+
ω2

c2
ε0(ω, z)A1 + i

1
c2

∂ω2ε0(ω, z)
∂ω

∂A1

∂t
+

+
ω2

c2
ε−τ (ω, z)A2 + i

1
c2

∂ω2ε−τ (ω, z)
∂ω

∂A2

∂t
=

= i
2ω

c2
J1(k1z(z)), (15)

2ik2z(z)
∂A2

∂z
+ i

∂k2z(z)
∂z

A2 − (k2
⊥ + k2

2z(z))A2 +

+
ω2

c2
ε0(ω, z)A2 + i

1
c2

∂ω2ε0(ω, z)
∂ω

∂A2

∂t
+

+
ω2

c2
ετ (ω, z)A1 + i

1
c2

∂ω2ετ (ω, z)
∂ω

∂A1

∂t
=

= i
2ω

c2
J2(k2z(z)),

where the currents J1, J2 are determined by the expression

Jm= 2πjϑm

∫ 2π

0

2π − p

8π2
(e−iφm(t,z,p)+ e−iφm(t,z,−p))dp,

ϑm =

√

1 − ω2

β2k2
mc2

, m = 1, 2, β2 = 1 − 1
γ2

, (16)

j = en0v is the current density, A1 ≡ Aτ=0, A2 ≡ Aτ ,
�k1 = �kτ=0, �k2 = �k1 + �τ . The expressions for J1 for k1

independent on z was obtained in [19].
When more than two waves participate in diffraction

process, the system (15) should be supplemented with
equations for waves Am, which are similar to those for A1

and A2.
Now we can find the equation for phase. From the ex-

pressions (8,9) it follows that

d2φm

dz2
+

1
v

dv

dz

dφm

dz
=

dkm

dz
+

km

v2

d2z

dt2
, (17)

Let us introduce new function C(z) az follows:

dφm

dz
= Cm(z)e−

∫ z

0
1
v

dv
dz′ dz′

=
v0

v(z)
Cm(z), (18)

φm(z) = φm(0) +
∫ z

0

v0

v(z′)
Cm(z′)dz′

Therefore,

dCm(z)
dz

=
v(z)
v0

(
dkm

dz
+

km

v2

d2z

dt2

)

. (19)

In the one-dimensional case the motion equation can be
written as:

d2zα

dt2
=

eϑ

mγ(zα, t, p)
ReE(zα, t), (20)

therefore,

dCm(z)
dz

=
v(z)
v0

dkm

dz
+ (21)

+
km

v0v(z)
eϑm

mγ3(z, t(z), p)
Re{Am(z, t(z))eiφm(z,t(z),p)},

dφm(t, z, p)
dz

|z=0 = kmz − ω

v
, φm(t, z, p)|z=0 = p,

A1|z=L = E0
1 , A2|z=L = E0

2 , Am|t=0 = 0, m = 1, 2,

t > 0, z ∈ [0, L], p ∈ [−2π, 2π],

L is the length of the photonic crystal.
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These equations should be supplied with the equations
for γ(z, p). It is well-known that

mc2 dγ

dt
= e�v �E. (22)

Therefore,

dγ(z, t(z), p)
dz

=
∑

l

eϑl

mc2
Re{

∑

l

Al(z, t(z))eiφl(z,t(z),p)}.

The above obtained equations (15,18,21,22) provide to
describe generation process in FEL with varied parame-
ters of diffraction grating (photonic crystal). Analysis of
the system (21) can be simplified by replacement of the
γ(z, t(z), p) with its averaged by the initial phase value

〈γ(z, t(z))〉 =
1
2π

∫ 2π

0

γ(z, t(z), p) dp.

Note that the law of parameters change can be both smooth
and stepped.

Analysis of such a system shows that its efficiency sig-
nificantly exceeds efficiency of a system with constant pa-
rameters. Use of photonic crystals provide to develop dif-
ferent VFEL arrangements (see Fig.2). It should be noted

k
��

k
��

k

k

k
�

k
��

k
��

k

k
��

e-beam

photonic crystal

Figure 2: An example of photonic crystal with the
thread arrangement providing multi-wave volume dis-
tributed feedback. Threads are arranged to couple several
waves (three, four, six and so on), which appear due to
diffraction in such a structure, in both the vertical and hori-
zontal planes. The electronic beam takes the whole volume
of photonic crystal.

that, for example, in the FEL (TWT,BWO) resonator with
changing in space parameters of grating (photonic crystal)
the electromagnetic wave with depending on z spatial pe-
riod is formed (see eq. (6)). This means that the dynamical
undulator with depending on z period appears along the
whole resonator length i. e. tapering dynamical wiggler
becomes settled. It is well known that tapering wiggler can
significantly increase efficiency of the undulator FEL. The
dynamical wiggler with varied period, which is proposed,
can be used for development of double-cascaded FEL with
parameters changing in space. The efficiency of such sys-
tem can be significantly higher that of conventional system.
Moreover, the period of dynamical wiggler can be done
much shorter than that available for wigglers using static
magnetic fields. It should be also noted that, due to depen-
dence of the phase velocity of the electromagnetic wave on
time, compression of the radiation pulse is possible in such
a system.

CONCLUSION
The electrodynamic properties and lasing in Volume

Free Electron Laser with a ”grid” resonator (”grid” pho-
tonic crystal) with changing in space parameters are con-
sidered. The equations describing lasing of VFEL with
such a resonator are obtained. It is shown that use of
diffraction gratings (photonic crystal) with variable period
increases radiation intensity and provide to create the dy-
namical wiggler with variable period. This makes possible
to develop a double-cascaded FEL with variable parame-
ters, which efficiency can be significantly higher then that
of conventional system.
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LASER GAIN AND INTRA-CAVITY LOSSES OF THE ELBE MID-IR FEL

U. Lehnert, P. Michel, W. Seidel, J. Teichert, R.Wünsch
Forschungszentrum Rossendorf, PF 510119, 01328 Dresden, Germany.

Abstract

The U27-FEL of the ELBE radiation source allows to
choose between five mirrors with different outcoupling
holes. This allows to adapt the optical resonator to the re-
quired wavelength range to ensure the needed laser gain
and to optimize the outcoupled laser power.

Another parameter which influences the achievable laser
gain and output power is the detuning length of the optical
cavity. While for CW operation often the minimum de-
tuning point is choosen which maximizes the outcoupled
power, for pulsed-mode operation about one wavelength of
cavity detuning maximizes the laser gain and yields best
stability of the laser.

To gain some insight into the behavior of the optical res-
onator we have measured the round-trip losses and the net
laser gain and compared both to calulations. We have used
a fast-readout MCT detector to measure the decay and rise-
time of the outcoupled infrared beam caused by a 10 �s
break in the electron beam micro-pulse train. We show gain
and loss for 5, 10 and 20 �m wavelength with the typical
detuning curves of an FEL.

INTRODUCTION

The U27 mid-IR FEL of the ELBE radiation source was
designed to cover a wavelength range from 3 to 20 �m.
The optical resonator is equipped with two spherical mir-
rors with a free propagating optical mode of fixed Rayleigh
length. Therefore, the optical mode size at the mirrors
shows a big variation over the whole wavelength range. To
achieve a suitable outcoupling different sizes of the out-
coupling hole are required. The mirror chamber containing
the outcoupling mirror was designed with a mirror wheel
which allows to choose between 5 different mirrors. At
present outcoupling holes from 1.5 to 4 mm are available.
Now, the fraction of outcoupling can be adjusted to ensure
the needed laser gain and to optimize the outcoupled laser
power.

GAIN AND LOSS MEASUREMENTS

For measurements of the laser gain and round-trip losses
of the optical cavity we switch off the electron beam for a
10 �s period. An MCT detector with a fast readout elec-
tronics is used to measure the decay and rise of the optical
power (see Fig. 1). The decay can easily be fitted by a sin-
gle exponential giving the optical losses per round-trip.
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Figure 1: Decay and rise of the optical power caused by a
10 �s break of the electron beam.

ROUND-TRIP LOSSES

Round-trip losses inside the optical cavity were com-
puted using the GLAD [1] code (see Fig. 2). The computa-
tion (totals shown with red triangles) includes the outcou-
pling of optical power (blue circles) as well as diffraction
losses due to the aperture limits of the optical beam path in
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Figure 2: Comparison of measured and computed values of
the round-trip losses inside the FEL resonator.
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Table 1: Parameters of the optical resonator of the U27 FEL measured at 10 �m wavelength for different sizes of the
outcoupling hole. The intra-cavity power is estimated using the computed fraction of outcoupling. To scale it to the
saturation power a pulse length of 2 ps was assumed which was previously measured for a minimum-detuning setting of
the optical resonator.

out-coupling hole size 1.5 mm 2.0 mm 3.0 mm

measured average power 16.8 W 24.8 W 13.9 W

measured round-trip losses 5.25� 0.25 % 7.25� 0.25 % 10.0� 0.6 %

computed round-trip losses 2.9 % 6.6 % 5.8 %

out-coupled fraction 1.1 % 2.0 % 4.4 %

average intra-cavity power 1600 W 1300 W 330 W

intra-cavity saturated power 62 MW 50 MW 13 MW
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Figure 3: Analytical model of the gain drop at high laser
powers approaching saturation.

particular inside the undulator. The amount of outcoupling
very well agrees with a simple geometrical model (blue
line) except for very short wavelengths where the optical
mode has a tendency to avoid the outcoupling hole. The lat-
ter effect was seen experimentally as well. At 5 �m wave-
length the measured losses were significanly smaller when
using the 3 mm outcoupling hole than with the 1.5 mm or
2 mm holes. In general, the measured round-trip losses
show a quite reasonable agreement with the computation.

LASER GAIN AND POWER

The rise of the optical power is determined by the net
laser gain. However, the rise curves shown in Fig. 1 need a
more involved analysis as the gain itself depends on the op-
tical power. We use a simple analytical model (see Fig. 3)
to simulate the gain drop at high powers caused by over-
bunching and wave-breaking effects. This model very well
fits the measured curves of the laser turn-on as shown in
Fig. 4. In the example shown we have a 6% small-signal
gain over 7% round-trip losses. The laser saturates at
50 MW optical power. At this point the gain has dropped
to just match the losses.
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Figure 4: The rise of the optical power computed from the
model in Fig. 3 very well fits the measured power data.

THE OPTIMAL OUTCOUPLING

The measurements performed at 10 �m wavelength
demonstrate that there exists an optimal outcoupling hole
for a given cavity and beam setup. The data shown in Ta-
ble 1 were measured with a 22 MeV electron beam with
50 pC bunch charge. The round-trip losses roughly cor-
respond to the computed ones considering that the losses
at the mirror surfaces are not included in the calculations.
Going from 1.5 mm to 2 mm outcoupling hole size one
sees the expected rise of the losses (approx. 2%) due to the
outcoupling and the increased diffraction losses at the hole.
At this power level the gain changes quite rapidly with the
power. So the needed 2% higher gain translates only into a
small drop of the intra-cavity power. The outcoupled power
is increased. But when going further to 3 mm hole size the
increased losses yield a much lower saturation power in-
side the cavity. Despite the higher outcoupling fraction the
outcoupled power drops. The measured power levels again
roughly confirm the gain model shown in Fig. 3.
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REMOTE CONTROLLED IR-DIAGNOSTIC STATION FOR THE FEL AT
ROSSENDORF

W. Seidel, S. Friebel, R. Jainsch, M. Justus, K.-W. Leege, D. Proehl, D. Stehr, H. Weigelt,
S. Winnerl, D. Wohlfarth

Forschungszentrum Rossendorf, Dresden, Germany
Abstract

The remote controlled diagnostic station delivers a small
amount of the IR radiation by means of a system of relo-
catable mirrors, scraper mirrors and beam splitters to the
spectrometer and to various power detectors working in
different power ranges. Furthermore, a long wavelength
MCT detector is integrated in the diagnostic station for gain
and loss measurement in the whole wavelength range of
the U27-FEL. The average FEL power for the users can
be reduced by a remote controlled attenuator. We have
built a non-collinear background-free autocorrelator as a
part of the diagnostic station to characterize the optical
micropulse duration. By using a CdTe single-crystal for
second-harmonic generation a broad wavelength coverage
is obtained. In order to decrease the average radiation
power of the Rossendorf FEL, as required for certain ex-
periments, the repetition rate can be reduced from 13 MHz
to 1 kHz. For that aim a semiconductor plasma switch ex-
cited by a synchronized Nd:YAG amplifier is under com-
missioning and first results will be presented.

INTRODUCTION

The Radiation Source ELBE [1] at the Forschungszen-
trum Rossendorf in Dresden is centered around a supercon-
ducting Electron Linear accelerator of high Brilliance and
low Emittance (ELBE), constructed to produce CW elec-
tron beams up to 1 mA beam current at 40 MeV. The elec-
tron beam is used to generate various kinds of secondary
radiation, mainly to drive free-electron lasers in the in-
frared region (3-150 μm). Starting in the summer 2005,
beam time is offered to external users in the frame of the
EC funded ”Integrating Activity on Synchrotron and Free
Electron Laser Science” (FELBE project [2]). It is of great
importance for routine user operation at ELBE that after
changing the beam path or after beam interruptions stable
operation in all wavelength ranges can be provided within
a very short time (some minutes). Extensive diagnostics
for the optical components of the FEL are very important
to achieve fast availability.

DIAGNOSTIC STATION

Remote Controlled Power and Wavelength Mea-
surement

We have developed an optical beam diagnostic system
(see Fig. 1) to properly characterize and adapt the output
of the two FELs (U27 and U100). The present system is

Figure 2: Interface of the remote controlled part of the IR-
diagnostic station. One attenuator, two scraper mirrors on
stepper controlled stages, one mirror and one beam splitter
on a common pneumatic stage, spectrometer and different
power meters are indicated. The red lines show different
paths for the radiation when both scraper mirrors are not
entirely within the beam.

compatible with a tuning range from 3 μm to 150μm, and
can be extended beyond 150 μm, if necessary.
The FEL beam from each undulator will be transported
separately from the resonator to the diagnostic area through
beam pipes using reflective optics. Both lines will be
merged on the diagnostic table, which may be purged with
dry nitrogen to avoid absorption in air, if necessary. From
here both the beams follow the same path. From the main
beam, approximately 1-5 percent of the total power will
be separated by a scraper mirror on a translation stage
for wavelength measurement and power monitoring. The
transmitted beam passes an attenuator and can be delivered
to 6 optical laboratories. In this attenuator precisely fab-
ricated metal grids diffract a calibrated (3,5, and 3 × 10
dB) percentage of power out of the beam. The rejected
power is absorbed in the walls of the housing. The mode
structure and other properties of the transmitted beam in-
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Figure 1: Arrangement of the different optical components and devices on the table.

Figure 3: The existing Programmable Logic Control
(PLC) and Human-Machine-Interface (HMI) environment
of ELBE with the integrated FEL diagnostics instrumenta-
tion.

cluding the divergence and the M 2 parameters are fully
preserved, the polarisation as well. The deflected part of
the power goes through a synchronized chopper for mea-
surement in CW-mode. Next to this the outcoupled beam
is deflected by a mirror or a diamond beam splitter (350
μm thick, under 45 degrees, deflection 15 %) at a pneu-
matic translation stage. The beam transmitted through the
diamond beam splitter (85 %) is transported to the spec-
trometer. The spectrum is measured with a Czerny-Turner
type spectrometer which contains a turret with three dif-
ferent gratings to cover the whole wavelength range from 3

μm to about 200 μm. The monochromator will be equipped
in near future with a 48-channel pyroelectric linear ar-
ray detector. We use the second side exit slit equipped
with a single Hg-Cd-Te or Ge-Ga detector for measure-
ments with higher sensitivity. The part reflected from the
pneumatic device is distributed with an other scraper mir-
ror and two flipper mirrors to different power meters and
reference detectors for monitoring the lasing process (see
Fig. 2). The FEL diagnostic instrumentation has been
integrated into the existing Programmable Logic Control
(PLC) and Human-Machine-Interface (HMI) environment
of ELBE (see Fig. 3). It ensures the access both for opera-
tors and users of the FEL. The basic technologies used are
the WinCC server/client system, the SIMATIK PLC sys-
tem and distributed I/O by Beckhoff Automation for con-
trol of pneumatic components (i.e. attenuators), analogue
data logging (FEL power, MCT) and other instrumentation.
The stepper control drivers for the scraper mirrors are inte-
grated system components, whereby using (expensive) sep-
arate controllers could be avoided.

Characterization of the Optical Pulse

The optical pulse length can sensitively be tuned by
varying the resonator length with respect to the nominal
length resulting from the electron bunch repetition rate. At
minimum detuning one yields the highest saturated power
and the shortest optical pulse length. By detuning the
resonator the spectral width can be decreased simultane-
ously increasing the pulse length. To characterize the ultra-
short pulses generated by the FEL we built a non-collinear
background-free autocorrelator system. We used a CdTe
crystal as SHG medium [3], since it is transparent for a
wide wavelength range in the FIR. We measured the au-
tocorrelation function at maximum power in the detun-
ing curve at a wavelength of 11.09 μm (see Fig. 4, upper
part). We deduced a pulse duration of 0.89 ps (FWHM),
assuming a Gaussian temporal pulse shape. The measured
FWHM of the spectrum is approx. 176 nm. The cal-
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Figure 5: Setup for the plasma switch (see below).

Figure 4: Pulse duration and the corresponding FWHM of
the wavelength of 11 μm at maximum of the detuning curve
(upper part) and from a detuned resonator (lower part).

culated time-bandwidth product is about 0.4 which indi-
cates Fourier-transform limited operation. Long IR pulses
with narrow bandwidth can be obtained from a detuned res-
onator (see Fig. 4, lower part).

Extraction of Single FEL Radiation Pulses Using
a Laser-Activated Plasma Switch

In order to decrease the average radiation power of the
Rossendorf free-electron laser FELBE, as required for cer-
tain experiments (high pulse energies but moderate or low
average power), the FEL repetition rate can be reduced
from 13 MHz to 1 kHz. To this end, plasma switching
of FEL radiation pulses was demonstrated. The plasma
switch bases on the principle of photo-induced reflectivity
by an optically excited electron-hole plasma [4, 5]. Germa-
nium serves as semiconductor material for the switch. The
semiconductor was illuminated by a Nd:YAG laser ampli-
fier system (1 kHz, λ = 1064 nm, τ ∼ 16 ps, ≤1 Watt), gen-
erating an electron-hole plasma on the front surface of the
semiconductor. The generation of sufficient plasma den-
sity leads to a variation of the optical semiconductor prop-
erties for the infrared FEL-radiation (strongly focused and
under Brewster’s angle). For realizing the pulse selection
the frequencies of both laser sources (FEL and Nd:YAG)
were synchronised with RF electronics. For the exact tim-
ing of both laser pulses, when they hit the semiconductor,
they were detected with a photon-drag detector or a fast
pyroelectric detector (FEL) and a photo diode (Nd:YAG)
and were adjusted on each other with cables, phase-shifter
(trombone) and through moving a precision linear stage.
Fig. 5 shows the experimental set-up. A gold mirror served
as a reference for determining the reflectivity of the Ger-
manium. The selected FEL pulses were detected by a
fast MCT detector with a bandwidth of 20 MHz. Fig. 6
shows the switched pulse in two amplitude scales. The sig-
nal from the switch laser (photo diode) is shown in red.
From the comparison of the black and blue curves we ob-
tained an amount of dark pulses in the switched beam of
about 0.5 % due to the angle of beam spread from the fo-
cussing. The time-resolved measurement of the reflectivity
yields an exponential decay with a time constant of 590 ps.
For the highest value of the Nd:YAG laser amplifier peak
fluence of 25 mJ/cm2, a reflectivity of Ge for FEL radi-
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ation (λ = 11μm) of 100 % was achieved (see Fig. 7).
We thus succeeded to extract single FEL radiation pulses
out of the 13 MHz pulse train, indicating that this plasma
switch is most suitable for the Rossendorf FEL. Further ex-
aminations will concentrate on achieving similar results for
shorter wavelength. To integrate this plasma-switch into
the existing diagnostic station we have to build an addi-
tional by-pass to the Germanium or Silicon slab which is
under Brewster’s angle (see Fig. 1). The selcted micro
pulse will be refocused to the waist parameters outside of
the by-pass line and transported to the user stations.

Figure 6: The switched FEL pulse at 11 μm in two different
amplitude scales is measured by a fast MCT detector with
a bandwidth of 20 MHz. The signal from the switch laser
(photo diode) is shown in red. From the comparison of the
black and blue curves we obtain an amount of dark pulse in
the switched beam of about 0.5 %.

Figure 7: Dependence of reflectivity on the pump-laser
peak fluence.
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THE PARTIAL-WAVEGUIDE RESONATOR OF THE U100-FEL
AT FZ ROSSENDORF

M. Freitag, R. Schlenk, W. Seidel, U. Willkommen, D. Wohlfarth, R. Wuensch, B. Wustmann,
FZ Rossendorf, Dresden, Germany.

THE U100-FEL

At the radiation source ELBE [1] an FEL with a perma-
nent magnet undulator (U100) [2] has been constructed to
extend the wavelength range to above 150 μm. Its lowest
wavelength (20 μm) overlaps with the existing U27-FEL
(Fig. 1). There is a first experimental evidence that wave-
lengths below 20μm, maybe down to 15 μm, can also be
reached.

The undulator is composed of 38 magnetic periods, each
100 mm long. The hybrid structure consists of SmCo mag-
nets and soft-iron poles. It guarantees a sufficiently high

Figure 1: Wavelength λ1 (fundamental harmonic) of the
U27- and U-100 FELs as a function of the kinetic electron
energy Ekin

e calculated for the indicated undulator parame-
ters Krms.

magnetic field at a reasonable undulator gap, and a high ra-
diation resistance. Increasing the gap from 24 to 85 mm
the undulator parameter Krms varies from 2.7 to 0.3.

A waveguide was installed to fit the optical resonator
mode into the undulator gap. It is 10 mm high and
spans over 7.92 m from the undulator entrance to the res-
onator mirror M2 on the opposite side of the resonator
(Fig. 2). The waveguide consists of two parallel plates,
each 5 mm thick and divided into three pieces made out
of non-magnetic stainless steel. In the horizontal direction
the waveguide is wide enough to allow a free propagation
of the optical beam. On the upstream side of the electron

Figure 2: Scheme of the U100 resonator with partial wave-
guide. The electron beam enters the resonator at the dipole
magnet D1 and leaves it at D2.

beam the optical beam propagates freely - both horizontally
and vertically - through quadrupole and dipole magnets up
to the toroidal mirror M1 with an outcoupling hole in the
center.

The partial waveguide causes a series of problems which
are not present in the case of an open resonator. The mir-
rors must have different curvatures in horizontal and ver-
tical direction. Although embedded in the waveguide, the
downstream mirror M2 must be movable to adjust beam di-
rection and resonator length. The narrow waveguide com-
plicates the entering of screens and mirrors for beam diag-
nostics, and impedes the evacuation of the vacuum cham-
ber.

RESONATOR MIRRORS

In the horizontal direction the infrared beam has a Gaus-
sian shape. The curvature of the resonator mirrors corre-
sponds to a Rayleigh length of 180 cm with a waist in the
center of the undulator. Within the waveguide the vertical
propagation is confined by the upper and lower plate of the
waveguide. The downstream mirror M2 is cylindrical and
focuses the beam only in horizontal direction. On the oppo-
site side the vertical beam size increases rapidly behind the
exit of the waveguide. The size of the beam at the surface
of mirror M1 depends strongly on the wavelength. This is
illustrated in Fig. 3. The size of the mirrors (black rectan-
gle) covers more than 99% of the beam intensity even at
150 μm.

At the entrance into the waveguide, the optical mode
must be converted from a freely propagating one into a
waveguide mode and vice versa. This conversion causes
optical losses which reduces the net gain of the laser. In
general, the curvature of mirror M1 which minimizes the
mode conversion losses depends on the wavelength. In our
case, the waveguide is sufficiently far away from M1 and
we can use a common radius of curvature for all wave-
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Figure 3: Transverse distribution of the light intensity at the
surface of the outcoupling mirror M1 in comparison with
the mirror size (black rectangle) calculated for the shortest
(20 μm) and the longest wavelength (150μm). The various
colors represent the relative intensity in percent while the
small circles in the center indicate the various outcoupling
holes.

M
M

M

L

L

P
P

Figure 4: Support for the three mirrors M1. M: mirror, P:
piezoelectric drives, L: linear translation stage,

lengths of the operating range of the U100-FEL. Above
35 μm the calculated coupling losses per round trip are be-
low 5% [2]. Only at wavelengths below 25 μm they exceed
10% (simulations by means of the code GLAD [3]).

The beam is outcoupled through a circular hole in the
center of mirror M1. Because of the large variation of the
beam radius (factor 3) and of the expected laser gain (factor
5) in the operational range of the U100-FEL we need out-
coupling holes of different size. We chose a set of 3 mirrors
with the same curvature and holes with a diameter of 2, 4.5
and 7 mm. They are mounted on a support (Fig. 4). Us-
ing a linear translation stage the appropriate mirror can be
shifted into the right position. The mirrors are gold-coated
copper mirrors and cooled by water. They can be tilted hor-
izontally and vertically by means of piezoelectric drives.

MIRROR ALIGNMENT AND CONTROL
SYSTEM

Fig. 5 shows the scheme of the resonator alignment con-
trol system. It is similar to the system developed and used
for the U27-FEL [4]. The correct location of the resonator
axis is checked by means of two HeNe laser beams intro-
duced into the resonator by auxiliary and pop-in mirrors.

Figure 5: Schematic view of the resonator alignment sys-
tem. M1,2: resonator mirrors, L1,2: HeNe alignment
lasers, B1,2: beam expander, S11,12,21,22: steering mirrors,
P1,2: pop-in mirrors, T: adjustment apertures, C: monitor-
ing cameras

PC

DC-Mot.

setting ΔL cavity detuning
stabilization δ (L+ ΔL) <"0.5μm

laser

splitter

70%
30%

undulator

outcoupling
mirror M1

Mirror M2

interferometer

waveguide

Figure 6: Schematic view of the resonator length control
system.

A Hewlett-Packard interferometer system [5] is used for
monitoring the resonator length (Fig. 6). It has also been
taken from the U27-FEL.

The resonator has to be set and stabilized to a certain
length and its axis has to be aligned to the electron beam.
For that aim the mirrors are gimbal-mounted and can be
tilted horizontally and vertically by means of piezoelectric
(M1) and DC drives (M2). They allow the mirrors to be
tilted up to 15 mrad in steps of 1 μrad. Moreover the cylin-
drical mirror M2 can be shifted along the resonator axis by
3.6 mm in steps of 100 nm (hysteresis 2 μm) by means of
remote controlled DC drives (Fig. 7). Steps and hystere-
sis can additionally be reduced by a factor of about 30 by
means of a beam in bending. Fig. 8 shows the opened mir-
ror chamber M2.
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Figure 7: Back side of the flange of mirror chamber M2
with control elements. The mirror is mounted on the cen-
ter of the front side. Schematic view with DC drives (D)
for mirror tilting and shifting (D l). The broken line (R) in-
dicates the hidden driving rod, which transfers the motion
onto the mirror on the front side. The beams in bending are
labelled by B.

Figure 8: Open mirror chamber M2 with the rectangular
cylindrical mirror (left side) and the end of the waveguide
(right side).

BEAM DIAGNOSTICS

There is an extensive beam diagnostics system within
the resonator region consisting of 20 view screens, mark-
ers and auxiliary mirrors. Most of them have to be inserted
into the waveguide. They are not allowed to touch the pol-
ished surface of the waveguide, which is only 10 mm high.
Fig. 9 shows the scheme of an auxiliary mirror with the
corresponding insertion unit. The mirror is mounted at the
end of a rod extending into the waveguide. The rod can
be shifted into the waveguide by means of a pneumatic
cylinder. It can precisely be moved along and perpendic-
ular to the resonator axis, and allows an additional torsion
of the rod which leads to a controlled and extremely sensi-
tive tilting of the mirror at its head. The accuracy is 30 μm
and 5μrad, respectively. Similar insertion units are used
for OTR screens (7 mm high) made of beryllium with a
1 mm hole, foil screens consisting of a stretched aluminum
foil, and markers (8 mm high) with a hole for the align-
ment and interferometer lasers. Among them are the pop-in
mirrors and apertures used for the resonator alignment sys-

tem (Fig. 5). CCD cameras in lead housings are used for
observing the screens and markers through the viewports
(Fig. 9).

MR

P
VC

W G

VP

Figure 9: Diagnostic mirror for resonator axis tuning in-
sertable into the waveguide. M: mirror, R: rod, P: pneu-
matic cylinder, VC: vacuum chamber, WG: waveguide,
VP: view port.

Beam positioning monitors with an aperture of 75 mm
have been developed for the online measurement of the
electron beam position. One of them is located in front
of the waveguide entrance.

VACUUM MANIFOLD

The presence of the waveguide does not allow to place
the getter pumps directly below the beam line. A vacuum
manifold with 6 getter pumps and 7 ports (Fig. 10) is in-
stalled below the waveguide instead. Their total through-
put amounts to 520 l/s. An additional getter pump with
350 l/s throughput is fixed below each mirror chamber. The
electron beam line can be separated by vacuum valves up-
stream and downstream the resonator. Another valve sep-
arates the mirror chamber M1 with the outcoupling win-
dow. Additionally, four powerful turbomolecular pumps

Figure 10: Collective vacuum line with getter pumps and
connectors to the waveguide.

are linked to the manifold and to both mirror chamber as
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well. They ensure to hold the vacuum in the whole system
in the case of a local rise in pressure. Membrane pumps
serve as fore-vacuum pumps. In stand-by mode the turbo-
and membrane pumps can be switched off.

The system can be vented by means of needle valves
with dry and particle-free nitrogen gas. A mass spectrom-
eter allows to analyze the residual gas. The pressure in the
vacuum line and in the mirror chambers is measured by
means of Penning and Pirani vacuum gage heads.

SUMMARY

At the radiation source ELBE, another free-electron laser
has started to produce light in the far infrared region. It is
capable of producing IR radiation between 20 and 200μm.
Its resonator was equipped with a partial waveguide to al-
low a small undulator gap. Curvature and size of the res-
onator mirrors were adapted to minimimum optical losses.
To optimize the outcoupled laser power three mirrors with
circular holes of different size were installed on a linear
translation stage. The resonator was equipped with a con-
trol and alignment laser system which allows to adjust and
stabilize the resonator length and to align the resonator mir-
rors. Special beam diagnostic elements, which can be in-
serted into the waveguide, and a vacuum manifold were de-
veloped to fix the beam position and to ensure an extreme
vacuum within the narrow waveguide.
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Abstract 

The Israeli FEL resonator (W-band 75-110 GHz) was 
re-designed in order to reduce the overall round-trip 
losses and to control the radiation out-coupling. 

In its new configuration, the resonator consists of an 
overmoded corrugated rectangular waveguide and two 
radiation mode splitters, separating the high-energy e-
beam from the mm-wave radiation. The electron input 
splitter is based on Talbot effect in an overmoded 
rectangular waveguide. The radiation out-coupling takes 
place in the output splitter. The splitter is based on a 
novel design. It combines Talbot effect between two 
parallel plates with free space propagation and with 
focusing by two curved cylindrical mirrors in a confocal 
imaging scheme. 

The waveguide and the splitters were tested, showing 
improved performance in comparison with the former 
resonator. The measured unloaded Q-factor of the new 
resonator is increased by a factor of ~3, up to Q=25,000. 
Accordingly, the round-trip losses are ~23%. Rotating 
grids control the radiation out-coupling, allowing 
optimization of the radiation power and the extraction 

efficiency. The design layout and the testing results are 
presented.  

NEW RESONATOR DESIGN 
The Israeli FEL with Curved Parallel Plate (CPP) 

waveguide-based resonator was reported earlier [1-
2]. Only a small part (~5%) of the generated RF 
energy was coupled out in these configuration. In 
order to minimize the total round-trip losses of the 
resonator, it was re-designed. The previously used 
CPP waveguide was substituted by a two-
corrugated-walls rectangular waveguide. To 
separate the laser RF radiation from the electron 
beam and to out-couple the desired part of the RF 
energy, the beam output confocal splitter was also 
designed.  

 

General Layout 
The resonator consists of several waveguide 

sections of different profiles. It is integrated into 

Straight Talbot 
Splitter

Wiggler

Rectangular Corrugated 
Waveguide

Confocal Splitter

e-beam 
propagation 
direction

Fig. 1. The resonator lay-out and the scheme of installation of the resonator into the wiggler system. 

___________________________________________
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the wiggler system, so that the interaction between 
the electron beam and the wiggler magnetic field of 
takes place inside the waveguide cavity - 
rectangular corrugated waveguide. The latter is 
assembled from 4 separate walls, 2 smooth and  2 
mill-machined corrugated.  This waveguide was 
designed in such a way that the electron beam at 
the design energy (1.4 MeV) can interact only with 
the fundamental mode TE01 according to the 
dispersion relation. The resonator layout installed 
into the wiggler system is schematically shown in 
Fig. 1. 

In order to obtain positive feedback from the 
resonator mirrors, two wave splitters were placed at 
both terminations of the corrugated waveguide. 
These splitters are reflectors, based on overmoded 
rectangular waveguides shorted with a mirror at 
one end. 

 

The length of the input splitter equals to half of 
the Talbot-effect-optical-imaging length. At this 
distance, the overmoded (oversized) rectangular 
waveguide provides splitting of the original field 
distribution at the termination plane of the 
waveguide, where the reflecting mirror is placed. 
This effect allows to make a hole in the metallic 
mirror (as there is no field in the center), therefore 
to pass the electron beam through this hole. 

The output confocal splitter is of the Talbot-
effect-optical-imaging length and it provides the 
fundamental mode’s field reconstruction at the 
plane of coupling grids that terminate the resonator. 

 
 
 

Confocal Splitter 
 
The confocal splitter is a quasi-optical mm-wave 

component that based on a novel design.  The splitter 
consists of an overmoded rectangular waveguide and two 
curved metallic mirrors. The splitter scheme provides the 
continuous waveguide propagation and Talbot effect in 
one dimension, and free-space propagation of the 
radiation in the other dimension (both orthogonal to the 
direction of propagation). The two parabolic (shaped in 
the plane of free space propagation) mirrors provide the 
dispersion-free focusing. The splitter prototype design 
and the manufactured model photo are shown at fig. 2. 
Computer simulation of the radiation propagation through 
the confocal splitter was also performed. The round-trip 
losses in the splitter were theoretically estimated as 12%, 
and later measured experimentally to be about 15 %.  

   

MEASUREMENTS RESULT  
 
After manufacturing of the resonator components, the 

whole resonator was assembled in the laboratory in order 
to enable experimental investigation outside the FEL 
tank. The round-trip reflectivity of the resonator was 
measured using excitation by special designed corrugated 
horn mode exciter through the 3-grid tuneable coupler 
system. In this experiment, the reflected signal from the 
excited resonator cavity was measured directly and the 
round trip reflectivity was calculated according to the 
theory presented in [2], [3]. 

 
 

Fig. 2. Confocal splitter design (left) and the fabricated prototype (right). 
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Calculation of the round trip reflectivity 
 
The algorithm of the round trip reflectivity is based on 

measurement of the reflection coefficient resonance curve 
and uses “optical” formulation. The reflection coefficient 
of the shorted Fabri-Perot resonator is 
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were Γ is the power reflection coefficient, R1 – reflection 
of the entering mirror (coupling condition), Rrt is the total 
round trip reflectivity and δ is a phase. On the other hand, 
choosing the Q factor definition as the ratio between 
the frequency f0 (resonant wavelength λ0) and 
bandwidth of the resonator mode δf1/2 (or δλ1/2): 
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As it shown in [2], one can derive: 
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were L is the resonator length and λ is wavelength. It 
should be noted that in Eq. 3 above, Q is the loaded 
Q-factor since both internal and external (coupling 
mirror) losses are included. Finally, the round trip 
reflectivity (or total losses, since Rrt = 1-Loss) can be 
found in terms of Qloaded or directly in terms of FWHM 
(δf1/2) of the measured resonator peaks: 
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  (4) 

 
were λg and νg are the wavelength and velocity of 
wave propagation inside the resonator accordingly. 
The total round-trip reflectivity Rrt of the FEL 
resonator was calculated in the present work based 
on Eq. 4 and the direct measurement of the FWHM 
linewidth δf1/2 of the resonant peaks. This linewidth 
was obtained from measurement of the power 
spectral reflection pattern. 

 
CONCLUSIONS 

  
The Israeli FEL resonator was re-designed in order to 

decrease the internal round-trip losses and thus to achieve 
threshold current reduction. The novel reflector and 
splitter based on the quasi-optical confocal scheme, were 
designed, manufactured and characterized. The round trip 
losses of the confocal splitter are about 15% (in good 
agreement with the theoretical limit estimation of 12%). 
The round trip losses of the overmoded corrugated 
waveguide and straight Talbot section were measured to 
be about 8 % for both waveguides. The total losses of the 
whole resonator system are therefore about 23%. 
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Abstract 

The status of a R&D work aimed on increasing the FEL 
power by boosting the electron beam energy after the 
radiation build-up is reported. A fine control of the 
electron beam energy during the radiation pulse is 
designed to compensate the small energy degradation 
during the pulse. Also, a controlled ramp (up or down) in 
the electron energy during the pulse will be applicable. 

Theoretical estimations of the output power in the 
presence of an electron energy change during the pulse 
are presented. Two models, showing agreement between 
them are compared: Analytical model based on the 
pendulum equation, and, Rigorous 3D FEL interaction 
model solved numerically.  

Another expected result of the design is to further 
extend the pulse duration with stable conditions and to 
obtain improved coherency.   

The electrical and mechanical lay-outs of the high-
voltage boosting (leading to electron beam energy 
boosting) are also presented. 

 
INTRODUCTION 

Electrostatic accelerator based FEL's (EA-FEL) are 
characterised by long pulse operation.      Unlike RF-
linac FEL's having a pulse width limited by the RF part, 
the EA-FEL's pulse width is incomparably longer and 
practically limited by the capability of the power supply 
to support the system with the required energy. In 
principle, an ideal power supply can support a CW operation 
of the FEL. Calculations of a long pulse operation of an 
FEL, show a saturation regime obtained at the end of the 
energy build up process, were the output power of the 
FEL is stable at its maximum. This maximum is related to 
the FEL characteristics and the operation conditions (such 
as electron-energy) which are kept constant.  

In this paper the possibility of changing the electron 
energy during the pulse, after the radiation build-up, is 
considered. Calculations are made in two different 
methods to estimate the variations in the EA-FEL output 
power in saturation as a result of change in the electron 
energy during the pulse. Schematic of a high voltage 
boost system that supports a change in the electrons 
energy during the pulse is presented. This system allows a 
controlled ramp of the electron energy (up or down). This 

ramp can also be used to compensate the small 
degradation in the high voltage during the pulse to 
practically obtain constant electron energy for longer 
periods. That will lead to improvement of the coherency 
in the FEL radiation in view of the long pulse operation in 
constant conditions. In the following sections the two 
different models are presented and the results are given. 
Also the designed experimental setup to support the 
energy variations during the pulse is described. 

 
THE FEL 3-D MODEL 

The calculations were carried out in the framework of 
steady-state, three-dimensional, space-frequency 
approach, described in more details in [1]. In the 
approach, the total electromagnetic field oscillated at 

signal frequency sf  is presented in the frequency 

domain as an expansion in terms of transverse eigen-

modes ( )yxq ,ε  of the cavity, in which the field is 

excited and propagates:  
 

(1) 
 

Here the time-domain field is  
 

(2) 
 

and ( )zCq  is an amplitude coefficient of the mode q, 

which could be found from the excitation equation:  
 
 
 

(3) 
 

The power of the electromagnetic field emitted up to the 
point z can be found as follows:  

 
 

(4) 
 

here qN  is the mode normalization power of the mode q.  
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As usually accepted we consider the electron beam as 
consisting of a number of electron clusters or charged 
quasi-particles, distributed over the beam. Therefore the 
excitation current can be given in such a form:  

 
(5) 

 
or in the frequency domain:  

 
 

(6) 
 

Substitution of the excitation current (6) into the 
excitation equation (3) enables one to re-write the last as 
follows:  

 
 
 
 
 

(7) 
 

In Eq. (5)-(7) iq , iv  and { }iiii zyx ,,≡r  are the 

charge, the velocity and the coordinates of the particle 
with a number i, and  

 

(8) 
 

is the moment when the particle number i comes to the 
point z.  

With a known field, a next phase-space position of the 
particles can be found from the equations of motion:  

 
 
 

(9) 
 
 

(10) 
 

Figure 1 demonstrates schematically an FEL operated 
in oscillator regime. In that case some part of the radiation 
emitted by the beam is reflected by mirrors and returned 
to the interaction region, been forced to interact with a 
new portion of the driving current. Then the total 
electromagnetic field, emitted after N round-trips of the 
radiation in the resonator, may be found by:  

 
 

 
 
Figure 1: Principal scheme of FEL in an oscillator regime.  

 

 
 

(11) 
 

Here the expansion coefficient of the total field is 
 

(12) 
 
 

and the coefficients of the field emitted after n round trips 
of the radiation are defined by the recursion relation:  

 
(13) 

 
The above equations form a closed set of non-linear 

equations, which enables one to calculate the both 
radiated field and the beam trajectory. The model was 
realized in FEL3D numerical code and applied for the 
calculations considered in the next section.  

 

THE “PARAMETRIC” PENDULUM  
EQUATION MODEL 

The oscillation build-up and saturation process of the 
FEL oscillator were analyzed numerically in Ref. [3,4]. 
At saturation the radiation field inside the cavity is built 
up, and the small signal assumptions are not valid. The 
electron dynamics is described in the combined wiggler 
and radiation wave fields (the ponderomotive wave) in 
terms of the pendulum model [5]: 
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( )ωzqk  is the axial wavenumber of mode q, and 

ww 2k λπ=  is the wiggler wavenumber. The 

Synchrotron oscillation wavenumber Ks is given by 
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 (16) 
| 
 

 (17) 

 

where E and P are the circulating radiation field and 
power in the saturating oscillator cavity (we assume high 
round-trip resonator reflectivity, and therefore constant 
power  -P along the resonator). 

As well known, the pendulum equation (14) can be 
integrated once, resulting in a picture of open and closed 
trajectories in Ψ−θ phase-space (Fig. 2). This picture 

can also be viewed as a display of electron energy vs. 
phase trajectories, if one uses the differential linear 
relation between γ and θ near the synchronism energy γ0 

(Fig. 3).  
 

Figure 2: Phase-Space Trajectories of the Pendulum 
Equation.  

 

 

 
 
Fig. 3: Dynamics of electron beam trapping and  

synchrotron oscillation at steady state saturation stage of 
an FEL oscillator. 

 

OSCILLATION BUILD-UP EA-FEL 
The oscillation build-up dynamics as a result of the two 

models are presented in Fig. 4. all the calculations are 
made for a single frequency. The result for a constant 
electron energy (1.42 MeV)) is shown in green. This 
calculation is done by the pendulum equation model. For 
the same frequency, a case with a step in the electron 
energy is calculated (red curve). The initial voltage is 1.4 
MV and saturation is obtained. Than a voltage step is 
applied to 1.42 MV. As a result a new saturation level is 
obtained which is higher that the former level of a stable 
voltage. Thus, for the same final (i.e 1.42 MV) conditions 
two saturation levels are possible.  

A verification of the red curve behaviour is obtained by 
the FEL 3D model (violet curve). Although different 
levels of saturation are obtained, the behavior is similar, 
where a jump in the saturation level is obtained. The 
differences between the models can be related to the 
differences in the assumptions in the models. 

 

 
Fig. 4: The oscillations build-up in EA-FEL with 

constant electron energy and with a step in the energy 
during the pulse after saturation: 

Constant Terminal Voltage 1.42 MV (PE) – Green,  
Voltage Step from 1.4 to 1.42 MV (PE) – Red, 
Voltage Step from 1.4 to 1.42 MV (FEL3D) – Violet.  
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ENERGY BOOST SYSTEM 
Since the EA-FEL is capable of a long pulse operation, 

a coherent operation in high power is applicable [6]. Still. 
A practical experimental difficulty is the electrons the hit 
the terminal parts and reduce the voltage. These electrons 
can be related to non-ideal transport conditions and to 
returning electrons that could not reach the collector. This 
phenomena cause a drift in radiation frequency that is 
related to the drift in the voltage drop. Correcting this 
voltage drop was one of the motivations to the work 
presented here. But, if a correction system is designed, it 
can be used to more than a voltage correction but also to 
voltage control in a desired manner such as a ramp.  

The voltage ramp control system is presented in Fig. 5. 
it is placed in the high voltage terminal and its output is 
added to the terminal voltage. A capacitor is charged to 
voltage of up to 30 kV. During the pulse it is partly 
discharge through a selected resistor to the terminal. 
Therefore the voltage of the terminal is raised. By 
selecting the resistor and voltage the rate of the voltage 
raise can be determined. Therefore a compensation to the 
electrons hitting the terminal can be achieved in order to 
stabilize the voltage conditions and as a result the 
frequency as well.  

Also a ramp (positive or negative) in the voltage can be 
applied in order to enhance the saturation level as 
predicted by the theory. 
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Fig. 5: The voltage ramp control circuit.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CONCLUSION 
The possibility to achieve higher extraction efficiency and 
therefore higher operation power of the EA-FEL by 
electron energy step is theoretically possible. 
Bi-stable saturation conditions are obtained for different 
initial conditions. An experimental setup is under 
construction in order to demonstrate the effect 
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DYNAMICS CONTROL OF THE ELETTRA STORAGE RING FREE-
ELECTRON LASER WITH DIGITAL FEEDBACKS 

E. Allaria#, G. De Ninno, Sincrotrone Trieste, 34012 Trieste, Italy 
A. Antoniazzi, D. Fanelli, Dept. of Energetics, University of Florence, Florence Italy.

Abstract 
The laser dynamics of a storage-ring free-electron laser 

has two main sources of instabilities. First of all, 
dynamical instabilities are developed as the free electron 
laser is moved away from the exact tuning between the 
period of the electron bunch(es) circulating into the ring 
and that of the photon pulse stored in the optical cavity. In 
addition, external (low-frequency) noise sources have a 
strong influence on the dynamical behavior of the system 
and can perturb its dynamics. Different feedback 
techniques have been proposed in order to control 
dynamical instabilities and stabilize the laser output. We 
present here a numerical and experimental investigation 
on the control of the Elettra storage ring free electron 
laser dynamics using different feedbacks techniques that 
can be experimentally implemented by means of a Field 
Programmable Gate Array. 

INTRODUCTION 
In a storage ring free electron laser (SRFEL) the 

electron bunch interacts with photons when passing 
through the optical klystron (Fig.1). The photons are 
stored in an optical cavity characterized by a traveling 
time ΔT and bounded by the two mirrors. The electron 
bunch, circulating in the storage ring, is characterized by 
the revolution period ΔT+ε which is determined by the 
storage ring radiofrequency. 

 

 
Figure 1: Layout of the storage-ring free-electron laser. 
The photon pulse (red) stored in the optical cavity 
interacts with the electron bunch (gray), circulating in the 
storage ring. The light intensity is acquired using an 
optical detector (Det). The resulting signal can be 
elaborated by an FPGA and used for slightly changing the 
electron revolution period (from ΔT to ΔT+ε) by varying 
the phase of the radio-frequency cavity (RF) of the ring. 

Due to the impulsive character of the laser medium the 
laser intensity of a SRFEL is characterized by a sequence 
of micropulses whose duration is of the order of tens of 
picoseconds. Moreover its repetition rate is that of 

bunches in the ring (some MHz).  
On a “slow” time scale (ms), the SRFEL behavior is 

strongly related to the temporal superposition of the 
photon and electron bunches inside the optical klystron. 
More precisely, the laser envelope displays a steady state 
regime for a perfect electron-photon tuning (ε=0 in Fig.1). 
Small light-electron detuning is sufficient to induce 
intensity oscillations on a slow time scale (Fig.2). 

Due to these instabilities the quality of the laser 
temporal evolution is usually rather poor. Besides 
temporal detuning, the environmental noise (which is 
usually related to a residual 50Hz modulation coming 
from the power network) also perturbs the system and can 
strongly affect the SRFEL dynamics (Fig.2,5). 

A simple model based on a recurrence map [1,2] can be 
used in order to describe the slow time-scale evolution of 
a SRFEL: 
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Eq.1 describes the laser intensity at the jth passage 
where τ is the temporal position with respect to the 
centroid of the electron bunch, R is the cavity mirror 
reflectivity, is stands for the spontaneous emission of the 
optical klystron, ε accounts for the detuning. The gain 
gj(τ) is described by Eq.2 where g0 and σ0 respectively 
stand for the initial peak gain and energy spread 
respectively, σt,j is the bunch length of the jth interaction. 
The energy spread σj is described by Eq.3 where γ is the 
difference between equilibrium and initial energy spread, 
Ij the normalized laser intensity, ΔT the revolution period 
of electrons on the ring and τs the synchrotron damping 
time. For a more exhaustive description of the model we 
refer to Ref. [3]. 

Eqs.5,6 refers to the control signal F(t) for the case of 
derivative and delayed feedbacks. Those signals are used 
to modulate the detuning (ε) according to Eq. (4) where t 
= jΔT. 
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Table 1: Parameters used for the simulations of the Elettra 
SRFEL. 

   

   

   

 
The above model provides an ideal setting to 

investigate possible strategies for the stabilization of the 
SRFEL dynamics. The signal proportional to the laser 
output intensity extracted from the optical detector (Det in 
Fig.1) can be instrumental to the control of the system 
through dedicated feedback algorithms (Eqs. 4-6). More 
precisely, this signal can be used ad hoc to modify the 
electron revolution period (from ΔT to ΔT+ε) through the 
RF cavity of the ring (Fig.1). 

Detuning and noise effects on SRFEL dynamics 
By using the above model one can investigate the role 

of both the detuning and the external periodic noise 
modulation on the SRFEL dynamics.  

Here we numerically simulate the Elettra SRFEL by 
using the model (Eq.1-3) assuming the values reported in 
Tab.1. We first assume an ideal case and neglect the 
external noise modulation at 50 Hz. In order to 
characterize the effect of a simple detuning ε0 on the 
SRFEL dynamics, the bifurcations diagram of the laser 
output intensity (I) vs the detuning value (ε0) has been 
reconstructed. Bifurcation diagrams are obtained by 
plotting the values of the laser intensity maxima and 
minima when dynamically varying the value of the 
photon-bunch detuning ε0. In order to free our results 
from hysteresis effect we perform the scan both 
increasing and decreasing the values of ε0.  

 Fig.2 (black curve) displays the results for the case of a 
non modulated detuning ε0. 

 

 
Figure 2: Bifurcation diagram of SRFEL intensity with 
respect of the detuning parameter ε0. Black curve refers to 
the case without external perturbation of the detuning 
parameter (δε = 0, see table 1).  Red points refers to the 
case where also an external periodic perturbation is 
present (δε = 0.18fs). 

 
Results clearly show the presence of a steady state 

regime up to a detuning value of about 0.12fs where the 
transition to a pulsed regime occurs. Starting from ε0 = 
0.12fs, the laser is characterized by high-intensity short 
pulses followed by long periods where the laser is off. If 
the detuning is further increased, the peak of the laser 

intensity decreases up to a second transition point (ε0 = 
0.18fs). For larger detuning values the SRFEL achieves 
again a stable regime which falls outside the region 
considered in the subsequent analysis [4]. 

Results are instead different if one accounts for the 
presence of the external periodic noise signal. In Fig.2 
(red curve) we report the bifurcation diagram of the 
SRFEL intensity vs the detuning value (ε0) for a choice of 
the parameters which corresponds to the case of the 
Elettra SRFEL, i.e. δε0 = 0.18fs [3]. The used value for 
the noise strength is sufficient to destroy the initial (i.e. 
small detuning) steady state region and the bifurcation 
diagram now shows a cascade of transitions between 
periodic and chaotic behaviors. However, depending on 
the detuning value, there exists regions where the laser is 
always turned on. 

In the following we shall consider the Elettra SRFEL to 
be represented by the model of Eq.s1-3 with ε0 and δε 
respectively equal to 0.5fs and 0.18fs [10]. 

CONTROL ALGORITHMS 
The sensitivity of the system to the detuning ε can be 

exploited to implement a feedback system. A signal 
proportional to the laser can be used as an input in a 
feedback loop in order to control the system. To this aim 
an appropriate change to the electron revolution period is 
applied through the RF cavity of the ring (Fig.1, Eqs.1-6). 

Recently, encouraging experimental results have been 
reported for a derivative feedback based on a low-pass 
filter [5]. In the near future we plan to implement a more 
sophisticated feedback system, exploiting the intrinsic 
flexibility of a FPGA to design innovative control 
algorithm. In the following we shall provide a first 
theoretical insight into this issue by comparing a digital 
derivative feedback (Fig.3,4) and a digital delayed 
feedback. 

Derivative feedback 
A derivative feedback enables to reduce the chaotic 

oscillations of the SRFEL dynamics.  

 
Figure 3: Time trace of the Elettra SRFEL showing the 
effect of the digital derivative feedback. a) Unstable 
behavior of the Elettra SRFEL. b) Controlled regime.  

As appear evident from inspection of the experimental 
data reported in Fig.3, the digital derivative feedback 
control is able to prevent the laser to turn off. However, a 
small residual modulation at 50Hz is still present together 
with higher frequencies spurious contribution. In figure 4 
we characterize the transition from the unstable pulsed 
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regime to the controlled one as a function of the strength 
of the control loop.  

 
Figure 4: Transition from uncontrolled (Fig.3a) to 
controlled (Fig.3b) regimes: the normalized standard 
deviation of the SRFEL signal is reported as a function of 
the strength of the control signal. 

One of the limitations of the derivative feedback is the 
fact that the sign of the controlling signal necessary for 
the stabilization of the SRFEL depends on the sign of the 
detuning [3]. For that reason in cases where the detuning 
(ε0) is smaller or comparable to the perturbation of the 
external noise signal (δε), a strong control signal cannot 
be employed. Otherwise, the control signal can induce 
detuning with the wrong sign and move the system away 
from the stability. 

Delayed feedback 
Delay control feedback can avoid the aforementioned 

problem because it involves a low correlation between the 
values of the laser intensities used for the calculation of 
the control signal. 

Such a method consists in applying to the system a 
control signal F(t) described by Eq. (6): the loop gain A 
and the delay times Td1,2 are the parameters to be set in 
order to stabilize the laser evolution.  

Delayed feedbacks have been originally proposed for 
the stabilization of unstable periodic orbits of chaotic 
oscillators [6]. Recently two different incommensurable 
delays has been proposed to be used to obtain the 
stabilization of a steady state [7]. We further showed the 
possibility of using such a strategy in a SRFEL [8]. We 
are here interested in testing the robustness of the method 
to small fluctuations of SRFEL and/or algorithm 
parameters.  

Figure 5 analyzes the performances of the method as a 
function of the two delay times. Results clearly show the 
existence of a region (blue) where the standard deviation 
of the signal has been strongly reduced (<0.5) thus 
pointing to the stabilization of the SRFEL signal. It is 
important to emphasize that those regions are located out 
from the diagonal which in turn enables one to conclude 
that at least two delays are necessary for the method to 
effectively work. 

The possibility, and advantages, of using additional 
delay times should be addressed [9]. The robustness of the 
proposed method has been verified with respect of the 
variation of several input parameters. 

 
Figure 5: Color-scale plot of the standard deviation of the 
SRFEL output as a function of the delays used in the two 
delay lines of the control algorithm (A=1.9e-6). The plots 
clearly show the advantage of using two delays with 
respect to one (diagonal).  

Numerical simulations indicate that the stable region 
(blue in Fig.4) is maintained when the input parameters 
(loop gain A, noise frequency and amplitude, electron-
photons detuning …) are changed, as one would expect to 
occur in experimental conditions. This is a crucial 
observation in view of possible experimental realizations.  

  

COMPARISON BETWEEN DERIVATIVE 
AND DELAYED FEEDBACK 

In order to compare the performance of the delayed 
control algorithm and the derivative one we numerically 
tested both methods as a function of the strength of the 
external noise signal.  

Figure 6 show the behavior of the SRFEL with 
ε0=0.05fs as a function of the noise strength (δε).  The 
pulsed chaotic dynamics, which is usual for the Elettra 
SRFEL, is evident from the large range of fluctuation of 
the laser maxima for δε in the range 0.15-0.20fs.   

 

 
Figure 6: Bifurcation diagram of the SRFEL intensity as a 
function of the external noise modulation strength (δε). 

A proper setting of the derivative feedback [3] allows to 
stabilize the dynamics of the SRFEL in the region of 
δε ∈ (0.15-0.20fs) which is characteristic of the Elettra 
SRFEL. However, for larger values of δε the dynamics 
remains chaotic (Fig.7). 
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Figure 7: Bifurcation diagram of the SRFEL intensity 
with the use of the derivative feedback set for the 
stabilization (A=3.0e-2) of the unstable oscillations 
around the δε = 0.18fs case. 

As clearly shown in figures 6,7,8 a dual delay 
algorithm results in a better stabilization of the SRFEL 
dynamics over a larger range of δε. 

 

 
Figure 8: Bifurcation diagram of the SRFEL intensity 
with the use of the dual delay feedback set for the 
stabilization (A=1.9e-6, Td1= 3.11ms, Td2=4.24 ms ) of the 
unstable oscillations around the δε = 0.18fs case. 

Although the ultimate goal of obtaining a perfect steady 
state regime is beyond current possibilities, both methods 
are capable to stabilize the laser intensity for a large 
window of values of the noise strength δε, a crucial 
quantity responsible for undesidered oscillations arising 
in the uncontrolled case (Fig. 6). A comparison between 
the proposed two methods in terms of extension of the 
allowed range of the noise strengthshow that the approach 
based on the multidelay performs better. This conclusion 
applies also as concerns the amplitude of the residual 
oscillations.  

As previously anticipated, the reason for the above 
success is to be ascribed to the fact that the low 
correlation between delayed values in the case of chaotic 
signal allows us to implement a strong control term 

without facing the risk of producing opposite effects, 
reported instead for the case of the derivative feedback.  

CONCLUSIONS 
We presented a reliable model for the investigation of 

both detuned and noisy regimes in a SRFEL. The model 
has been applied to testing possible feedback algorithm to 
be developed with a FPGA. Preliminary experimental 
results have been reported concerning the stabilization of 
the Elettra SRFEL trough a digital derivative feedback. A 
proposed feedback method based on delayed signal has 
been presented and numerically investigated. The 
comparison of the delayed method with the derivative one 
shows the advantages of the former in terms of achieved 
stability and robustness to noise.  

On the basis of these encouraging results, the 
experimental implementation of the delayed feedback 
control on the Elettra SRFEL is planned for the near 
future.  
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Q-SWITCH TECHNIQUES IMPLEMENTED AT THE ELETTRA
STORAGE-RING FREE-ELECTRON LASER

F. Curbis∗, M. B. Danailov, B. Diviacco, L. Romanzin, M. Trovò, G. De Ninno
Elettra, Basovizza, Trieste, Italy.

Abstract

In a Storage-Ring Free-Electron Laser (SRFEL) giant
pulses can be produced by the interaction between the light
stored in the optical cavity and an electron beam with low
energy-spread (cold beam). This interplay produces the
heating of the beam. After the generation of a single gi-
ant pulse the overlap between electrons and radiation is
periodically prevented for a time necessary to dump the
energy spread and recover the cold-beam condition. Two
different methods are now implemented at Elettra for gi-
ant pulse generation. In the first, by modifying the radio-
frequency of the ring, a change of the revolution time of
electrons is induced. This avoids the temporal overlap be-
tween the electron beam and the optical field in the mirror
cavity. The second method relies on a mechanical gating
(chopper) which intercepts the light produced during pre-
vious interactions, inducing a periodic depletion of the op-
tical cavity. The giant-pulses repetition rate is determined
by the periodicity of the radio-frequency changes and the
rotating velocity of the chopper, respectively. In this paper
we compare the different techniques mentioned above for
the case of the Elettra SRFEL.

INTRODUCTION

The customary layout of a Free-Electron Laser (FEL)
in oscillator configuration takes advantage of an optical
klystron. This magnetic structure is made up of two un-
dulators and a dispersive section in between (see Figure 1).
In the small gain case [1], which is indeed the oscillator
case, the strong magnetic field of the dispersive section in-
duces a delay between the radiation emitted in the first and
in the second undulator. In comparison to the light the elec-
trons spend longer time to pass through a magnetic chicane
and, once in the the second undulator, their emission will
have a different phase with respect to the light emitted for-
merly. This delay produces a constructive interference of
radiation, changing the optical klystron spectrum in a more
spiky structure and enhances the FEL process because its
gain is proportional to the derivative of this interference
structure. The other main component of an oscillator FEL
is the optical cavity, composed by two mirrors on axis with
the two undulators and the dispersive section, as depicted
in Figure 1.

In the normal operational mode of a storage-ring FEL
in oscillator configuration, the light emitted has a tempo-
ral structure depending on the ring filling and each pulse

∗ francesca.curbis@elettra.trieste.it
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Figure 1: Layout of the Elettra storage-ring FEL in oscilla-
tor configuration.

has a quite low power. When the electron beam interacts
with the light stored in the optical cavity, emitting coher-
ently, its energy spread grows up. This effect, called beam
“heating”, limits the maximum power achievable, because
the gain is proportional to the electron density. Between
the generation of two consecutive giant pulses it is neces-
sary to wait few synchrotron damping times, this allows to
restore the cold beam condition. In this period of time, in
fact, if the light-electron interaction is prevented, the beam
energy spread decreases to the initial value.

Several methods have been studied and applied in oscil-
lator FELs [2, 3, 4, 5] to create “giant pulses”. There are
basically three techniques that have been implemented:

• the gain modulation [6];
• the modulation of RF frequency [4, 5];
• the mechanical gating (chopper).

The first method is presently employed at Duke, where
a dedicated magnet steers the electron beam orbit in the
transverse direction. When the electron beam orbit is off-
axis with respect to the optical cavity, the lasing is stopped
and the electron beam can cool down. Once the electron
beam orbit returns on-axis, a new giant pulse starts. The RF
frequency modulation has been used in Super-ACO and is
currently implemented at Elettra and UVSOR. This tech-
nique may excite synchrotron oscillations of the electron
beam, or enhance them if already present. The induced os-
cillations can reduce the net gain at the laser start. While
the first two techniques can be considered equivalent for
generating giant pulses (as demonstrated for Duke in [7]),
the mechanical gating is still under investigation.

The purpose of the Q-switch technique is twofold: to
concentrate the average power of storage-ring FEL in a se-
ries of giant-pulses and to have a regular temporal dynam-
ics of the light. This allows to use the light emitted for
experiments, for example synchronizing an external trigger
which drives the giant pulse repetition rate [8]. Besides, it
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is well known that the FEL light at the fundamental wave-
length, which is reflected by the mirrors of the optical cav-
ity, produces higher harmonics [9]. These harmonics sur-
vive just for a single pass in the optical cavity, because the
mirrors do not reflect light with their wavelength. In normal
operation mode the power of higher harmonics, which de-
pends on the fundamental power, is too low to be detected.
Giant pulse production is therefore a suitable way to en-
hance the fundamental power and accordingly the higher
harmonic power. One example of harmonic generation in
cavity is reported in Figure 2.
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Figure 2: The fundamental (660 nm) and the third har-
monic (220 nm) giant pulses. The harmonic signal is about
a factor 25 above spontaneous emission.

The giant-pulse risetime provides also an estimation of
the initial FEL gain. Between each pulse the electron beam
is restored and when the giant pulse starts the only nega-
tive effect is due to the optical cavity losses. This allows
to calculate the net gain of the FEL process, if the mirror
reflectivity is known.

TWO DIFFERENT EXPERIMENTAL
TECHNIQUES

In this section, we concentrate on the two techniques
used at Elettra for the giant pulse generation, i.e., the RF
frequency modulation and the Q-switch with the chopper.

RF frequency modulation

In a storage-ring FEL, in order to obtain the synchro-
nization between the electron beam and the light stored in
the optical cavity, the mirrors are placed at inter-bunch dis-
tance. Stepper or piezo-electric motors provide the fine
tuning of the mirror position along the undulator axis. If
the RF frequency of the storage ring changes the revolu-
tion time of electrons changes as well, causing the loss of
synchronization with the optical filed in the cavity. With-
out temporal overlap the electrons do not interact with the
radiation stored in the optical cavity and then the energy
spread of the beam can decrease. The RF frequency modu-
lation is based on a periodic detuning between the electron
beam and the radiation stored into the optical cavity. When

the system is detuned the lasing process is stopped. An ex-
ternal signal source induces the detuning and modifies the
slope and the amplitude of the RF frequency jump. The de-
tuned condition is maintained for few synchrotron damping
times to allow the electron beam to cool down and the gain
of the amplification process to recover its initial (i.e. laser-
off) maximum value. Once this situation is reached, the
system is led back to the perfect tuning condition which is
maintained for a long enough time (order of dozens of mil-
liseconds) to induce the onset of the laser giant pulse. Then
the system is detuned again and the process repeated.

The main advantage of this technique is the fast transi-
tion time. The RF modulation is driven by a signal genera-
tor, therefore one can choose the slope of the signal to reach
the maximum power. The unfavorable aspect is the beam
perturbation caused by the RF modulation. The damping
is regulated by the synchrotron frequency. Figure 3 shows
a streak camera image of the synchrotron radiation and the
FEL signal.

Figure 3: Streak-camera image of the electron beam (left
trace) and of the FEL pulse (right trace) in Q-switch oper-
ation mode.

Along the vertical axis of the picture, the evolution in
time of the distribution profile is reported and one can also
see the excitation of synchrotron oscillation starting before
the laser. The analysis in Figure 4 also shows the electron
beam heating that begins before the giant pulse start.

Q-switch with chopper

In the Elettra storage-ring FEL a mechanical gating has
been recently introduced in the optical cavity. This object,
called chopper, is a molybdenum disc with a 115 mm ra-
dius with a little aperture positioned close to the border
(see Figures 5). When the aperture is on-axis with the opti-
cal cavity the light stored can pass, otherwise the radiation
is intercepted by the disc. The chopper is placed near the
back mirror (see Figure 6) and rotates at constant speed,
moved by a PHYTRON UHV stepper motor.

The rotating velocity determines the repetition rate of the
Q-switch.

Generally speaking, when the electron beam interacts
with the laser pulse (stored into the cavity) its longitudi-
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Figure 4: Analysis of the streak camera image in Figure 3.
The longitudinal distributions are obtained by means of a
horizontal cut of the picture.

Figure 5: Left: schematic design of the metallic disc.
Right: Preliminary studies in air.

nal dimensions grow up and the resulting energy spread
reduces the FEL gain. The chopper allows the giant pulse
creation because it prevents the electron-light interaction
for a suitable time so that the energy spread reduces. This
method does not generate beam perturbations and, as a con-
sequence, higher power in the giant pulses is expected.

At the present the chopper technique can achieve only
a limited repetition rate if compared to the RF modula-
tion. Nevetheless we expect in the near future to operate the
chopper at frequencies of 5 Hz or more. Furthermore, since
the chopper Q-switch does not involve the RF frequency,

Figure 6: Schematic layout of the chopper chamber (at
right), near the mirror chamber (at left).

Figure 7: Pictures of the chopper during the installation.

the latter can be used as a clock for cross-correlation mea-
surement in order to characterize the harmonic signal.

A summary of the peculiarities of both methods is re-
ported in Table 1.

Table 1: Chopper versus RF modulation
chopper advantages RF advantages
no beam perturbation fast transition time

chopper disadvantages RF disadvantages
longer transition time beam perturbation

Measurements and results

To compare the RF frequency modulation and the chop-
per Q-switch techniques, a campaign of measurement has
been recently carried out using the Elettra SRFEL. Fig-
ure 8 and Figure 9 show preliminary risetime measure-
ments for the RF modulation and the chopper case, respec-
tively. The pictures report a train of giant pulses obtained
at the same current and repetition rate. While the RF mod-
ulation method displays a quite constant level of the signal,
the chopper exhibits an irregular behaviour. The reason is
still under investigation.

Figure 8: Sequence of 20 giant pulses, acquired by a fast
photodiode, generated using the RF modulation. The elec-
tron beam current is about 10 mA and the repetition rate is
1.5 Hz

In Figure 10 we compare the two techniques for the 3 Hz
case: the giant pulse risetime, calculated as a mean of 20
signals, is displayed as function of the total beam current.
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Figure 9: Sequence of 20 giant pulses, acquired by a fast
photodiode, generated using the chopper Q-switch. The
electron beam current is about 10 mA and the repetition
rate is 1.5 Hz

For high currents the chopper and RF modulation seem
comparable, while at medium-currents the chopper rise-
time is quite longer.
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Figure 10: Comparison between chopper and RF modula-
tion techniques, showing the risetime as a function of the
total current at the same operational frequency (3Hz).

Figure 11 and Figure 12 report the risetime versus cur-
rent for the RF modulation and for the chopper technique
respectively. These data do not show any strong depen-
dence of the risetime on the repetition rate.
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Figure 11: Efficiency of the Q-switch at different repetition
rates using RF frequency modulation.
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Figure 12: Efficiency of the Q-switch at different repetition
rates using chopper.

CONCLUSIONS

The preliminary results presented here show the capa-
bility of the chopper method to generate giant pulses. This
technique, although promising, needs more development in
order to reach, and hopefully improve, the performance of
the RF modulation method in terms of reproducibility and
higher repetition rate.
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LASER IN TERAHERTZ SPECTRAL RANGE
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1Kansai versity, Suita, Osaka, Japan
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Abstract
A Cherenkov free-electron laser (CFEL) generating ter-

ahertz radiation is now being developed under the joint re-

search of Osaka Sangyo university and Kansai university.

The main feature of the CFEL is its compactness. Micro-

beamlets from Spindt-type field emitter array are acceler-

ated up to 50 keV and then injected into a silicon resonator

with a path of 50 to 150 μ m spacing through which elec-

trons propagate. Omitting the evacuation system and power

supply, the size of CFEL section, including electron gun

and resonator, is about 1 × 1 × 4 cm3. For the generation

and the transport of the electron beam few μm in diame-

ter, we investigated characteristics of the Spindt cathode,

beam focusing by electrode and the magnetic field. A car-

bon nanotube field emitter was also tested for future appli-

cation.

INTRODUCTION
Cherenkov free-electron lasers (CFELs) are one of the

great candidates for compact tunable radiation sources. A

pioneer work had demonstrated CFEL in 100 GHz fre-

quency range using an electron beam with 35 to 75 keV

acceleration energy [1]. In order to increase the operation

frequency to terahertz frequency range, it is straightforward

to scale down the optical resonator of CFEL. Fig. 1 shows

a schematic view of a compact CFEL. Electron beamlets

several μm in diameter are accelerated to 50 keV and then

injected into a dielectric resonator. Electron beamlets pass-

ing through a channel bored in the dielectric resonator ex-

cite the Cherenkov radiation and interact with the evanes-

cent part of that radiation.

The resonant frequency is determined principally by the

radius of the channel: the resonant wavelength coms to

severalfold of the channel radius. The dispersion curve of

the evanescent wave in a circular dielectric waveguide is

shown in fig. 2 with the dispersion of the light in vacuum

and a beam-mode for 40 keV electron [2]. Because elec-

trons moving along the channel transfer its kinetic energy

to the radiation field via the interaction with the longitudi-

nal component of the radiation field, the TM-mode which

has that field component is important in such CFEL. Thus

the dispersion relation for the TM01-mode is shown in the

figure. For the case of Rd=25 μm, the resonant frequency is

1.6THz. Note that the dispersion relations are scalable with

the channel radius, thus the resonant frequency increases

∗ asakawa@ipcku.kansai-u.ac.jp

Figure 1: Schematic view of compact CFEL.

with decreasing the channel radius. CFELs are, therefore,

capable to be operated in mid-infrared to sub-millimeter

spectral range.

Our research aims a compact, more ambitiously, palmtop

CFEL that can generate the radiation over the infrared spec-

tral area. As the first step, we are developing the electron

beam source which can produce μm beamlets. In following

section, a CFEL test bench and experimental studies of the

beam focusing will be described.

CFEL TEST BENCH

To produce the electron beam whose radius is order

of micrometer, we used a Spindt cathode,[3] which con-

tains 100,000 pairs of ultrasmall needles and gate elec-

trodes in a 1 mm diameter array. Each pair of needle and

electrode generate electron beamlet with diameter around

1 μm, and these tiny electron guns are arrayed with a spac-

ing of 10 μm. Due to the needle-gate configuration and the

high operation current density, Spindt cathode generates a

diverging beam as shown in fig. 3. Therefore, the beam

transport is the critical issue.

Figure 4 and fig.5 show the schematic view and the pic-

ture of a developing CFEL test bench, respectively. This

system employs the magnetic field for the beam focusing.

Main components, such as Spindt cathode, collector elec-

trode and a optical resonator, are installed inside the bore

Uni
.

,
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Figure 3: Calculated trajectories of electrons emitted by

Spindt cathode. Red lines show the electron trajectories

and Blue lines represent the equipotential lines. E-gun code

was used for the calculation.

of a super conducting coil, which can produce magnetic

flux density up to 5 T. The footprint of the whole system

including the compressor unit for super conducting magnet

is about 1 ×1 m2.

Electron beamlets generated at the grounded Spindt

cathode needles are accelerated toward the collector elec-

trode, which is followed by the optical resonator. The res-

onator consists of a pair of silicon slabs gapped by thin

spacers with thickness of 50, 100 or 150 μm. The res-

onant frequency increases from several hundreds GHz to

few THz as decreasing the gap spacing. The end edges of

slabs facing to the cathode are coated with Al and work

as both the collector electrode and resonator mirror, while

the other edges are left uncoated to extract Cherenkov ra-

diation. One side of the gap between the slabs facing to

cathode is opened for the beam injection, while the other

side is blocked by the spacer for beam dumping and re-

flecting back of a part of radiation. The length of the laser

interaction region is 2 cm.

Figure 6 shows the time trace of the gate voltage and

the beam current. Pulsed voltage up to 100 V is applied

to the gate electrode of Spindt cathode to generate a few

Figure 4: Schematic view of the CFEL test bench and the

resonator. The left and right figures show the schematic

view of the whole system and the detailed view of the res-

onator, respectively.

Figure 5: Picture of the CFEL test bench. The high voltage

feedthrough, the 2-axis manipulator for resonator align-

ment and cryostat of the super conducting coil can be seen.

The height and footprint of the device are 1.9 m (including

a 0.7 m-height pedestal) and 0.7×0.7 m2, respectively.

milli-amperes beam current. The raise time of 50 μs was

determined by the capacitance of the power feed cable

and 100 kΩ resistance for current monitoring, and will be

shorten by reducing the resistance in the laser experiments

that higher beam current will be required. For the operation

above the beam current shown in the figure, we suffered

from the serious degassing and the following brake down.

Such undesirable events were remarkable especially when

the magnetic field was applied. This system is under aging

process.

FOCUSING ELECTRODE
Because the magnetic focusing requires a large and ex-

pensive magnet, we also explored beam focusing using

mid-electrode. A mid-electrode was located at a distance

of 13 mm from the cathode. The spacing between the mid-
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Figure 6: Time trace of the gate voltage (red) and the beam

current (blue). Peak voltage is 50 V and peak current is

81 μA.

electrode and the collector electrode was set to 30 mm.

Mid-electrode had a hole 5 mm in diameter through which

the electrons pass through. The beam spot size at the col-

lector electrode was evaluated from the fluorescence image

on a phosphor screen placed at collector electrode. Fig-

ure 7 shows the beam diameters as a function of the mid-

electrode voltage. The collector electrode voltage was held

at 10 kV during the experiment. The gate voltage was set

to 65 V and the pulse width was 10 ms to obtain luminance

enough to observe. Note that these results show the diam-

eter of the whole beam emitted from 100,000 tiny needles:

the fine structure formed by each beamlet was smoothed

out due to poor resolution of the measurement system. It is

seen that the beam diameter decreases with mid-electrode

voltage up to 30 V and then slightly increases with the volt-

age. It is inferred that the beam is over focused with the

mid-electrode voltage above 30 V. This result indicates that

the beam focusing by the focusing electrode is not enough

to produce the electron beam with micrometer diameter.

We are on the way to design optimal electrode configura-

tion combined with the magnetic field configuration to find

the reasonable focusing system.

CARBON NANOTUBE CATHODE

To develop the brighter electron beam source, we also

tested a carbon nanotube cathode. As this test is a pre-

liminary one: powdered carbon nanotubes were smeared

over a 0.5 mm diameter plate of stainless steel and the gate

electrode was not installed. Due to the lack of the gate

electrode, the spacing between the cathode and the collec-

tor electrode was set to 0.2 mm to produce electric field

enough for the field emission. Figure 8 shows the beam

current vs. the collector electrode voltage. Electron emis-

sion stars at a voltage of 2.2kV and the current reaches to

2.4mA at 4.4 kV. Above 4.4 kV acceleration voltage, se-

Figure 7: Beam diameter as a function of the mid-electrode

voltage. During experiment, the collector voltage was held

at 10 kV and pulsed 65 V voltage was applied to the gate

electrode of Spindt cathode.

rious outgassing degraded the vacuum condition, thus we

limited the supply voltage to this extent. It is worth to

mention that the beam current was stable for long period

of these experiment in spite of D.C. operation. Taking into

account the fact that operation of Spindt cathode with D.C.

1 mA leads serious damage on Spindt cathode, we conclude

that carbon nanotube cathodes are capable of generating

denser electron beam. Installation of the gate electrode is

the key issue for practical application.

Figure 8: V-I curve for carbon nanotube cathode. D.C. volt-

age up to 4.4 kV was applied to the collector electrode.

SUMMARY AND RESEARCH PLAN

A compact THz CFEL driven by 50 keV electron beam

is under development. Use of Spindt cathode and focus-

ing of the electron beam are key technologies of this de-

vice. A CFEL test bench using super conducting coil for

beam focusing was commissioned and is under condition-

ing. Beam focusing by mid-electrode was also studied. To
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find the reasonable focusing system, we are investigating

the beam focusing by the combination of the magnetic field

and mid-electrode. First CFEL test will be started using

high magnetic field up to 5 T after the aging conditioning

of the test bench. The output frequency will be gradually

increased from several hundreds GHz to few THz by re-

ducing the gap spacing of the resonator. It is also planned

to study Smith-Percell FEL and Cyclotron radiator on the

test bench.
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Abstract 

 Thanks to a recent upgrade of the UVSOR-II storage 
ring (lower beam emittance and higher peak current), an 
FEL gain has been enhanced much and we have 
succeeded in high power lasing in deep UV region. The 
highest extracted CW power so far is 0.25 W at 
wavelength of 215 nm and 1.1 W at 230 nm. Because of 
its variable wavelength even in deep UV region, high 
power and good coherence, the UVSOR-II FEL has come 
to be recognized as a useful tool by users inside and 
outside Institute for Molecular Science. Now UVSOR-II 
FEL has four users groups ( solid state physics, surface 
physics, bio-moleculer science). Three different kinds of 
experiments have been successfully carried out in this 
year.  

 

INTRODUCTION 
On the UVSOR storage ring, a free electron laser has 

been developed as a new light source since early 1990s. 
In 1996, a helical optical klystron was installed and the 
performance of the FEL was improved much because of a 
smaller degradation of cavity mirrors and a higher FEL 
gain. Then the shortest wavelength (239 nm) of the 
storage ring FEL at that time was achieved [1]. 

Recently the storage ring was upgraded and the quality 
of the electron beam was much improved. With the 
increased FEL gain, a FEL lasing in shorter wavelength 
was expected, where more potential users exist. Here we 
report on an FEL experiment in the deep UV region at 
UVSOR-II aiming users application. The FEL should 
have enough power in addition to a good optical quality 
for application experiments. We also report recent 
upgrade of an rf accelerating cavity system, which plays 
an important role in the short wavelength lasing. 
. 

UPGRADE OF RF CAVITY SYSTEM 
In 2003, the UVSOR storage ring was reconstructed 
toward a lower emittance ring; we call it “UVSOR-II” 
after the reconstruction [2]. The chief aim of this upgrade 
is to provide users with brighter synchrotron radiation. We 
still continue the upgrade of the ring. We replaced  rf 
accelerating cavity system in 2005 [3]. The aim is to 
improve lifetime of the electron beam with higher 
accelerating voltage. At the UVSOR, 90.1 MHz rf cavity 
had been operated with a 20 kW transmitter but the   

 

Table 1: Basic parameters of previous/present rf cavity 

 Previous Present 
Frequency 90.1 MHz 90.1 MHz 
Cavity voltage 55 kV 150 kV  
Shunt 
impedance 

1 MΩ 2.45 MΩ 

Unloaded Q 8370 20300 

Coupling 1.75 1.34 
Structure Re-entrant ×1 Re-entrant×1 

Inner diameter 1000 mm 964 mm 
Bore radius 50 mm 55 mm 
Material SUS + Cu Cu (OFHC) 

Tuner Plunge×1 Plunger ×2 
 

rf accelerating voltage (55 kV at maximum) was limited 
by low shunt impedance ( 1 MΩ) of the former cavity. 

Hence the new rf cavity was designed to have higher 
shunt impedance. Table 1 shows basic parameters of 
previous/present rf cavity. The new cavity was installed in 
the spring of 2005 and the high cavity voltage of 150 kV 
was achieved. With the new cavity system, observed 
Touschek beam lifetime was increased by a factor of 3. 
This upgrade is also favourable to the FEL because   
higher accelerating voltage leads to shorter electron bunch 
and higher peak current.  

 
 

Figure 1: Natural bunch length in various rf voltage. The 
data points are measured values and the solid line is 
calculated bunch length. 
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Figure 2: Typical FEL line spectra measured by changing 
gap width of the optical klystron. The resolution of the 
spectra is limited by that of the monochrometer used in 
the measurement.  

 

Fig. 1 shows measured bunch length by using a streak 
camera after installing the new rf cavity. The bunch length 
at a cavity voltage of 150 kV is 67 psec; this value is 
60 % of the previous one (110 psec).   In this case FEL 
gain increased by a factor of 1.6 is expected. This leads 
the FEL lasing in the deep UV region where higher FEL 
gain is needed. 

LASING AROUND 215 nm  
 We have planned an FEL lasing around 215 nm 

basically aiming to an user experiment. In the experiment,  
samples of bio-molecules are irradiated by a laser with the 
wavelength around 215 nm, where the absorption  
spectrum of the sample  has a peak. The laser should have 
enough power in order to proceed the irradiation 
experiment quickly; otherwise the sample may be easily 
effected by bacteria.  

In former UV lasing experiments at the UVSOR, multi-
layers of HfO2/SiO2 had been employed for cavity mirrors. 
In a lasing experiment around 215 nm, the multi-layer can 
not be employed because the band gap energy of HfO2 is 
about 5.6 eV (220 nm in a light wavelength) and a strong 
absorption is expected. Then we chose  multi-layers of 
Al2O3/SiO2; the band gap energy of Al2O3 is well above 
the laser photon energy requested.  Since refraction index 
of Al2O3 is smaller than HfO2, number of layers should be 
increased to attain reflectivity sufficiently  high for lasing. 
On the other hand, transmission of a mirror becomes 
smaller and a less power is extracted through the mirror 
as increasing number of layers.   Compromising 
reflectivity and transmission, we chose number of layer of 
49 for downstream mirror and 37 for upstream mirror 
from which an FEL power is extracted. The expected 
round-trip reflectivity of the optical cavity is 99.3 % and 
the transmission of the upstream mirror is 0.5 %. 
Preparatory to the lasing experiment, we measured the 
round-trip reflectivity of the mirrors by ring-down method 
with a low electron beam current (~ 0.1 mA). The  

 
Figure 3: Measured extracted FEL power as a function 

of beam current at energy of 600 MeV and 750 MeV. The 
lines are guides to eyes. 
 
measured value was around 97.8 %, which was much 
smaller than the expected one. We suppose that the low 
reflectivity came from a degradation of the mirrors due to 
synchrotron radiation during reflectivity measurement.  
The mirrors degradation, however, seemed to stop after 
the first irradiation by synchrotron radiation. Even after 
exposure to SR of more than 1000 mA h during the lasing 
experiment, we did not observe the essential change of 
the reflectivity.  

The lasing experiment was started with an electron 
energy of 600 MeV, with which UVSOR FEL experiment 
had been made so far. The storage ring was operated in 
two bunch mode with equal bunch spacing. As seen in Fig. 
2. lasing from 214 nm to 218 nm was successfully 
obtained changing a gap width of the helical optical 
klystron. In Fig. 3, extracted laser power is plotted as a 
function of a stored beam current in the storage ring. The 
threshold beam current for lasing was 11 mA/bunch. The 
calculated FEL gain at a beam current of 11 mA/bunch  is 
about 2.3 %. This value is very consistent with the 
measured cavity loss of 2.2 %.  

As a next step of the lasing experiment, we raised the 
electron energy from 600 MeV to 750 MeV, with which 
the storage ring is operated for SR use. According to the 
Renieri limit [4], the extracted FEL power is proportional 
to the total synchrotron radiation power per turn from 
electron beam. Since the total radiation power is 
proportional to the 4th power of the electron energy, 
higher extracted laser power is expected at 750 MeV. 
Storing a rather high beam current in the storage ring, we 
have obtained successful lasing at this electron energy for 
the first time on UVSOR-FEL. The measured threshold 
current for lasing is about 2 times higher than that in the 
case of 600 MeV. But a higher laser power is extracted as 
is expected. The extracted FEL power at 750 MeV is 
about 1.6 times of that at 600 MeV at a beam current of 
70 mA/bunch, that is well above the threshold current. 
This relation is consistent with that of synchrotron 
radiation  power; the total synchrotron radiation power 
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from an electron at 750 MeV is about 2.4 times of that at 
600 MeV.  The higher electron energy has another 
advantage. The higher operating energy suppress 
Touschek effect, by which electron beam lifetime of 
UVSOR-II is limited. In the experiment at 750 MeV, we 
observed about three times longer lifetime, which resulted 
in longer lasing time for users experiment. 

LASING AROUND 230 nm 
Similar to the case of 215 nm-FEL, the lasing around 

230 nm was planned oriented to users experiments. In the 
lasing experiment, multi-layers of Al2O3/SiO2 were also 
employed for cavity mirrors. Measured round-trip 
reflectivity and transmission were 98.8 % and 0.8%, 
respectively. Therefore the optical characteristics of 
mirrors is advantageous for the FEL lasing as compared 
with mirror of 215 nm. The lasing experiment was carried 
out with an electron energy of 750 MeV. Fig 3 shows the 
extracted FEL power and the stored electron beam current 
as a function of time after the electron beam is stored. As 
is expected, higher extracted laser power was obtained 
and the observed maximum power reached 1.1 W at a 
beam current of 100 mA/bunch. During the experiment, 
drift of the laser power was observed especially at a high 
beam current as shown in the figure. The power could be 
recovered by adjusting the alignment with downstream 
mirror once again. Therefore the power drift can be 
explained by deformation of the cavity mirror due to heat-
load from synchrotron radiation and from the FEL. The 
laser, however, became almost stable after about one hour 
exposure of synchrotron radiation. 

 The FEL around 230 nm was applied to two 
experiments on surface physics and photo-electron 

spectroscopy. The FEL extracted from the upstream  
mirror was transported to the experimental stations by 
using aluminium mirrors and was focused on samples by 
lenses.  In the experiments, they started the measurement 
after the laser became stable. The FEL power around 0.5 
~ 0.2 W was actually applied. Although the experiments 
were made in limited machine time, the users succeeded 
in obtaining primary results.  

CONCLUSION 
We have succeeded in high power FEL lasing in deep 

UV around 215 nm and 230 nm. Users experiments of the 
FEL were carried out and primary results were obtained. 
The stability of the laser at the source position and also at 
the experimental station should be improved. Suppression 
of the thermal deformation of the cavity mirror and 
stability of the laser transport system are critical issues.  
We are going to lasing below 200 nm in near future. The 
shorter wavelength FEL is desired for the photo-electron 
spectroscopy experiment.    
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Figure 4: Extracted FEL power and beam current as a function of time. The FEL wavelength is around 230 
nm.  The maximum FEL power was 1.1 W. 
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Abstract
A project to develop a coherent Teraherz (THz) light 

source has been progressed at Laboratory of Nuclear 
Science, Tohoku University. The coherent synchrotron 
light in the THz region is emitted from electron bunches 
with very short bunch less than 100 fs (rms) created by a 
thermionic RF gun and a sophisticated bunch compressor. 
The beam can circulate through the nearly complete 
isochronous ring for many turns, so that the average 
radiation power may be considerably enhanced. As an 
injector of this ring, we have developed an independently 
tunable cells (ITC) RF gun, which consists of two 
independent cavities to manipulate the longitudinal phase 
space. In order to generate short bunch with a significant 
bunch charge, a magnetic compressor is needed at 
downstream of ITC-RF gun. Two kinds of bunch 
compressor have been studied. This paper presents the 
isochronous THz ring design and describes ITC-RF gun, 
the magnetic bunch compressor and results of simulations. 
From simulation of the bunch compressor, we got a very 
short bunch length about 42 fs (rms). 

INTRODUCTION
In these years, the coherent radiation in THz region has 

been observed in some 3rd generation light sources like 
BESSY-II [1]. However, it seems to be difficult on the 
storage ring to realize and/or maintain the short bunch 
with a significant beam current against bunch lengthening 
or other instabilities. On the other hand, when we focus 
on the condition of an isochronous beam transport, there 
is another possibility to generate the coherent radiation 
[2]. A very short electron bunch length around 100 fs is 
required to generate coherent THz radiation. To realize a 
coherent THz source based on the isochronous ring, total 
technologies of accelerators are required. 

In this paper, a design study of an electron source and 
the bunch compressor for a novel coherent THz radiation 
source are described. 

COHERENT THZ LIGHT SOURCE 
Design of Isochronous Ring 

The isochronous ring is the one of the candidates of the 
light source of coherent THz light [3]. Since this 

isochronous ring must keep a very short bunch length less 
than 100 fs (rms) from an injector in every place, it has 
been designed to have very small dispersion function. To 
keep bunch length for many turns at everywhere, the path 
difference for one turn should be much smaller than the 
bunch length. So that, the momentum spread of the 
injection beam must be order of 10-4 taking into account 
the momentum compaction factor which is designed as 
0.0002. This ring has advantages; (1) multiple beam lines 
can be utilized, (2) a high average power of THz light can 
be generated since the electron beam can circulate ring for 
many turns. However, a betatron initial phase difference 
affects on the bunch lengthening larger than the effect of 
momentum compaction factor relatively. In order to 
reduce this bunch lengthening, an appropriate design of 
the phase advance in arcs is required [3]. We have 
designed the lattice of isochronous THz ring, then the 
effect of bunch lengthening in the bending arc has been 
calculated, and it is less than 40 fs which satisfies a 
condition to generate a coherent THz light. The major 
designed parameters of the isochronous ring are as 
follows. Tentative design parameters of this ring are 
shown in Table 1. 
Table 1. Tentative design parameters of isochronous THz 
ring. 
Circumference C 45.691 m 
Beam energy E 200 MeV 
Lattice type - Racetrack modified FODO

Bending radius 3 m (normal cell), 
2 m (dispersion suppressor)

Momentum
compaction 
factor

< 0.0002 

Emittance of 
injection beam rms 5  nmrad

Momentum
spread of 
injection beam 

p/p 2 10-4

Coherent Synchrotron Radiation 
The peak power of a coherent radiation from this ring 

has been calculated, and then it becomes about 100 kW 
with the bunch length of 100 fs (rms). This peak power of 
THz light is larger than other THz light sources (ex. FEL, 
other Lasers). This ring also has high performance in the 
average power of THz light. Radiation power of THz light 
sources is summarized in Table 2. ___________________________________________  
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Table 2. Radiation power from different THz light sources.

Source
Peak power 

(Micropulse length) Average power

p-Ge Laser 1 W (10 ms) 100 mW 
YAG + NOE 300 mW (4 ns) 60 nW 
FEL 10 kW (1 ps) 10 mW 
Isochronous
THz ring 100 kW (250 fs) 350 mW

GENERATION OF VERY SHORT BUNCH 
Design of a Thermionic RF Gun 

As an injector of the isochronous ring, it is required to 
generate an electron beam with a very short bunch length 
less than 100 fs (rms) and with a very small normalized 
rms emittance less than 2  mm mrad. To achieve high 
average power of coherent radiation, macropulse duration 
of the injector should be about 1.5 s taking into account 
the circumference of the isochronous ring. In addition, the 
bunch charge should be as large as possible. To gather 
high bunch charge, the injector should have a large 
acceptance of momentum deviation. An acceptable 
momentum deviation is limited by acceptance of coherent 
THz ring. The coherent THz ring requires a momentum 
spread of the order of 10-4 for the injection beam. Because 
the beam is accelerated from 2 MeV to 200 MeV in the 
Linac, p/p is limited to the order of 10-2 at the injector. 
To realize above parameters, a thermionic RF gun has 
been adopted for the injector. As a cathode material, a 
small single crystal of LaB6 with a diameter 1.75 mm has 
been chosen. This cathode has a higher current density 
than conventional dispenser cathode. The normalized 
emittance can achieve a small value because of the small 
diameter. To reduce back-bombardment effect [4], this 
small diameter may be effective. In order to control a 
distribution of a longitudinal phase space at the exit of 
this RF gun, we employed independent two cells which 
don't couple with each other [5]. Parameters of ITC-RF 
gun are listed in Table 3. 

Table 3. Design parameters of ITC-RF gun. 
RF frequency 2,856 MHz (S-band) 
Cathode material LaB6

Current density @ cathode 100 A/cm2

Cathode diameter 1.75 mm 
Number of cells 2 
Feeding total power 5 MW 
Etotal @ exit of gun 2 MeV 
Bunch length (rms) 100 fs 
Bunch charge several tens pC 

norm. rms < 2  mm mrad 
p/p < 2 % 

Macropulse duration 1.5 s

3D FDTD Simulation of ITC-RF Gun 
In order to study the beam dynamics in ITC-RF gun 

and to design this geometry, we have used a 3D FDTD 

simulation code [6]. This code can include effects of the 
beam wakefield and of the space charge self-consistently. 
We have to design an appropriate distance between the 
cells and the strength of the accelerating field in each cell, 
because the longitudinal phase space strongly depends on 
these parameters. Since it is difficult for 3D FDTD code 
to calculate a precise geometry because of the mesh size, 
a 2D code: SUPERFISH [7] has been used to decide the 
precise geometry for manufacturing of ITC-RF gun. 
Because the RF coupling is a very small, accelerating 
fields are independent from each other. The prototype of 
ITC-RF gun is shown in Fig. 1. 

Figure 1. The prototype of ITC-RF gun. The RF input port 
is separated each other. This is now under manufacturing. 

ITC-RF gun is designed to drive at -mode basically. 
Peak accelerating fields of 1st cell E1 [MV/m], 2nd cell E2

[MV/m] and relative phase between cells  are three 
degrees of freedom to control this gun. So as to compress 
the bunch length easier at the downstream of the gun, we 
have searched an optimum operating point of the gun to 
generate a beam with a linear dependence in the 
longitudinal phase space. At the optimization, the bunch 
charge from the gun should be as large as possible. The 
strength of E1 was fixed around 25 MV/m in this gun, 
because the head of emitted electrons from a cathode 
must arrive at the middle point of between cells in time of 
a half RF cycle. With applying some suitable parameters 
(E1, E2) = (25, 50) MV/m and p/pmax = 2 %, longitudinal 
and transverse phase spaces at exit of this gun are shown 
in Fig. 2 and Fig. 3 respectively. 

         

Figure 2. longitudinal phase space.  is a variable in
    this simulation. (E1, E2) = (25, 50) MV/m. 
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Figure 3. transverse phase space. (E1, E2) = (25, 50)  
MV/m,  = +18 degree. 

As shown in Fig. 2, a linearity of momentum 
distributions depends on the . From Fig. 3, the 
normalized rms emittance norm. rms = 0.78  mm mrad 
satisfy the design value < 2  mm mrad. Normalized rms 
emittances in other conditions also satisfy the design 
value. On the other hand, the bunch charge of this beam 
with momentum deviation p/p = 2 % is about 30 pC 
which almost satisfy the design value. However the bunch 
lengths of these beams are far from the design value, so 
that the beams must be compressed at the downstream of 
the gun. 

Magnetic Bunch Compressor 
To compress the rms bunch length from several ps to 

less than 100 fs, a magnetic bunch compressor is needed. 
Magnetic bunch compression uses a difference of time of 
flight (TOF) for particles of different momenta p0 and p1
where these particles move from s1 to s2 along the beam 
axis. For these particles, the difference of TOF can be 
written as 
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where t is TOF from s1 to s2, L is a path length from s1 to 
s2,  is a relative velocity, index: 0, 1 represent particles 
with p0 and p1 respectively,  = 1 - 0 and L = L1 - L0.
When we assume p0 < p1 and the longitudinal distribution 
in Fig. 2, a condition of the bunch compression leads t > 
0. The first term of eq. (1) represents a difference of TOF 
caused by a difference of each particle velocity, and 
become negligible small when  goes to unity. The 
second term is caused by a difference of path lengths. In 
case of ITC-RF gun, the effect of the first term can not be 
negligible. When a total beam energy is 2 MeV, s2 - s1 = 1 
m and p1/p0 = 1.02, the first term becomes about -5 ps. L
of the second term can be represented as 
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The first term of eq. (2) means a path difference produced 
by an energy dispersion at bending section, and this term 
can be used for bunch compression. The second term of 
eq. (2) represents a path difference which comes from a 
different value of initial phase of a betatron motion, and 
this term can be suppressed by reducing the beta function 
and designing appropriate phase advances along lattice. 

We have considered two kinds of magnetic compressor. 
The first is an -magnet [8], and the second is a triple-
bend achromat (TBA) lattice. An advantage of -magnet 
is that this system has a larger energy acceptance, and has 
a possibility to gather larger bunch charge for a large p/p.
An advantage of TBA lattice is that this system has a 
possibility to manipulate the higher order term of p/p by 
adjusting optics. Each magnetic bunch compressor can 
apply different slopes of ( p/p)/ t in longitudinal phase 
space. In case of TBA lattice, this system can vary the R56
by changing a dispersion function of the 2nd benging 
magnet without changing its reference orbit. When the -
magnet changes the field strength, reference orbit in it is 
changed correspondingly. Each system can be an 
achromat for the beam energy. At manufacturing the 
magnet of each system, it is easier for TBA lattice than -
magnet to design magnets. In order to select the method 
of a suitable bunch compression, studies have been 
continued. In the following, basic studies are shown.  

In order to estimate a bunch compression, particle 
distributions in Fig. 2 and Fig. 3 have been used for both 
methods. The operating conditions of the gun are (E1, E2)
= (25, 50) MV/m and  = +18 degree. In case of -
magnet method, a beam tracking simulation has been 
done. In case of TBA lattice method, a design of optics 
and tracking simulations have been done by using SAD 
[9]. Since the bending angle of dipole magnets of TBA 
lattice are the same angle 60 degree, TBA lattice is 180 
degree bending transport system totally. In addition, TBA 
lattice has four families of quadrupole which are used for 
two purposes mainly. The dispersion function in the 2nd 
bending magnet is controlled by quadrupole magnets 
between bending magnets to change the R56. The other 
quadrupole magnets are used for matching of horizontal 
and vertical Twiss parameters at exit and reducing the 
beta function in bending magnets. One example of the 
TBA optics is shown in Fig. 4. 
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In case of an -magnet, the first term of eq. (2) can be 
calculated by using following equation 
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where K  = 191.655 Gauss1/2cm1/2 and g is the field 
gradient of -magnet in Gauss/cm. The path length in -
magnet can be represented as gK / . In order to 
estimate a difference of TOF in an -magnet, the first 
term of eq. (1) and eq. (3) should be calculated, and then 
we can find the field gradient of an -magnet for a 
suitable bunch compression. After optimizations of each 
bunch compressor, the longitudinal phase spaces and the 
particle time distributions are shown in Fig. 5. 
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Figure 5. longitudinal phase space distributions and time  
distributions after bunch compression. (a-1), (a-2) -
magnet case, (b-1), (b-2) TBA lattice case. 

As shown in Fig. 5, the compressed bunch lengths are 
72.2 fs (rms) for the -magnet system and 42.7 (rms) fs 
for the TBA lattice respectively. Both bunch compressors 
can achieve less than 100 (rms). TBA lattice can achieve 
shorter bunch length in this case, but more studies are 
needed for selecting a more suitable method. 

SUMMARY 
We have proposed the coherent THz light source by 

employing an isochronous THz ring and an injector which 
can generate a very short electron beam. From numerical 
calculations and simulations, the radiation power from the 
isochronous THz ring may achieve higher than other light 
sources of THz region. In order to generate the required 
short bunch beam for this ring, we have designed the 
injector which consists of ITC-RF gun and the magnetic 
bunch compressor. ITC-RF gun can generate a small 
normalized rms emittance value which satisfies the design 
parameter. For generating very short bunch, a magnetic 
compressor is needed at the downstream of ITC-RF gun. 
We have studied two kinds of bunch compressor: -
magnet transport and TBA lattice transport. Both of bunch 
compressors can achieve design bunch length less than 
100 fs (rms). At a glance, TBA lattice seems to be better 
than -magnet. However, we have continued to studied 
more detail about them including effect of the higher 
order momentum dependences and betatron initial phase 
difference. 
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RECENT EXPERIMENTS AND PROSPECT ON THE NIJI-IV VUV/IR FEL 

H. Ogawa#, K. Yamada, N. Sei, M. Yasumoto, K. Yagi-Watanabe  
Research Institute of Instrumentation, National Institute of Advanced Industrial Science and 

Technology (AIST), 1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan 

Abstract 
The NIJI-IV free electron laser (FEL) is being 

developed as a compact light source with very good 
optical quality and ultra-wideband tunability from the 
VUV to the IR. To obtain lasing at shorter wavelengths in 
the VUV region, continuous efforts to improve the cavity-
mirror performance have been made, so that the original 
loss of mirrors was recently decreased around 195nm. A 
new optical cavity system, composed of two sets of a 
heavy granite base and a stable mirror manipulator, was 
installed to stabilize the lasing and also to extend the 
tuning range. As for the IR FEL, modification of the 
beam transport system to make space for installation of 
the optical cavity was completed.  

INTORODUCTION 
Storage ring FELs (SRFELs) are unique source and 

have advantages such as good spectral resolution, high 
repetition rate, and natural synchronisation with 
synchrotron radiation from insertion devices or bending 
magnets. These features of SRFELs are suitable for 
pump-probe experiments and observing a continuous 
change of a phenomenon without giving sample damage. 
Indeed, the use of SRFELs for the real-time surface 
observation has been investigated in combination with a 
photoemission electron microscopy (PEEM) at DUKE 
[1,2] and AIST [3,4]. Many efforts to shorten the 
wavelength in SRFELs have been made [5-7] for such 
applications. At AIST, an FEL research has been 
performed using the compact storage ring NIJI-IV and the 
FEL lasing down to 198nm was achieved [7]. The NIJI-
IV is a racetrack-type storage ring whose circumference is 

29.6m. The ring has two straight sections of 7.25 m and 
4.1 m in length and a 6.3-m optical klystron ETLOK-II 
[8] is equipped in the longer straight section for the 
UV/VUV FEL experiments as shown in Fig.1. In 2004, a 
3.6-m optical klystron ETLOK-III [9] was installed into 
the other straight section and the construction for lasing in 
the IR region is going on [10]. The optical klystron 
parameters are summarized in Table 1. Here we report 
recent progress in the NIJI-IV FEL. 

 
Table 1: Parameters of optical klystron ETLOK-II and III 

 ETLOK-II ETLOK-III 

Total length [m] 6.288 3.55 

Magnetic period   

Undulator section [mm] 72 200 

Dispersive section[mm] 216 720 

Number of period Nu 42×2 7×2 

Deflection factor K <2.29 <10.04 

Wavelength [μm] 0.198-0.595 (0.4-12) 

DEVELOPMENT OF THE VUV/IR FEL 

 VUV FEL Mirror 
To shorten the FEL wavelength, we have been 

upgrading the NIJI-IV FEL system. The replacement of 
NIJI-IV vacuum chambers as well as installation of thin 
sextupole magnets has been performed in order to 
increase FEL gain. As for the laser cavity, Al2O3/SiO2 
dielectric multilayer mirrors were adopted for the 
wavelength below 220 nm. In a previous study, we tried 
FEL oscillations below 195 nm with two kinds of 
Al2O3/SiO2 mirrors but failed to obtain the oscillation. 
The original losses of the cavity composed of two mirrors 
around 195nm were small as 1.9%-2.6%, while the losses 
after irradiated by the undulator radiation from ETLOK-II 
were rapidly increased through degradation of dielectric 
multilayer mirrors as shown in Fig.2, so that the 
oscillation could not be realized [10]. To improve the 
mirror performance, the Al2O3/SiO2 mirrors were 
manufactured again by tuning the dielectric coating 
condition. As a result, the original loss of the cavity was 
presently obtained to be down to 1.2%, which was 
sufficient to realize the lasing around 195nm. After 
measuring an evolution of degradation of the mirrors, we 
are planning to perform the FEL oscillation experiments 
below 195nm. 

____________________________________________ 
#ogawa.h@aist.go.jp 

ETLOK-II

ETLOK-III

Figure 1: NIJI-IV FEL system. 
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Optical cavity system 
It was observed that the intensity of the NIJI-IV FEL 

was modulated with a few to 10 ms period near the best 
cavity tuning condition and the lasing mode was not fixed 
at a stable CW mode [11]. Although its origin has never 
been identified, it is probably caused by a mechanical 
vibration of the mirror vacuum chamber, because the base 
of our mirror holders had a slender structure whose 
weight was only 20-30 kg. Therefore new optical cavity 
system has been made for the stabilization of the FEL 
oscillation, which is needed for FEL application research 
such as a photoemission electron microscopy. Figure 3 
shows a photograph of the new system which was 
installed into an upstream side of ETLOK-II in this year. 
We chose heavy granite stone, whose weight was about 2 
ton, as the base of the cavity, so that the vibration of the 
base in an optical axis was dumped below 0.1 mm, which 

was measured with a vibration sensor under frequency of 
200 Hz. The mirror chamber is remotely manipulated by 
five-axis stage with gimbal optical mount and three linear 
stages (Newport SL20AN, M-MTM100PP.1, M-ILS50PP 
and M-MVN80 with precision motorized actuators LTA-
HL). The cavity length and mirrors can be adjustable with 
resolutions of 0.1 mm and 0.8 mrad, respectively. In 
addition, a novel feature is that the chamber has two in-
vacuum mirrors that are interchangeable with 
reproducible adjustment. This will enable us to extend 
FEL tuning range restricted by a narrow reflection 
bandwidth of dielectric multilayer mirrors. We will 
measure the stability of the FEL oscillation with the 
optical cavity system after commissioning of new beam 
transport system as described in the following subsection. 

Beam transport system 
In order to extend lasing range toward a long-

wavelength region, we have been developing the NIJI-IV 
FEL in the infrared (IR) region using ETLOK-III. The 
FEL gain in the visible and near-IR regions was evaluated 
to be over 2% from observed spectra of a spontaneous 
emission from the ETLOK-III [10]. The realization of 
FEL lasing can be expected in the visible and near-IR 
regions since high-reflection mirrors of 99.8% or more 
are available. We are preparing to make an optical cavity 
system for the IR FEL and its mirror diameter would be 
50mm, which is larger than that for the UV/VUV FEL of 
30mm, by considering diffraction loss.  

However, there was no space to install the upstream 
cavity system for the IR FEL because a beam transport 
line was too close to the storage ring. Therefore we 
decided to modify the transport system to make a space 
for the cavity. The detail of design for new beam transport 
system was written in [10]. We have constructed the new 
transport system, as shown in Fig.4, which is 2.48m away 
from the former one and the beam commissioning has 
been started. The beam was transported from LINAC to 
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Figure 2: Wavelength dependence of the cavity loss of 
Al2O3/SiO2 multilayer mirrors. The losses of mirrors 
manufactured in the previous work are shown by 
squares and circles, while the loss in the present work 
is represented by triangles. 

Figure 3: New optical cavity system. 

Figure 4: Photograph of a part of new beam 
transport system. The place where previous beam 
transport located is indicated by dashed line. 
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an entrance of the storage ring and focused into a septum 
chamber of NIJI-IV. The final tuning of beam parameter 
is now in progress. 

DUV FEL APPLICATION 
  Recently, performance of the NIJI-IV FEL was 
improved at the deep UV (DUV) around 200 nm by both 
optimizing the transmittance of the output coupler and 
increasing stored electron-beam energy [3]. Thus we can 
make real-time observation of chemical reactions on a 
transition metal surface using a photoelectron emission 
microscopy (PEEM). The metal surface was irradiated by 
an FEL or spontaneous emission from ETLOK-II at a 
wavelength of 202 nm, and the catalytic CO-oxidation 
(2CO + O2 →2CO2) on a Pd(111) single crystal surface 
has been investigated by introducing CO and O2 gases at a 
pressure of  ~10-5 Pa [4]. Figure 5 shows the setup for 
FEL-PEEM measurement. The PEEM system (STAIB 
Instrumente, type 350) is only applicable at pressures 
below ~10-5 Pa, since a micro channel plate (MCP) image 
intensifier equipped in the system requires a vacuum of 
better than ~10-5 Pa during operation. A differential 
pumping is necessary for observation of chemical reaction 
under higher pressure. Therefore we prepared a turbo 
molecular pump (Varian Turbo-V70LP) that is being 
added to a differential pumping port close to MCP. We 
are planning to observe chemical reactions on the 
transition metal surfaces at higher pressure of  ~10-3 Pa.  

SUMMARY 
An FEL with wide wavelength range from the VUV to 

IR has been studied based on compact storage ring NIJI-

IV. To shorten the lasing wavelength, Al2O3/SiO2 
multilayer mirrors optimized at 195nm were improved 
and the cavity loss of the original mirrors was 
successfully reduced by 30%, compared with that of 
previous ones. The preparation for the lasing in the IR 
region is also proceeding. The beam transport system in 
NIJI-IV has been modified to make space for the optical 
cavity of the IR FEL. Furthermore, in order to stabilize 
the FEL oscillations in the UV/VUV regions, new optical 
cavity system holding two in-vacuum interchangeable 
mirrors has been installed, which was composed of heavy 
granite base and five-axis manipulators. This will enable 
us to carry out reproducible FEL application experiments, 
such as real-time observation of surface chemical 
reactions. 
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DISPERSION EFFECTS IN SHORT PULSE WAVEGUIDE FEL

N. S. Ginzburg, E. R. Kocharovskaya, A. S. Sergeev  IAP RAS, Russia.

Abstract
The influence of waveguide dispersion on the FEL 

operation driven by short electron bunches is studied. 
Under the assumption of a high quality resonator, a 
parabolic equation for the evolution of the profile of 
electromagnetic pulse is derived. The condition of self-
excitation are found by means of an analytical theory 
describing a structure of supermodes as the sum of 
resonator eigenmodes with locked phases. It is 
demonstrated that due to waveguide dispersion FEL is 
able to generate not only for positive but also for negative 
cavity detuning. The transient and nonlinear stages of the 
free-electron laser operation are analyzed by the computer 
simulation, and the optimal mismatches of group and 
cavity synchronism conditions are found. 

INTRODUCTION
The mode-locking regime is typical for free-electron 

lasers (FEL) driven by a train of short electron bunches. 
In this regime, the electromagnetic radiation consists of 
micropulses with a duration nearly equal to that of the 
electron bunches. Both pulses (electron and 
electromagnetic) travel together through the resonator, but 
shift slightly away from each other due the difference 
between the wave group velocity and the electron 
velocity. Once they reach the right-hand mirror, the 
electron pulse escapes from the resonator, while the 
electromagnetic pulse reflects and comes back to the left-
hand mirror at the time when the next current pulse 
arrives.  

In short wavelength (optical, infrared) FEL experiments 
[1-4], the group velocity of electromagnetic pulses 
exceeds the velocity of electron bunches. To provide 
generation under such conditions, a specific mismatch 
between a period of electromagnetic pulse round trip over 
a resonator and a period of bunch injection was used. 
However, in some experimental investigations of long 
wavelength FELs [5-8], a waveguide may be used, so that 
the specific waveguide dispersion allows one to realize 
“zero-slippage” condition, for which the group velocity of 
electromagnetic pulse is equal to the longitudinal velocity 
of electrons. Under such conditions, mutual 
synchronization of radiation from different parts of 
electron bunches occurs due to dispersive spreading of the 
electromagnetic field, whereas localization of radiation 
near electron bunches is caused by its guiding properties 
[9,10]. 

In the present paper, a theoretical model of waveguide 
FEL is developed which takes into account the waveguide 
dispersion. Under the assumption of a high quality 
resonator, a parabolic equation for the evolution of the 
profile of electromagnetic pulse is derived. The linear, 
transient and nonlinear stages of the FEL operation are 
investigated, both analytically and numerically, and the 

optimal conditions are found. 

THE MODEL AND BASIC EQUATIONS 
Let us suggest that the radiation pulse propagating 

through a waveguide circulates between two mirrors (with 
reflection coefficients ), which are placed at some 
distance, . Let FEL be fed by short electron pulses of 
duration , which is essentially less than both the 
round-trip of the radiation in the cavity ,
and the repetition period of an electron bunch injection, 

. During n-the pass through a resonator, the field can 
be represented as  

1,2R

0L

p

02 /R gT L v= r

iT

0 0

0 0

( , ) exp( ( ))
Re ( ) ,

( , ) exp( ( ))
n

s
n

A z t i t h z
A E r

A z t i t h z

where Es  is a function, describing the profile of a given 
transverse waveguide eigenmode,  is the reference 
frequency, and  the longitudinal wave 
number. Resonant electron-wave interaction takes place 
under the synchronism condition, 
where  is the bounce frequency, 

 the undulator period. We will 
consider the excitation of a resonator by a train of short 
electron bunches under the following conditions: 

0

0 ( )h h= 0

h = u

0 0 ,h v

uh v=

2 / ,u u

the reflection coefficients are close to unity, 
 and the changes of the wave amplitude 

during one pass are very small; 
1,2 1R

dispersion spreading of the electromagnetic 
pulse during one pass over the resonator is small as 
well.

Under these approximations, we can replace the 
discrete variable n  (pass number through the resonator) 
by a slow time  with the period of one round trip, 
taken as a time unit. Evolution of the pulse profile along 
the resonator can be described by the parabolic equation 
(for details see [9]):  
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where 
2

0
0

1 iI e d  is the synchronous harmonic 

of the beam current,  the wave group 

velocity, |

/grV h
2h2ˆ | /  the wave dispersion parameter, 
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0 / (1grQ l V R R1 2 )  the resonator Q-factor,  the 

peak current of electron bunch, 

0I

21/ 1  the 
relativistic Lorentz factor,  the norm of the operating 
mode,  the electron-wave coupling coefficient, 

sn
( )f y  a 

function, describing the electron pulse profile, 
/( )n eeA m c  the dimensionless wave amplitude. 

Taking into account the cavity detuning 
, we use an independent time variable, ˆ ( ) /i RT T TR

ˆ ˆ/ gry t z V .
Under assumptions described above, we can relay upon 

the periodical boundary conditions: 
                        (2)ˆ ˆ( , ) ( , )Ry y T

and expand the field and the beam current into Fourier 
series:

  (3)
ˆ ˆ( , ) ( ) exp( 2 / ),

ˆ( ) exp( 2 / ).
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An amplitude of each harmonic , can be treated as 
an amplitude of cavity eigenmode with the longitudinal 
index .

ma

m
Assuming a small variation of electron energy 

2E m ce  and neglecting the Coulomb interaction, the 
electron motion equation can be presented in the form  
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with the boundary conditions: 
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where  is the initial mismatch of 

synchronism at the reference frequency, 
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inertial bunching parameter. With the use of normalized 
variables,  
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the function describing electron-pulse profile, 

1 1
gr  is the relative value of the detuning of 

“zero-slippage” condition. The normalized energy stored 
in electromagnetic pulse is give by relation  
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THE LINEAR THEORY 
Linearizing the equation of electron motion (see Eq. 

5b), we obtain an equation for the electron current: 

                          
2

I ia                          (6) 

Using the expressions (3) we find all harmonics of current  
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As a result for the amplitude of each mode  from (5a) 
taken into account (7) we obtain 
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Obviously the diagonal elements of the matrix 
coincide with the expression for a complex electron 
permittivity found in [9, 10]. 

m
nC

Representing the solution of Eq. 8 in the form 

ˆm m
ia e a  where  is a complex frequency, we get 

the algebraic equations for the supermodes of the 
resonator excited by a train of electron bunches: 

                                                        (9) ˆ ,m
m n

n
i a D ân

.where 
Assumed for simplicity that the electron pulse has the 
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rectangular form with normalized duration 

0 /c cT P , we obtain the following expression for 

the elements of the matrix :mnD
( ) / 2 ( ) / 2 / 2

2

2 2 2 2

2

( )

2 2
1.

i k k T i k k Tn m c n m c ik Tm c
m
n

n m

ik L ik Lm n

m n m n m n

e e e
D

T k

ie ie i i L L

k k k k k k

m m
i i

T T

k

The starting condition of generation corresponds to the 
equality
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Figure 1: Normalized profile (a) and spectrum (b) of the 
supermode for the dimensionless parameters: 4cT ,

1, , 2.3L .3 . Resonator eigenmodes 
amplitudes are shown by blue dotes. 

A spatial structure of supermodes calculated via eigen 
vectors of the matrix  is shown in Fig. 1a; it is a 
superposition of longitudinal resonator eigenmodes. 
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Figure 2: Dependence of the starting length, stL  a) on the 
cavity detuning : 1 for dispersive parameter .3 , and 
2 for the absence of dispersion and b) on the 
dimensionless electron bunch duration .cT

Note that wave dispersion, playing a part of feedback, 
allows FEL to generate even in the case of negative 
values of the cavity detuning ( , see Fig. 2a, curve 
1), for which the resonator can not be excited in the 
absence of dispersion (see Fig. 2a, curve 2). The 
increasing of the electron bunch duration leads to the 
decrease of the generation threshold (see Fig. 2b). For 
long electron bunch duration  this value as well as the 
cavity detuning does not practically influence the 
generation threshold. 

0<

cT

COMPUTER SIMULATION OF THE 
NONLINEAR STAGE 

The nonlinear stage of the electron-wave interaction 
was analyzed on the basis of computer simulation of Eqs. 
5. The electron bunch profile has a rectangular form with 
normalized duration . Three basic regimes of the FEL 
generation have been observed when the value of current 
exceeds the generation threshold: a) stationary regime 
(see Fig. 3), b) periodic self-modulation (see Fig. 4a), c) 
chaotic self-modulation (see Fig. 4b). 

cT

At a small excess over the generation threshold, a profile 
of the field and its spatial spectrum are closed to those 
found from the linear analysis (see Fig.1). The dynamics 
of electromagnetic pulse profile become more 
complicated with increasing the dimensionless resonator 
length, L  (see Fig.3). 

Figure 3: Regime of the stationary generation: 4.4L ,
,T=25.6 0.5 , 4cT , 0.3 ,: a) time–space 

evolution of an envelope of the electromagnetic pulse; b) 
time dependence of the electromagnetic pulse energy W :
for comparison the case of the absence of dispersion is 
shown by curve 2. 

Figure 4:Time–space evolutions of an envelope of 
electromagnetic pulse in the regime of periodical (a) 
( 4.4L , , T=25.6 4 , , 4cT 1) and chaotic 
self-modulation (b) ( 10L , T= ,51.2 1, 6cT ,

1).

The self-modulation regime may be reached by two 
ways: via increasing the dimensionless length L  and/or 
via enlarging the cavity detuning . Possible quasi-
periodical behavior is demonstrated in Fig. 4a. 

At large excess over the generation threshold, the 
chaotic regime of generation takes place (see Fig. 4b). At 
extremely large excess over the generation threshold, the 
pulse envelope evolves in a complicated stochastic 
manner, so that the generated radiation is distributed 
quasi-homogeneously over very wide spectral range of 
the resonator eigenmodes. According to estimates all 
these regimes are reasonable for the waveguide FEL to 
provide variety of applications (see Fig.5). 
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Figure 5: Zones of stationary (1), periodical (2) and 
chaotic (3) generation on the plane of dimensionless 
length L  and cavity detuning  for 1, 4cT ,

. Zone (4) is absence of generation. 51.2T

The stationary regime, when one supermode is 
generated, has been investigated in detail for various 
parameters of dispersion, the detuning of “zero-slippage” 
conditions and cavity detuning. At the limit 0  and 

0  the equations (5) transform into the equations for 
the case of group synchronism [5, 6, 10]. Numerical 
simulation of the equations (5) at small values of the 
parameter , allows us to determine an optimal relation 
between all FEL parameters, , L ,  and Tc , which 
gives the maximum field amplitude, i.e., provides the 
most effective interaction between the electromagnetic 
pulse and the electron bunches.  

Note also that a superradiant (nonstationary) type of 
operation regime [11] can be realized for small negative 
cavity detuning  (see Fig. 6).

Figure 6: Superradiant operation 
regime: , ,4.4L T=51.2 0.5 , ,16cT 0.3 ,: a) 
time–space evolution of an envelope of the 
electromagnetic pulse; b) time dependence of the field 
energy.

CONCLUSION 
In conclusion, we develop both linear and nonlinear 

theory to describe regimes of operation of the waveguide 
FELs with finite detuning of “zero-slippage” condition 
and cavity detuning.  

On the base carried out theoretical analyze it were 
estimated parameters of generated radiation for KAERI 
THz FEL ( 100 m ) [7, 8]. The experiments were 
done for an electron bunche of duration 30p ps, an 
electron current  A, particle energy MeV, the 
undulator period 

0.5 6.5
25u mm, the undulator length 2 m, 

amplitude of undulator field kG, transverse sizes of 
the plane waveguide 

6
30d mm, mm, resonator 

losses  Above physical parameters corresponds to 
dimensionless ones of length of interaction 

2b
10%

7L . From 
simulations the duration of electromagnetic micropulse 
is ps (relative spectrum width ) and peak 
power 30kW. The value of spectrum width corresponds to 
experimental date, but experimental value of peak power 
is much less the theoretical limit that in particular can be 
explained by the parameter spread in the real electron 
bunches. 

20 1.5%
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Abstract 
The cavity mirrors of the SR-FEL at 355nm and 248nm 

central wavelengths are developed experimentally with 
the fused silica substrate and 
“HfO2/SiO2+Al2O3/SiO2+M-SiO2” optical coatings. 
The electron-beam evaporation and ion-beams sputtering 
are used as the deposition technologies.  After heating 
condition at 400oC×4hrs, the absolute reflectance and 
wavelength-tunable range is measured with VARIAN-
Cary-5000 spectrophotometer. The experimental results 
show that R=99.45% and Δλ(R≥99.00%) =75nm at 
355nm for the broadband mirror. For the mirror with the 
dual-central wavelength at 355nm/248nm, R= 99.69% 
and Δλ(R≥99.00%)=59nm at 355nm, and R=98.21%, 
Δλ(R≥99.00%)=9nm and Δλ (R≥98.00%) =51nm at 
248nm. 

INTRODUCTION 
Storage-Ring Free-Electron Laser (SR-FEL) is a 

wavelength-tunable, high power, short pulse light source. 
With the optical resonator, SR-FEL will generate a laser 
radiation with the best spatial and temporal coherences, 
tunable wavelength and harmonic radiations, 
simultaneously [1-3]. It is also the best seed light for 
generating HGHG, X-ray laser and γ-ray laser with new 
FEL schemes [1-11]. All of these light sources have a 
potential application in the nuclear physics, atomic 
physics, molecular physics, bioscience and medicine. But 
the high power UV/DUV free electron laser and the 
synchrotron radiation will induce the mirror reflectance 
degradation or direct damage. These will limit the laser 
gain and the development of the SR-FEL toward to the 
shorter wavelength, shorter pulse and higher power in the 
UV/DUV region [1-3,8,12-13]. Thus, it’s very important 
to develop the resonator mirror with the lowest 
absorption, highest absolute reflectance, needed wide 
wavelength-tunable range, highest damage threshold and 
the best resistance to reflectance degradation [1-13]. In 
this paper, report the progress on the experimental 
research of the SR-FEL resonator mirrors at 355nm and at 
355nm/248nm. 

PHYSICAL DESIGN TO MIRROR 
COATING 

The physical design of the mirror coatings is based on 

the experimental results in the Inertial Confinement 
Fusion (ICF) driven by high energy laser and Storage-
Ring Free Electron Laser (SR-FEL) researches from 1982 
to 2006, so that it can integrate the all advantages of 
different physical designs, deposition technologies, film-
growing parameters, post-deposition conditions, and so 
on. Here, a compound mirror coating is designed for the 
broadband mirror coating at 355nm central wavelength 
and the dual-band mirror coatings at 355nm and 248nm 
central wavelengths. It is “HfO2/SiO2+Al2O3/SiO2+M-
SiO2”, where Sub is the material of the mirror substrate, 
fused silica is chosen because of its stable physical 
characteristics. HfO2/SiO2 and Al2O3/SiO2 are two 
coating stacks, M=6 the layer number of the SiO2 top 
layers. Because the HfO2/SiO2 coatings has the largest 
bandwidth and Al2O3/SiO2 coatings has the highest 
damage threshold in the UV/DUV region, as found by 
LANL, LLNL, CIAE scientists in the research of ICF 
driven by high-energy laser [13-18]. And the top-layer 
SiO2 has an evident effect to increase the damage 
threshold of the mirror coating as found by above 
researchers [13-18], and to resist the reflectance 
degradation induced by the synchrotron radiation and the 
UV/DUV FEL as found by the ELETTRA scientists 
[8,12]. The theoretical design are listed in table.1, where 
H is HfO2, H` is Al2O3, L and L` are SiO2. Since the 
damage threshold of the Al2O3/SiO2 mirror coatings is 
higher than that of the HfO2/SiO2, the absorption 
coefficient of Al2O3 material is lower than that of HfO2 

materials, and the laser intensity of the coherent standing-
wave electric field in the topmost layers of mirror coating 
is higher than that in the inner. Thus, the Al2O3/SiO2 
coating stack is set above the HfO2/SiO2, the top-layers 
SiO2 is put on the HfO2/SiO2 coating stack. The basic 
structures of the mirror coatings are “Sub.-LL-(0.5H-L-
0.5H)[12-pair]/ 355nm-(0.5H`-L-0.5H`)[25-pair]-LL-
4L`/320nm” for the broadband mirror at 355nm and 
“Sub.-LL-(HL)[11-pair] /355nm-H-(LH)[11-pair]/248nm-
H`-(LH`)[20-pair]-LL-4L/212nm” for the dual-band 
mirror at 355nm/248nm. 

DEPOSITION TECHNOLOGY AND 
PARAMETER 

The past experiment research has shown that, for an 
optimized mirror coating design, the deposition 
technology and parameters have a strong and direct 
affection to the realization of the physical design. As 
found by LLNL scientists in ICF research, a mirror 
coatings will have a higher damage threshold when 
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deposited by electron-beams evaporation (EBE) than by 
ion-beams sputtering (IBS) deposition [14]. But, as found 
by ELETTRA scientists in the SR-FEL research [8,12], 
when deposited by IBS technology, the oxide coating of 
the resonator mirror will have resistance to the reflectance 
degradation induced by FEL and synchrotron radiation. 
Thus, in our experimental research, the 
“HfO2/SiO2+Al2O3/SiO2+2-SiO2” part of the mirror 
coatings is deposited by EBE technology with 
LEYBOLD-APS-1104 machine; the rest 4-SiO2 film 
layers are deposited by IBS technology with VECCO-
SPECTRA-IBS machine, so that these cavity mirror will 
have high damage threshold to laser radiation and 
resistance to synchrotron radiation, simultaneously. The 
deposition parameters are listed in table 2. 

In Table 1, the leaked oxygen is used to re-oxide the 
dissociated oxygen molecular to increase the damage 
threshold of coatings further, as found by IECAS 
scientists in ICF and FEL researches [13]. Finally, the 
fresh sample is conditioned at 400°C×4hrs to decrease 
the absorption of the mirror coating and increase the 
absolute reflectance and damage threshold together. The 
step-size of temperature increase is 70°C/1hr. After 4-
hour continuous treatment, the mirror sample will cool 
down naturally to room temperature. Then, they are 
measured. 

Table 1: deposition technology and parameters for SR-
FEL mirror coatings. 

Deposi t ion 

 technology 
Deposi t ion parameter  

V(HfO2) 0 .5nm/s  

V(Al2O3) 0 .5nm/s  

V(SiO2) 0 .6nm/s  

T  185°C 

Elec tron-
beams  

evapora t ion 

P(O2) 1 .5×10[-
4]mbar  

V(M-SiO2) 0 .3nm/s  

T  120°C Ion-beams  

sput ter ing 
P(O2) 4 .0×10[-

4]mbar  

Heating 
condit ion 400°C×4hrs 

 

EXPERIMENTAL RESULT AND 
DISCUSSION 

The spectral performance of the SR-FEL mirror 
coatings is measured with the spectrophotometer 
VARIAN-Cary-5000. The parameters include the 
absolute reflectance at the central wavelength and the 
bandwidth corresponding to the absolute reflectance 

higher than 99.00%, i.e., the top width of the reflectance 
spectrum. 

Broadband Mirror Coatings at 355nm 
In Fig.1 was shown the spectra of the absolute 

reflectance for the broadband mirror coatings at 355nm 
before and after heating condition. The top width with the 
reflectance higher than 99.00% is listed in Table2. From 
Fig.1 and Tab.2, it shows, after heating condition, that the 
absolute reflectance at 355nm central wavelength is 
R(355nm)=99.45%, the wavelength-tunable range is from 
406nm to 331nm, i.e., Δλ(R≥99.00%)=75nm. Relative to 
the R` and Δλ` of the fresh mirror sample without heating 
treatment, the average increases of the absolute 
reflectance and the wavelength-tunable range in the top 
region are ΔR= 0.39% and Δλ*=7nm, where ΔR and Δλ* 
are defined as 

( )∑
=

−=Δ
N

j
jj

RR
N

R
1

)`()(1 λλ  

`* λλλ Δ−Δ=Δ  

 

 
Figure 1: The spectral performances of the broadband (a) 
and dual-band (b) SR-FEL mirror with heating condition 
at 400°C×4hrs and without for the fresh samples. They 
are measured with varian-cary-5000 spectrophotometer. 
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Dual-band Mirror Coatings at 355nm/248nm 
In the Figure 1 was also shown the spectra of the 

absolute reflectance for the dual-central wavelength 
mirror coatings at 355nm/248nm on fused silica substrate. 
The absolute reflectance higher than 99.00% is listed in 
Table 3. From these experimental data, it can be seen that, 
for the mirror coatings after heating condition, all the 
characteristics of the first band at 355nm is similar to that 
in Fig.1. It has a perfect shape. At the central wavelength 
355nm, the absolute reflectance and wavelength-tunable 
range are R=99.69% and Δλ(R>99.00%)=373nm-
314nm=59nm; Relative to the experimental data (R` and 
Δλ) in the Fig.1 for the fresh sample without heating 
treatment, the average increase of the absolute reflectance 
and wavelength-tunable range are ΔR= 0.73% and 
Δλ*=26nm, defined as above.  

In the second band at 248nm for the sample with 
heating condition, the absolute reflectance is less than 
99.00% at most of the wavelengths. The reflectance at 
248nm central wavelength is only R(248nm)=98.21%. 
Only in the wavelength ranges of (275-272)nm and (240-
234)nm, the absolute reflectance is higher than that 
99.00% and Δλ(R≥99.00%)= (275-272)nm+(240-234) 
nm=9nm.  At most of the wavelengths, the absolute 
reflectance is ranged from 98.00% to 99.20%, its 
corresponding wavelength-tunable range is 
Δλ(R≥98.00%) =33nm. Relative the optical spectrum of 
the fresh mirror coatings without heating treatment, its 
average increase of the absolute reflectance and 
wavelength bandwidth are ΔR(R≥98.00%)=1.04% and 
Δλ*(R≥98.00%)=9nm. 

Table 2: The absolute reflectance and wavelength-tunable 
range of the SR-FEL broadband mirror at 355nm 

λ/nm 406 405 401 400 

R/% 99.02 99.10 99.55 99.67 

R`/% 97.89 98.02 99.01 99.25 

λ/nm 341 333 332 331 

R/% 99.73 99.67 99.64 99.38 

R`/% 98.65 99.02 98.53 97.73 

Δλ/nm 
Δλ (R>99.00%)=406nm–331nm=75nm, 

Δλ`(R`>99.00%)=401nm–333nm=68nm 

Table 3: The absolute reflectance and wavelength-tunable 
range of the SR-FEL mirror at 355nm/248nm. 

λ/nm 373 364 363 355 330 

R% 99.17 99.73 99.79 99.69 99.46 

R`/% 97.54 98.83 99.01 99.14 99.04 

λ/nm 323 322 316 314 283 

R% 99.30 98.97 99.09 99.07 98.22 

R`/% 98.87 98.77 97.81 98.39 96.45 

Δλ/nm Δλ(R>99.0%)=(373-314) nm=59nm, 

Δλ`(R`>99.0%)=(363-330) nm=33nm 

λ/nm 275 272 271 270 248 

R/% 99.19 99.12 98.8 79 98.49 98.21 

R`/% 98.16 98.42 98.19 97.88 97.01 

λ/nm 241 240 234 233 232 

R% 98.83 99.17 99.12 98.82 98.09 

R`/% 93.61 98.11 98.53 97.98 96.72 

Δλ/nm 
Δλ (R>98.0%) = (283-259)+( 241-232)=33nm 

Δλ`(R`>98.0%) = (275-271)+(240-234)=10nm 

 

In additional, the highest reflectance is up to 99.19% 
at 275nm. The shortest wavelength with reflectance 
R≥99.00% is at 234nm. The shortest wavelength with 
reflectance R≥98.00% is at 232nm, its reflectance is 
98.09%. The spectral breaking at 244nm may be induced 
by the bandwidth narrowing in the DUV region. Thus, it’s 
necessary to improve the spectral continuity at 244nm 
further. 

From the experimental results for tow types of the 
mirror coatings, we can get the following conclusion. (1) 
Heating condition to the fresh mirror coatings has an 
evident influence on increasing mirror’s absolute 
reflectance and expanding spectral bandwidth. It implies 
that absorption coefficient of the mirror coatings have 
reduced after heating treatment. It’s very important to 
develop the RS-FEL mirror toward the shorter 
wavelength and higher power output. (2) These resonator 
mirrors have get the designed absolute reflectance and 
spectral bandwidth. Thus, it can be used as the SR-FEL 
resonator mirror. 

CONCLUSION 
Today’s experimental results show that it’s possible 

to develop the SR-FEL cavity mirror with an absolute 
reflectance higher than 99.00% and wavelength-tunable 
range from 10nm to 75nm in the UV/DUV region. It is 
very effective to develop the SR-FEL mirror coatings 
with a compound optical design, a combined deposition 
technologies of electron beams evaporation and IBS, 
oxygen-leaked method, and heating treatment. 

ACKNOWLEDGEMENTS 
The research work is supported by the natural 

science foundation of China (NSFC) with the project No. 
10475081. The authors gratefully thank NSFC for her 
support. 

REFERENCES 
[1] Patrick G. O’Shea and Henry P. Freund, “Free-

Electron Laser: Status and Applications”, Science, 
292(2001) 1853-1858. 

[2] S. V. Milton, E. Gluskin, N. D. Arnold, et al, 
“Exponential Gain and Staturation of a Self-

TUPPH027 Proceedings of FEL 2006, BESSY, Berlin, Germany

384 FEL Oscillators and Long Wavelength FELs



Amplified Spontaneous Emission Free-electron 
Laser”, Science, 292(2001) 2037-2045. 

[3] L. H. Yu, M. Babzien, I. Ben-Zvi, et al, “High-Gain 
Harmonic-Generation Free-Electron Laser”, Science, 
289(2000) 932-934. 

[4] Jialin XIE, “Current FEL Development in China”, 
Proc. 2nd Asian Particle Accelerator Conf., Beijing, 
China, 2001, 215-220. 

[5] B. C. Zhang, K. Zhao, J. K. Hao, et al, “High 
Average Current Superconducting Accelerator At 
Peking University”, Proc. 2nd Asian Particle 
Accelerator Conf., Beijing, China, 2001, 97-99. 

[6] CHEN Nian, HE Duohui, LI Ge, at el, “General 
design of coherent harmonic generation storage-ring 
free-electron laser of NSRL”, Nucl. Techn., 27(2004) 
405-408, (in Chinese). 

[7] D. NUTARELLI, D. Garzella, E. Renault, et al, 
“Super ACO FEL Oscillation at 300nm”, Nucl. Instr. 
And Meth.. A 445(2000) 143-148. 

[8] St. Gunster, A. Gatto, M. Trovo, et al, “VUV Optics 
Development for the ELETTRA Storage Ring FEL”, 
Proc. 2004FEL Conf., 2004, 233-236. 

[9] K. Yamada, N. Sei, H. Ohgaki, et al, “Characteristics 
of the NIJI-IV UV-VUV FEL System-Toward Lasing 
Down to 150nm Using a Compact Storage Ring”, 
Nucl. Instr. And Meth.. A 475(2001) 205-210. 

[10] Vladimir N. Litvinenko, Seong Hee Park, et al, 
“Operation of the OK-4/Duke Storage Ring FEL 
below 200nm”, Nucl. Instr. And Meth.. A475 (2001) 
195-204. 

[11] M. Hosaka, S. Koda, M. Katoh, et al, “Recent 
Progress of the UVSOR”, Proc. 2th Asian Particle 
Accelerator Conf., Beijing, CHINA 2001. 

[12] A Gatto, J. Heber, N. Kaiser, et al, “High-
performance UV/VUV optics for the storage ring 
FEL at ELETTRA”, Nucl. Instr. And Meth.. A483 
(2002) 357-362. 

[13] GAO Huailin, WANG Naiyan and SHAN Yusheng, 
“Experimental Investigation on the Resonator mirror 
of the SR-FEL and ICF KrF Laser”, High Energy 
Physics and Nuclear Physics, 29(2005)99-103, (in 
Chinese). 

[14] Ralph Berggren and James D. Boyer, “Optics 
Technology for KrF laser”, Inertial Confinement 
Fusion at Los Alamos, Progress Since 1985, Vol.I, 
Chapter VII, 1989, 1-8. 

[15] F. Rainer, D. Milan and W. H. Lowdermilk, “Laser 
damage thresholds of thin film optical coatings at 
248nm”, NBS Special Publication, 638(1981) 339-
343. 

[16] GAO Huailin, SHAN Yusheng and WANG Naiyan, 
“Research on the UV Dielectric Coatings with High 
Damage Threshold”, Chinese J. Laser, B6(1997) 
229-237. 

[17] Arthur H. Guenther, “Optical Damage: Boulder and 
Beyond”, Lasers & Optronics, Oct.,1989, 57-62. 

[18] Stephen R. FOLTYN and Brian NEWNAM, 
“Ultraviolet damage resistance of dielectric reflectors 
under multiple-shot irradiation”, IEEE J. QE, 
17(1981) 2092-20. 

 
 

Proceedings of FEL 2006, BESSY, Berlin, Germany TUPPH027

FEL Oscillators and Long Wavelength FELs 385



THE RESEARCH OF FIR-FEL IN CAEP 

Xingfan Yang#, Ming Li, Xiao Jin, Weihua Li, Zhou Xu 
Institute of Applied Electronics, CAEP, China.

Abstract 
The research of FIR-FEL has been undertaken about 10 

years in CAEP (China Academy of Engineering Physics) 
and first lasing at center wavelength 115 μm was 
observed in March 2005. The facility consists of RF-gun, 
alpha magnet, L-band SW accelerator, beam transport 
line, wiggler, optical cavity and measurement system. At 
present, a high brightness photo cathode RF-gun is 
commissioning, the cathode material is Cs2Te and the 
quadruple light is used. This injector will be used in the 
FIR-FEL project in the second half of this year. In this 
paper, the design consideration, the system layout and 
experiment results are introduced. 

INTRODUCTION 
The research work of FIR-FEL was started in 1997 in 

CAEP. In 1999 the 30MeV RF SW electron linac was 
built, the linac consists three accelerating sections, the 
resonant frequency is about 1.3GHz, a 1+1/2cell 
thermionic RF-gun was used as the injector. When doing 
the FIR-FEL, only the first accelerating section(ACC1) 
was used, the electron energy is about 6.5MeV∼7MeV. 
The FIR-FEL facility consists of RF-gun, alpha magnet, 
ACC1, beam transport line, wiggler, optical cavity and 
measurement system (shown in Fig.1). Based on this 
facility the first lasing was observed in March 2005 and 
the center wavelength was 115 μm. As one important 
direction of FEL the high average power FEL was 
proposed. Two key technology of high average power 
FEL are the high brightness photo-cathode injector and 
the SRF ERL. The high brightness photo-cathode RF-gun 
injector was studied in our Lab in 1999 and the first 
photo-cathode injector with 2+1/2cell was operated in 
2000.In order to study the SRF technology, cooperative 
with the Peking University, we built a superconducting 
cavity. This cavity includes a single cell (the frequency is 
1.3GHz). This cavity was tested in our Lab in 2000, the 
energy gain is about 0.6MeV.  

a-M

Q T

S
BC T

BM P

BM -60 A CC1

RF G un

Fig.1: the schematic of the FIR-FEL facility. 

THERMIONIC CATHODE RF GUN 
INJECTOR 

The study of FEL needs the high brightness electron 
beam with small energy spread. The beam quality is 
mainly determined by the injector. The development of 
high-brightness electron sources has been a challenging 
project for many years. RF gun is one kind of high 
brightness electron source which developed for the 
purpose of FEL research in 1984[1]. It has high electric 
field. The electron was accelerated to the light speed in 
a short distance, so the space charge effect has been 
reduced efficiently and easy to get the small emittance. 
There are two kinds of RF guns, one is the thermionic 
cathode RF-gun, the other is photo-cathode RF gun. 
The work of thermionic RF gun in our Lab is 
introduced in this section and the photo-cathode RF gun 
will be introduced in the next section. The advantages 
of thermionic cathode RF gun are the simple 
construction, operating reliability and low cost, it acts 
as an important role in the research of FEL especially at 
the beginning and it has been studied in detail. We built 
thermionic RF-gun as the injector for the 30MeV linac. 
The drawback of this kind of injector is the relative 
larger energy spread aroused by the wide capture phase 
and electron back bombardment. In order to decrease 
the electron back bombardment and obtain good quality 
electron beam, several guns with different structure 
have been built and experimented in our Lab. The 
SUPERFISH and PARMELA codes were used for the 
accelerating structure design. The ring cathode RF gun 
was tested also, but the experiment result was not good. 
Finally the 1+1/4cell gun was selected (shown in Fig.2), 
the electric field on the axis was measured using 
network analyser (shown in Fig.3). It was built in 
2004(shown in Fig.4), the cathode material is LaB6, the 
diameter is 5mm and the electron energy of this injector 
is about 1.5MeV. Using this injector, the FIR-FEL 
stimulated emission was observed. 

 

 
Fig.2: the schematic of the thermionic cathode injector. 
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 Fig.3: the electric field on the axis. 

 

Fig.4: the thermionic cathode injector. 

PHOTO-CATHODE RF GUN INJECTOR 

The photo-cathode RF gun injector developed from

 

1985[2], comparing with the thermionic cathode RF-gun 
injector, the photo-cathode RF-gun is more adaptive to the

 

research of FEL, it is easy to get the short pulse with high

 

current and small energy spread. We started to study the

 

photo-cathode RF-gun in 1999, and the first one was buil

t 

in 2000, the electron energy is about 3MeV. In order to

 

develop the 3μm∼8μm FEL, the second photo-cathode 
RF-gun with 4+1/2cell was studied in 2004(schematic

 

was shown in Fig.5, the frequency is 1.3GHz), so the tota

l 

electron energy(including the injector and three 
accelerating sections) is about 37MeV. The electric field 
on the axis was measured using network analyser (shown

 

in Fig.6). It was built in 2005(shown in Fig.7), the

 

focusing solenoid and compensated solenoid were used

. 

This injector is commissioning at present. 

 

 
Fig.5: the schematic of the photo-cathode injector. 

 
 

 
Fig.6: the electric field on the axis. 

 

 

Fig.7: the 4+1/2cell photo-cathode injector. 
 
The cathode material is Cs2Te and the quadruple light 

is used. The quantum efficiency is about 1%, the electron 
energy is 7MeV. The cathode-driving laser system(shown 
in Fig.8) of the RF photoinjector include the mode-locked 
oscillator(from Time-Bandwidth), diode-pumned 
amplifier and FHG (fourth harmonic generation). The 
average power of the oscillator is 10W , the timing jitter 
is 0.56ps, the width is 11.9ps at a repetition rate 
54.167MHz . Micropulse energies is 3μJ of 266nm light.  

 

 
 
Fig.8: Optical Schematic of the cathode-driving laser 

system F, the Flady isolator.P, pockel .HR, high reflector. 
 

THE WIGGLER 
The Wiggler is one of the most important components 

for FEL and it is the region where the relative electron 
and the radiation field will interact. It’s performance, such 
as the peak field, good field aperture etc. will determine 
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the FEL gain when we calculate the relative electron 
performance. A NdFeB-FeCoV hybrid wiggler has been 
designed and built for CFEL. More than 10mm good 
aperture and as high as 3235 Gs peak field were achieved 
with a 18 mm gap (shown in Fig.9). The trace simulation 
for a single electron showed that the center offset was less 
than 0.1 mm, the electron trajectory was simulated(shown 
in Fig.10), and the ratio of the small signal gain versus the 
ideal small signal gain was more than 98 percent. 
Recently, we’ve observed the resonance light in the 115 
um FIR-FEL experimental study which used this wiggler. 

 
Fig.9: the wiggler. 

 
Fig.10: simulation trajectory of the electron in the wiggler.

THE STUDY OF SRF TECHNOLOGY 
In order to get the high average FEL power, the high 

average electron beam power should be provided first, 
and the machine should be operated in the CW condition 
thus the SRF is required. SRF ERL technology is the 
practical way to obtain the high average power FEL and 
proved by JLAB[3]. Cooperate with the Peking 
University, we built a facility to study the SRF technology, 
(shown in Fig.11), at this facility the 2+1/2cell photo-
cathode injector was used. The high average power FEL 
was proposed and we will begin to build the SRF ERL 
machine in the next years.  

Beam Diagnosis

Helium Liquefier

Control System

Mode-Locked Laser

Photo-Cathode

KL-28

2+1/2 RF Gun

Vacuum System

Superconducting Cavity

500W CW

Cryostat

 
Fig.11: the schematic of the SRF test facility. 

THE FIR FEL EXPERIMENT 
The parameters of the FIR-FEL facility is shown in 

table 1.The macro-pulse current is measured by BCT and 
the beam currents are measured at the different position of 
the beam line, shown in Fig.12. The width of the micro-
pulse is measured by the streak camera. The microwave 
power of the injector and ACC1 are provided by a 
klystron with 10MW. The stimulated signal is obtained in 
the March 2005, shown in Fig.13 and the spectrum of the 
stimulated signal is measured using grating analyser, 
shown in Fig.14, the center of the spectrum is 115μm, the 
width of spectrum is about 1%. 

Table 1: parameters of the FIR-FEL facility 
Energy          6.5MeV Normalized emittance 

20πmm⋅mrad 
Macro-pulse current 
130mA 

Number of wiggler periods 
44 

Macro-pulse width     4μs Period length 32mm 
Micro-pulse current    4A Wiggler gap 18mm 
Micro-pulse width     25ps Magnetic field 3250Gs 
Energy spread             1% Optical cavity length 

2536mm 
 

 
Fig.12: the beam current at the different position on the 
beam line, measured with BCT. 

 

 
Fig.13: the FEL stimulated emission signal. 

 
Fig.14: the spectrum of the stimulated signal.  
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CONCLUSION 
We have made great efforts in the research of FIR-

FEL, and obtained the stimulated emission in 2005. The 
thermionic-cathode and photo-cathode RF gun injectors 
have been built. The high power FEL project was 
proposed and a single cell superconducting facility was 
built and tested. The next step we will build the SRF 
energy recovery Linac. 
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Abstract 

The possibility to develop powerful FEMs capable for 
physical and industrial applications is being studied at 
Tel-Aviv University, IAP RAS, JINR and The University 
of Liverpool within the framework of the INTAS 
collaboration project. Present paper summarizes the 
progress in three successful FEM experiments: (1) 
Electrostatic-accelerator driven 70-130 GHz Tandem-
FEM with kW-level pulse power (Tel-Aviv University); 
(2) Linac-driven 30-GHz FEM with pulse RF power of 
~ 20 MW (JINR + IAP RAS); (3) Sub-relativistic e-beam 
industrial FEM tunable over X-band with output power 
up 1 kW (The University of Liverpool). 

INTRODUCTION 
Free electron masers (FEMs) are among the main 

sources of powerful microwave pulses from X to W-
bands. Interest to such sources is caused by the large 
number of potential physical and industrial applications, 
requiring a wide variety of the radiation parameters. For 
example a new generation of the accelerators (SLAC, 
CERN etc.) requires sources of ~100 MW pulse power at 
30-38 GHz with a narrow spectrum. Material processing 
stations require kW-level average power. Spectroscopic 
and imaging experiments as well as biological 
experiments, require lower power but fine control and 
tuning of the radiation spectrum. 

Presently there are no ready industrial RF sources with 
parameters necessary for the applications mentioned 
above. Investigations carrying out in collaboration 
between aforementioned Institutes are aimed to partially 
fill up the gap with FEMs from X to W bands for 
different applications including testing components of 
high gradient accelerators and material processing. 
Present paper is devoted to the progress in the 
development of FEMs and their applications. 

70-130 GHz TANDEM FEM 
The Israeli FEM [1] resonator was re-designed in order 

to reduce the overall round-trip losses and achieve control 
on the radiation output-coupling. In its new configuration, 
the resonator consists of overmoded corrugated 
rectangular waveguide and two radiation mode splitters, 

separating the high-energy e-beam from the laser 
radiation. The electron input splitter is based on Talbot 
effect in an overmoded rectangular waveguide. The 
radiation out-coupling is done in the output splitter. It is 
based on novel design and it combines Talbot effect 
between two parallel plates with free space propagation, 
and focusing by two curved cylindrical mirrors in a 
confocal imaging scheme. The waveguide and the 
splitters were tested experimentally, showing improved 
performance in comparison with the former resonator. 
The measured unloaded Q-factor of the new version is 
increased by a factor of ~ 3, attaining up to Q = 25 000. 
Accordingly, the round-trip losses are ~ 23%. Rotating 
grids control the radiation out-coupling allowing wide 
variation for maximization of the radiation output power 
and extraction efficiency. 

Additional R&D work was aimed on increasing 
FEM power by boosting the electron beam energy after 
the radiation build-up. A fine control of the electron beam 
energy during the radiation pulse is designed to 
compensate the small energy degradation during the 
pulse. Also, a controlled ramp (up or down) in the 
electron energy during the pulse will be applicable as 
well. We compared the theoretical estimations of the 
output power in the presence of electron energy change 
during the pulse, to the obtained experimental results. 
Two models, showing good agreement between them and 
with the existing data, were compared: low-gain 
analytical model based on the pendulum equation, and 
rigorous 3D FEM interaction model solved numerically. 
Another expected result of the design is to further extend 
the pulse duration with stable conditions and to obtain 
improved coherency. 

30 GHz JINR-IAP FEM 
The FEM-oscillator has been developed in Ka-band 

during last few years in a collaboration between JINR 
(Dubna) and IAP RAS (Nizhny Novgorod) [2]. These 
experiments aim to develop a pulsed power microwave 
source for testing behaviour of materials in high-Q 
structures under the influence of RF-pulses. Information 
about the life-time of different metals in strong RF-fields 
would be beneficial, in particular, when designing high-
gradient accelerating structures for future linear colliders 
[3]. Such application requires a high power RF-source 
with a narrow frequency bandwidth. In addition, the  
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Figure 1:  Schematic diagram of the JINR-IAP FEM. 

 
radiation frequency should be exactly matched to the 
operating frequency of the accelerating structure, and 
therefore precise frequency tuning is essential for such a 
generator. 

A schematic diagram of the JINR-IAP FEM 
experiments is shown in Fig.1. The induction linac LIU-
3000 (JINR), which generates a 0.8 MeV / 200 A / 250 ns 
electron beam with a repetition rate of 1 Hz, drives the 
FEM-oscillator. Transverse velocity in the magnetically 
guided beam is pumped in a helical wiggler of 6 cm 
period. The main advantages of developed FEM is the use 
of a reversed guide field, which provides high-quality 
beam formation in the tapered wiggler section with a low 
sensitivity to the initial beam spread, alongside with 
Bragg resonator having a step of phase of corrugation, 
which possesses high electrodynamical mode selection. 
As a result, stabile single-mode operation with high 
electron efficiency was achieved in the FEM. At the 
present stage, the FEM generates 20 MW / 200 ns pulses  

 

   Figure 2: Typical oscilloscope traces of the RF-pulse 
              generated by 30 GHz JINR-IAP FEM. 

at 30 GHz with the spectrum width of 6 - 10 MHz (Fig.2). 
Precise tuning of the oscillation frequency of the FEM 

was performed by inserting short sections of smooth 
waveguide between the two Bragg structures. If the phase 
shift between the Bragg structures is varied from 0 to 2π 
the frequency of the fundamental eigenmode moves from 
the lower to the higher edge of the Bragg zone. It is 
important to note that only one high-Q eigenmode exists 
inside the Bragg zone at any value of phase shift, i.e. the 
high selective properties of the resonator are maintained 
over a sufficiently wide frequency band. For a phase shift 
equal to π the frequency of nearly 30 GHz was measured. 
In the experiments frequency tuning was achieved over a 
range of 6%, the spectrum width in all regimes of 
oscillations did not exceed 0.1% (Fig.3). 

The test facility to study surface heating effects at 
30 GHz, which was constructed based on the FEM source 
[4], is shown in Fig.4. The experimental set-up includes a 
two-mirror confocal transmission line and mode 
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Figure 3: Measured dependence of the FEM oscillation 
            frequency on the value of the phase shift of 
            corrugation between the Bragg structures. 
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Figure 4: Schematic diagram of the test facility for studying surface heating effects based on JINR-IAP FEM. 
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Figure 5:  Statistic distributions of pulse duration and RF-power after the test cavity in the series of 104 pulses. 
 

converters to transport the RF-power from the FEM to the 
test cavity. A special copper cavity operating with TE0,1,1 
mode and having Q-factor ~ 1500 was designed to model 
temperature regime in a high-Q accelerating structure of 
the CLIC project. The profile of the cavity surface was 
optimized to enhance the RF magnetic field in a certain 
zone and provide needed temperature rise during each 
RF-pulse. The resonant frequency of the cavities is also 
mechanically tuned to coincide with the frequency of the 
FEM source. A directional coupler is included to control 
both the incident and reflected powers. After a certain 
number of pulses the Q-factor of the cavity would be 
monitored using a network analyzer to detect early signs 
of surface damage. “Cold” tests of all components of the 
experimental set up were carried out and demonstrated 
good agreement with designed parameters. 

Simulations carried out demonstrate principal ability of 
the FEM to be used for the aforementioned application. 
Results of the first experiments also proved possibility of 
the FEM to operate at the high-Q load. When frequency 
of the test-cavity was tuned to the FEM generation 
frequency it was observed that during the RF-pulse the 

reflected signal decreased and the test-cavity became 
transparent. As a result, accumulation of the RF-power in 
the load was achieved. At the present stage the effect of 
the copper surface degradation at 30 GHz was studied in 
the statistics of 105 pulses (Fig.5) at the temperature rise 
of 50 °C during each RF-pulse. The test cavity providing 
temperature rise at the certain zone up to 150 °C was 
designed and the experiments with the statistics of 106 
pulses, which are important for design of CLIC collider 
components (CERN), are in progress currently. 
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Abstract 
We study a new version of FEL amplifier on the base 

of wide sheet electron beams. We suggest using a 
transverse open Bragg structures which can provide 
radiation waveguiding with simultaneous effective mode 
selection (filtration). Theory of transverse current FEL 
amplifier based on planar Bragg waveguides is 
considered.  

INTRODUCTION 
A planar periodic Bragg structure can be used not only 

as resonant elements of FEL oscillators [1-3] but as 
selective waveguides in different new schemes of FEL 
amplifiers. Open Bragg waveguide where wave 
propagates in the direction transverse to the lattice vector 
(Fig.1) can provide high selectivity over the transverse 
coordinate when its size essentially exceeds wavelength. 
In a transverse current amplifier scheme it is beneficial to 
use a grating with a step of corrugation, which results in 
the existence of a single low dissipative mode located 
near defect. The sheet electron beam moves across the 
waveguide to be resonant to one of partial waves forming 
the operating mode. Another way is a traditional 
travelling wave amplifier scheme where electron beam 
moves along waveguide axis. To increase effective size of 

operating mode one ca use  a structure with regular 
longitudinal corrugation that couples two partial waves 
propagating at some angle to the axis to the wave 
propagating directly along the axis. This wave, which in 
moving reference frame is transformed into a cut off 
mode, is excited by the electrons. Analysis shows rather 
high gain and efficiency of the novel schemes with 
simultaneous discrimination of parasitic modes. 

This paper is organized as follows: in the Sect.1 we 
study wave propagation in the Bragg waveguide with a 
step of corrugation to find the mode spectrum of this 
structure. In the Sect.2 we investigate the model of the 
transverse current FEL amplifier. In Conclusion we 
briefly overview another scheme of Bragg amplifier based 
on coupling of some higher mode of the planar waveguide 
and two TEM modes. 

EIGENMODES OF THE OPEN PLANAR 
BRAGG WAVEGUIDE WITH A STEP OF 

CORRUGATION 
We consider a planar waveguide (Fig.4) with weakly 

corrugated walls 
)cos(0 xhll =               (1) 

where 02 l  is the depth of corrugation. Assuming that 

lattice vector 
d

h
π2= , (d is the period of corrugation) is 

directed in x direction.  The coupling exists for TEM 
waves with x- and z- wavenumbers satisfying Bragg 
resonance condition (see Fig.1) 

1 2 1 2; / 2z z x xh h h h h h= = = − =  

We assume that the deflection of the waveguide surface 
)(xl  is much less than the wavelength λ  and the 

corrugation period d : dl ,0 λ<< . In this case 

perturbation of waveguide plates can be treated by using 
the equivalent surface magnetic current [4]. We seek the 
electric and magnetic fields as the linear combination of 
two TEM modes of a corresponding regular waveguide 
(Fig.5): 
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Slowly varying (in the wavelength scale) partial waves 
amplitudes, 

1,2 ( , )A x z  satisfy the coupling equations: 
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2
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m               (2) 

Figure 1: The diagram showing the 
coupling of waves on the Bragg lattice. 

____________________________________________ 

*Work supported by RFBR grants 06-02-17129-а and 05-02-17036-а 
and the Dynasty foundation.  
#ginzburg@appl.sci-nnov.ru 

Proceedings of FEL 2006, BESSY, Berlin, Germany TUPPH033

FEL Oscillators and Long Wavelength FELs 393



where 
2

0

04 2

l h

a k
α =  

is the coupling parameter ( 0a  is the distance between 

plates), λπ /2,)2/( 22 =−= khkh . If we introduce 

an angle ϕ  between the partial wave propagation 

directions ( sin
2

h

k
ϕ = ), the coupling parameter can be 

represented as 

0

sin
4

l
h

a
α ϕ= . 

The maximum value of the coupling parameter takes 
place when the frequency tends to the cutoff frequency 
and the wave vectors of the two partial waves are counter 

directional 
2

πϕ⎛ ⎞=⎜ ⎟
⎝ ⎠

. The coupling parameter and the 

angle ϕ  tend to zero while the frequency shift from the 

cutoff increases.  By seeking seek the solution of the 
eqs.(2) as 

1,2 exp( )A igx iГz+ ,  we have the dispersion 

equation for the unbounded grating 

( ) ( ) ( )2 2 2

2
h g kГ kα= −                        (3) 

where g  and Г are small amendment to the transverse 

and longitudinal wavenumbers 
0/ 2,g h Г h<< << . 

The defect of corrugation in the middle of the 
waveguide can be entered as a π/2 phase step of the 
waveguide corrugation (1) which leads to the change of 
the sign of α in (2) at the point  2/xLx = : 

⎩
⎨
⎧

>−
<+

==
2/|,|

2/|,|
)(

x

x

Lx

Lx
x

α
α

αα  

Using the coupled waves equations (2) one can find the 
eigenmodes of an open in x direction planar Bragg 

waveguide with width xL . In this case the boundary 

conditions for partial waves correspond to the absence of 
reflections and can be presented as follows:  

1 2(0) ( ) 0xA A L= = . 

Taking (2) into account and using the fields continuity 
condition on the step of corrugation, the characteristic 
equation for the bounded grating can be presented in a 
form similar to the theory of Bragg resonators [2]: 

( )
( )

2 2
2

2
2

2 exp( )

exp( )

h
xk

h
xk

Г Г g igL

Г Г g igL

α ⎡ ⎤= − +⎣ ⎦

⎡ ⎤+ + −⎣ ⎦

                   (4) 

Equations (3),(4) can be solved approximately in the 
assumption of strong wave coupling ( 1xLα >> ). The 

spectrum of longitudinal wavenumbers consists of the 
single mode at the exact Bragg resonance ( Re 0Г = ) 
(which would be treated as “0”th mode): 
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and a set of higher modes: 
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where 1, 2, 3...N = ± ± ±  are the mode numbers. 

Fig. 2 demonstrates the dispersion diagrams for the 
different mode numbers and the diffraction losses curves 

via the frequency shift from the cutoff 
2

1
k

h
Ω = − . 

It should be noted that expressions (5,6) diverge at 
0h → ,  while the frequency tends to the cutoff. These 

formally infinite diffraction losses appear when the 
applicability conditions of perturbation theory fail to 
fulfill. Nevertheless for practical use of Bragg 
waveguides it is interesting situation  of rather large wave  
group velocities corresponding to large detuning of 
radiation frequency from the cutoff (Bragg frequency) 
where expressions (5),6) are non-divergent. 

 For N>0 the transverse structure of the thN  
waveguide mode represents the distribution close to a 

standing wave with sine wave envelope having N  half-

periods on the length xL  (Fig.3a), while the lowest mode 

distribution is localized near the defect and has the 
exponential transverse structure (Fig.3b). 

 

 
 
 

Figure 2: Dispersion diagrams for different mode 
numbers (left) and diffraction losses curves via the 
frequency shift (right). 
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Diffraction losses of this mode ( Im Г ) are proportional 

to exp( 2 / )xk L hα−  and are very small at large xL , 

while the high order modes have significantly greater 

decrements (they decrease as 
3

1
xL

) than the dominant 

mode decrement. Thus, such wide structures can be used 
for highly selective waveguiding.  

TRANSVERSE CURRENT FEL 
AMPLIFIER  

Transverse current amplifier schemes are well known 
in microwave electronics. In case of a rectilinear electron 
beams such type of interaction can be realized by means 
of oblique corrugation of slow wave structure [5]. In case 
of curves beams the synchronous interaction can be 
realized in smooth electrodynamical systems. One of the 
problems arising in such systems is distortion of the 
transverse field structure by the electron beam [6, 7]. This 
problem can be solved by means of using the open 
waveguides based on Bragg structures which provides 
high selectivity over the transverse mode index. 

We consider a thin over the y coordinate sheet electron 
beam moving in the undulator field and in the uniform 

guiding magnet field 0 0 0H H ξ=
rr

 (the directions of the 

coordinates and ξ are shown in the Fig.4). The beam is 
injected into the waveguide in the direction corresponding 
to the direction of propagation of the one of the coupled 
TEM waves in the waveguide described in the previous 
section and it is synchronous to this mode.  

We consider the electron-wave interaction in the case 
of the undulator synchronism assuming the bounce 
frequency Ω is far from cyclotron synchronism with 
electrons: 

2 , 2II H Hhv T Tω ω π ω π− − >> Ω − >> , 

where 0
0

0 0
H

eH
m cω γ=  is a cyclotron frequency, IIv  is 

the longitudinal velocity of electrons, ( ) 1/ 22 2
0 1 /v cγ

−
= −  

is relativistic factor, T  is characteristic time of 
interaction. We also consider the ultra relativistic case 

0 1γ >> . 

 

 
The process of monochromatic signal amplification in 

the transverse current FEL scheme can be described by 
the equations similar to the nonstationary equations of 
traditional FEL with 1D Bragg resonator [2] with time 
variable replaced by spatial one. These equations describe 
the formation of transverse structure of the fields together 
with their longitudinal structure  
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Here the normalizations, variables and parameters are 
defined as follows: CkzCkxzx ,, =))

, )/(Ckαα =)

, 
2

2,12,1 / CAeKa μ= , θ is electron phase, C is Pierce 

parameter, μ is bunching parameter, K is electron-wave 
coupling parameter, δ is normalized synchronism 
detuning.  

If the input signal is a TEM wave packet entering the 
system under the angle corresponding to the direction of 

propagation of the partial wave 1A , then the boundary 

conditions for (7) take the form  

0 0 0

1 0 0 1 0 2

| 0, | [0, 2 ),

| , | 0, | 0
x

X X

Z X X L

d

dX
a a a a

θ θ θ π= =

= = =

= = ∈

= = =
           (8) 

Results of direct numerical simulation of (7-8) are 

presented in Fig.5. In the Fig 5a the dependence of the 

amplification coefficient  
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on the longitudinal coordinate is depicted. 
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ξ 

Input wave 

Figure 4: The scheme of a FEL amplifier with 
transverse current. 

Figure 3: Transverse structure of modes with N=0 
(a) and N=1 (b). 

a) b) 
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We can estimate the parameters of such system for an 
8mm FEL basing that can be realized on the base of U2 
high current accelerator at BINP RAS, Novosibirsk 
(width of the beam is ~150 cm, energy of electrons 
1 MeV, 

0 3γ = , current density 0 1 /j kA cm= ). We 

assume the undulator period 8ud cm= , undulator field 

amplitude 2uH kOe= , guiding magnetic field 

0 10H kOe= , 0 1a cm=  (the Pierce parameter is 

0.01C = ). At the following parameters of Bragg 
waveguide 0 0.4l mm= , 1d mm= , 50xL cm= , 

160zL cm= , 018ϕ =  one can get the gain  up to 40 dB.  

CONCLUSION  
Another variant of using of an open Bragg structure for 

provision of higher selectivity in a FEL amplifier can be 
based on coupling between two TEM waves ±A  
propagating at some angle to the axis and the wave B with 
a higher y-index propagating directly along the system 
axis. The latter wave is synchronous to the beam 
propagating directly along the axis, while the former 
waves provide the synchronization of radiation over the x 
coordinate. The coupling is provided by the regular 

corrugation with the following Bragg resonance 
conditions xhh 2= , where xh  is the transverse 

wavenumber of TEM modes. This interaction is described 
by the following equations. 

Bi
X

A

Z

A α=
∂
∂

±
∂
∂ ±±  

JAAi
Z

Bi

Z

B ++−=
∂
∂+

∂
∂

−+ )(
2 2

2

α  

These equations are similar to those describing the 
excitation of the FEL oscillator based on coupling of the 
propagating and the trapped waves (see [10]) with 
excitation factor removed into the equations for the higher 
mode. Preliminary estimations show that in this case 
multiplication coefficient also should be rather high. 

It should be noted in conclusion that the considered in 
section 1 system with defect of periodicity can be treated 
as a simple realization of photonic bandgap structures 
[8, 9]. Advantage of these Bragg waveguides is their 
compatibility with powerful sheet electron beam 
transportation system. 
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Figure 5: a) Dependence of the gain on the longitudinal 
coordinate, b) transverse structure of the fields. 
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GENERATION OF NARROW BAND SHORT MM WAVE 
SUPERRADIANCE PULSES IN A NON-UNIFORM PLANAR WAVEGUIDE* 

N. Ginzburg, R. Rozental#, A. Sergeev, I. Zotova, IAP RAS, N. Novgorod, Russia.

Abstract 
A method for suppressing of spurious transverse modes 

excitation in the process of supperradiance from intense 
electron bunch is described. Such method based on the 
use of the waveguide with variable geometry (in the case 
of planar waveguide it is distance between plates). In such 
waveguide phase velocities of the different modes varied 
over longitudinal coordinate. For given waveguide profile 
variations are increased with increasing transverse mode 
indexes. As a result modes with large Brillouin angles 
(including near cut-off modes) which are responsible for 
low frequency radiation suppress more effectively than 
modes with small Brillouin angles. For the case of planar 
geometry this effect demonstrated both in the frame of the 
averaged equations and the full PIC-simulations. 

INTRODUCTION 
Recently significant progress was achieved in 

production of ultrashort pulses in millimeter wave band 
based on supperradiance from intense electron bunch [1-
3]. One of the problems for advance generators based on 
such mechanisms in shorter (first of all sub-mm) wave 
bands is the spectrum broadening caused by the 
simultaneous excitation by an electron bunch several 
waveguide modes in oversized waveguide. For example 
at the fig.1 the dispersion diagram of the 1 MeV electron 
beam propagating through the planar waveguide with 
1 cm gap is shown. Electron beam interacts 
simultaneously with three propagating modes (the 
interaction at the cut-off frequency with the TE1 mode 
could be neglected): with TE2 mode at the frequency of 
about 50 GHz, with TE1 mode at the frequency of about 
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Figure 1: Dispersion diagram of the 1 MeV electron beam 
and planar waveguide with 1 cm gap. 
 

 

150 GHz and with the fundamental TEM mode at the 
frequency of about 200 GHz. 

To suppress spurious interaction we suggest using the 
non-uniform waveguide with tapered radius (cylindrical 
geometry) or distance between plates (planar geometry). 
In such a waveguide the phase velocities of the different 
modes varied over longitudinal coordinate. For given 
waveguide profile variations are increased with increasing 
transverse mode indexes. As a result modes with large 
Brillouin angles (including near cut-off modes) which are 
responsible for low frequency radiation suppress more 
effectively than modes with small Brillouin angles. In 
planar waveguide situation is even more preferable 
because phase velocity of fundamental TEM mode is 
totally independent on the distance between plates. 

BASIC MODEL 
Let us assume, that a sheet electron beam with initial 

velocity zvv
rr

00 =  passes through a planar undulator with 

period d and homogeneous magnetic field with strength 

0H
r

 in a planar waveguide with gap between plates b 

(Fig.2). We also assume that the system is infinite over 
the y-axis and the electron beam excites the TEn-mode of 
a planar waveguide with n variations over the transverse 
coordinate x. Vector-potentials of the periodic undulator 
field (subscript u) and operating mode (subscript s) may 
be presented as 

( ) ( ){ }yzikxkchAA uuuu

r

r

expRe= ,  

( ){ }xziktizxAA ss

r

r

||exp),(Re −= ω   

where ( )zxAs ,  is the slowly-varying amplitude of the 

synchronous wave, dku π2= . The reference frequency ω 

was chosen to be the frequency at exact undulator 
synchronism Ω≈− ||||vkω , where 222

|| ⊥−= kkk , ck ω= , 

bnk π=⊥ , 
||vku=Ω  is the bounce-frequency. 

Using the independent variables 
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superradiance process can be described by the following 
equations: 
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Figure 2: Scheme of the basic model. 

 
The following dimensionless variables have been used:  
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is the wave amplitude, ( )zkkt u+−= ||ωθ is the electron 

phase with the respect to the synchronous wave, 
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1 1 γγ−= −Cu  is the relative electron energy, 
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is the Pierce parameter, ωΗ  is the cyclotron frequency, I 
is the electron beam current, Ns is the norm of the 
operating wave,  
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is the mismatch from the undulator synchronism, 
( ) 1=τf , [ ]T,0∈τ , where T is the normalized duration of 

the electron bunch. 
Let is consider the influence of the variation of the 

mismatch of the undulator synchronism over the 
longitudinal coordinate on the superradiance process. We 
choose the simplest linear dependence: 

( ) 00 Δ−Δ=Δ Lζζ . Fig.3 demonstrates the results of the 

simulation of Eqs. (1) for 30== TL  in the case of non-
dispersive wave ( 00 =Δ , which corresponds to excitation  
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Figure 3: Simulation of averaged equations: output signal 
in case of uniform (Δ0 = 0) and non-uniform waveguide 
(Δ0 = -1). 
 

TEM mode) and wave with dispersion ( 10 −=Δ , which 

corresponds to excitation TE1 mode). In the first case we 
see formation of powerful superradaince spike. In the 
second case output radiation is practically suppressed. 

PIC-SIMULATIONS 
The 2-D version of the PIC-code KARAT was used for 

additional simulations. The 110 cm length planar 
waveguide was excited by the 1 MeV, 100 A/cm, 600 ps 
electron bunch which was transported through the 
periodic undulator with period 2 cm and 2 kOe strength 
and guiding magnetic field with strength of 22 kOe 
(Fig.4a). For regular waveguide simulation showed that 
the spectrum of the output signal includes three main 
frequencies (Fig.4c), which correspond to the 
simultaneous excitation of the TEM, TE1 and TE2 modes.  

 
 

3.5 4 4.5 5 5.5 
0 

4 

t, ns 

P, MW 

2 

0 100 200 

Sf 

 f, GHz 

 

(a) 

(b) 

(c) 

 
Figure 4: PIC-simulations of superradiance in the uniform 
oversized waveguide: (a) is the geometry of interaction 
space (solid lines denotes the ideal conductor, dash lines 
marked the boundary of the microwave absorption 
layers); (b) is the output signal and (c) is the spectrum of 
output radiation. 
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Figure 5: PIC-simulations of superradiance in the uniform 
oversized waveguide: (a) is the geometry of interaction 
space; (b) is the output signal and (c) is the spectrum of 
output radiation. 

 
Fig.5 demonstrated the results of simulation of 

superradiance in the waveguide with linearly increased 
gap between plates from 0.2 to 1 cm (fig.5a). In this case 
all spurious modes were suppressed and the output 
radiation includes one powerful spike (fig.5b). As a result 
the spectrum of output radiation is concentrated near the 
operating frequency of 200 GHz corresponding to 
excitation fundamental TEM mode (fig.5c). 

CONCLUSION 
A method of suppressing excitation of spurious modes 

in the process of supperradiance from intense electron 
bunch in the planar oversized waveguide is considered. 
The simulations of the averaged equations and PIC-
simulations were carried out and it was shown that in the 
planar waveguide with linearly increasing gap between 
plates the SR pulse associated with excitation of single 
transverse mode could be obtained. 

REFERENCES 
 

[1] Ginzburg N.S, et al., Nucl.Instr.Meth.Phys.Res., 
1999, A429(1), 94. 

[2] N.S.Ginzburg, et al., Opt.Comm., 2000, 175(1-3), 
139. 

[3] A.G.Reutova, et al. , JETP Lett., 2005, 82(5), 263. 

 
 

 

 

Proceedings of FEL 2006, BESSY, Berlin, Germany TUPPH034

FEL Oscillators and Long Wavelength FELs 399



GENERATION OF SUPERRADIANT PULSES BY BACKSCATTERING OF 
PUMPING WAVE ON THE INTENSE ELECTRON BUNCH* 

V. Belousov, G. Denisov, N. Ginzburg, A. Sergeev, I. Zotova#, IAP RAS, N.Novgorod, Russia 
A. Reutova, M. Ulmaskulov, A. Sharypov, V. Shpak, S. Shunailov, M. Yalandin, IEP RAS,
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Abstract
At the first time the generation of superradiance pulses

in the process of stimulated backscattering of powerful
pump wave by intense electron bunch (250 keV, 1 ,
600 ps) has been observed experimentally. Using a
relativistic 38 GHz BWO as a pump wave source, the
short 200 ps superradiance pulses of scattered radiation
with peak power ~1 MW were obtained. Due to the
Doppler up-shift, in the spectrum of scattered radiation
high frequency 150 GHz component was presented

INTRODUCTION
Recently a significant progress was achieved in the

generation of subnanosecond pulses in the millimeter and 
centimeter wave bands utilizing the cyclotron and 
Cherenkov mechanisms of superradiance (SR) of electron
bunches [1-3]. The maximal peak power in the case of 
Cherenkov SR exceeded gigawatt level [3]. This paper is
devoted to the novel mechanism of superradiance in the
case of the stimulated backscattering of powerful pump
wave by intense electron bunch. In this situation, due to 
the Doppler up-shift effect the radiation frequency can
significantly exceed the frequency of the pump wave:

s.ph||

i.ph||
is VV

VV
1
1

,        (1)

where  is the translational electron velocity,  are 
the phase velocities of the pump wave (index i) and the
scattered wave (index s). If the radiation of powerful laser
undergoes backscattering at the electron beam with 
energy about 1-2 MeV the frequency of scattered
radiation will belong to ultraviolet band. In the case when
the pump wave is generated by relativistic microwave
generator (for example BWO) it is possible to produce
radiation at the short millimeter and submillimeter wave
bands. In this paper we present a basic theoretical
description of the superradiance regime of stimulated
backscattering. The results of theoretical consideration are 
confirmed by the first experimental observation of above
SR mechanism.

||V s,i.phV

BASIC MODEL
Let us consider the backscattering of the powerful

pump wave by the hollow electron bunch with injection
radius Rb and duration  that moves through a
cylindrical waveguide with radius R along homogeneous

guiding magnetic field

bt

00 zH 0H . Under assumption of
the fixed pump wave amplitude, the generation of short
single pulse of scattered radiation (SR pulse) can be
described by the nonstationary equation for scattering
signal amplitude  and the averaged equations for 
electrons’ motion in the field of combination wave:
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Here czc , 111 ||gr||c VVVztc ,
2

02 cmeAa s,is,i  are the dimensionless amplitudes of
pump and scattered waves, zkt c  is the electrons 
phase with respect to the combination wave,

isc , isc hhk ,  are the longitudinal 

pump and scattered wave numbers, ,
s,ih

32
0 ||

12
0

3
0 2 scs NRkhmceJI , J0 is the electron 

current, Ns  is the norm of the scattered wave. Factor
Hbsnbin RkJRkJg

si 11 (3)
describes the increase of oscillation velocity of electrons 
near the cyclotron resonance, 000  is the 
gyrofrequency,

cmeHH

||ii Vh  is the bounce frequency,
 is the transverse wave number,  is the Bessel

function, n
s,ik xJ n

i,s are the azimuth indices of the waveguide
modes. Function )(f defines the profile of electron
current with normalized duration 

111 ||grcbb VVct .
Equations (2) describe the joint combinational action of

the pump and the scattered waves on the electrons. Such
an action leads to selfbunching that starts from small
initial density perturbations. As a result the amplitude of 
scattered wave grows. In the absence of external feedback
the synchronization of radiation from different parts of
extended electron bunch is provided by slippage of the
scattered wave with respect to electrons due to a
difference between the electron velocity and the 
electromagnetic wave group velocity. As a result the
scattered wave radiates in the form of a single short pulse, 
as is shown in Fig.1. The parameters of simulation are
chosen in accordance with the performed experiment. The 
pump wave with 100 MW power and 38 GHz frequency
has the transverse structure of the TE11 mode. This wave
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undergoes the backscattering by the 250 keV, 1 kA,
200 ps electron bunch guided in 24 kG magnetic field.
According to the simulation the duration of the scattered
SR pulse is about 50 ps with peak power ~25 MW.
According to waveguide dispersion the scattered wave 
frequency should be about 150 GHz.

Figure 1: Superradiance pulse of scattered radiation.

KARAT PIC-CODE SIMULATIONS
The possibility of the observation SR in the process of
backscattering has been tested also using the particle-in-
cell (PIC) code KARAT. In simulation we used the
simplified two-dimensional axial symmetric model of the
scattering. The pump wave with frequency 38 GHz and
power 100 MW represents the TE01 wave in contrast to
the experimental situation. The guiding magnetic field
was 28 kG.

As it is seen from Fig.2 scattered radiation has the form
of the short pulse with the duration less than 100-200 ps

and peak power about 3 MW. The radiation spectrum has 
a component with frequency about 150 GHz.

Nevertheless the spectrum of radiation is rather wide. It
may be explained by the dispersion of electron velocities 

as well as by excitation of several waveguide modes.
Above factors also may result to the reduction of the peak

power in comparison with the model described above.

Figure 2: Results of KARAT PIC code simulations: (a) 
scattered SR pulse, (b) spectrum of SR pulse

EXPERIMENTAL SET-UP
Experiments on the observation of the stimulated

backscattering in the superradiance regime were carried
out at Institute of Electrophysics (Ekaterinburg, Russia)
based on two synchronized nanosecond and
subnanosecond high-current RADAN-303 accelerators 
[4-5]. The 4 ns electron beam from the first accelerator
was used to drive the low frequency pump wave
generator. The pump wave undergoes backscattering with
frequency up-conversion on the subnanosecond electron
bunch produced by the second accelerator. The general
view of experimental set-up is shown in Fig.3.

Figure 3: Experimental set-up

In experiments the pump wave was generated by
relativistic BWO with operating frequency 38 GHz. For 
transmission of the pump wave to the scattering section a
specially designed quasioptical mirror has been used. The
mirror possessed the high reflectivity 95% at the pump
wave frequency 38 GHz. The partial transparency of the
mirror for the scattered radiation at frequencies above
60 GHz was provided by the mesh of holes with diameter
of 3 mm having a step of 4 mm.

EXPERIMENTAL RESULTS
Oscilloscope trace of the 4 ns, 100 MW pump wave

pulse with duration is shown in Fig.4a. In absence of
subnanosecond electron bunch, the signal from BWO 
registered by detector installed after quasioptical mirror is 
shown in Fig.4b. This signal is caused by parasitic high-
frequency radiation from the pump wave generator at the 
harmonics of operating frequency. Presence of such
harmonics in a spectrum of the pump wave is confirmed
by the direct simulation based on PIC-code KARAT.

In the scattering section with 30 cm length the low 
frequency pump wave underwent stimulated
backscattering by the high current relativistic
subnanosecond bunch (250 keV, 1 , 600 ps). It is
important to note that in absence of the pump wave the 
background noise radiation of electron bunch was below
the threshold sensitivity of a microwave detector. When
the pump wave generator was switched on, the short
powerful pulse could be observed, as is shown in Fig.4c.
This pulse has rather short duration (about 200 ps) and 
can be interpreted as a superradiance pulse. SR pulses 
were observed in a large area of magnetic field detuning.
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The maximal peak power was obtained for field strength
20-25 kG when the magnetic field strongly affects the 
amplitude of electron oscillations.

Figure 4: (a) Pulse of the pump wave. (b) High frequency
component of BWO radiation in the absence of electron
e-bunch registered by detector after quasioptical mirror.
(c) Superradiance pulse caused by backscattering of pump
wave by electron bunch. 

Figure 5: Spectrum measurements. Relative amplitudes of
detector signal after filters with different cut-off
frequencies.

To analyze the radiation spectrum a set of cut-off
waveguides was used. Amplitudes of detector signals
after filters with different cut-off frequencies are shown in 
Fig.5. Locations of vertical lines correspond to the cut-off 
wavelengths of different filters and the lengths of lines are
proportional to the signals registered by the detector.
Obviously the jumps of dashed line characterize the 
content of different spectrum components in the scattered
radiation. The main components of radiation concentrate
at the interval within wavelength 3.5 4.2 mm. But at the 
same time there are high frequency components with
wavelength around 2 mm, which is rather close to the

calculated one. However it should be noted that detector
sensitivity decreases with frequency. So the real fall of
intensity of high frequency components should be less 
than detector indications shown in Fig.4. A rather wide
spectrum of scattered radiation can be explained by the 
spread of electron velocities in the real electron bunch as 
well as by excitation of several waveguide modes.
Integral (over frequency spectrum) peak power of SR
pulse amounts up to 1 MW. It was estimated basing on
the power level indicated by microwave detector taking 
into account the aperture of the reception antenna, the 
distance from a radiator and the width of the radiation
pattern.

a

b

CONCLUSION
c As a result of the experiments the effect of generation

of short electromagnetic pulses was observed in the
process of stimulated backscattering of the powerful
pump wave by the intense electron bunch. Scattered
radiation had the form of ultrashort pulse with peak power
of 1 MW and duration of 200 ps. Due to the Doppler
frequency up-conversion the spectrum of scattered
radiation included the frequencies up to 150 GHz that 
exceeded the pump wave frequency in several times. This 
process can be interpreted as a superradiance of electron 
bunch since the radiation of the short pulse occurs in the
absence of external high frequency signal and in the
absence of external cavity and correspondingly cannot be
attributed to traditional amplification or oscillation
regimes. Due to the development of selfbunching inside
the extended electron bunch the peak power of scattered 
signal significantly exceeds the power of the spontaneous
radiation of electrons in the pump wave and the duration
of scattered pulse was essentially shorter than the duration 
of the background noise.
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Abstract 
   A compact widely-tunable microtron-based terahertz 
Free Electron Laser (FEL) has been developed and during 
last few years operates for users. The laboratory-size, 
stable facility at the macro-pulse power of tens of W is 
attractive for application in research laboratories and 
universities. Reliability in operation and stability of such 
microtron-based FEL is determined generally by the 
microtron injection system. Main parameters of the 
injection system were studied on the base of 2-D tracking 
considering the frequency drift of the accelerating cavity 
as a result of variation of the beam loading caused by 
cathode overheating due to back bombardment with non-
resonance electrons. The obtained results show that the 
injection system based on a thermionic single crystal LaB6 
2.5 mm-in diameter emitter provides operation of the 
microtron-based FEL with standard deviation of the 
macro-pulse lasing power less than 10% during long-time 
work. Experimental check of the FEL during more than 
five years confirmed stable and reliable operation of the 
microtron-based FEL with the macro-pulse power of tens 
of W in the terahertz range.  

INTRODUCTION 
   The injection system of the accelerator intended to drive 
the terahertz FEL has to provide a suitable bunch current 
with appropriate transverse parameters of the beam. The 
qualities are well matched in the system using the 
classical high-current microtron with an internal injection. 
In this case the acceleration starts in a high-gradient 
electric field that allows getting small beam emittance; the 
multi-turn motion of the electrons through the 
accelerating gap in the cavity provides good bunching of 
the beam. Worth to note that such system is simple and 
inexpensive in manufacturing but some drift of the beam 
loading during the macro-pulse is inherent to the system. 
The drift makes worse the intrapulse bunch repetition rate 
stability and the FEL operation as well because of the 
effective fluctuation of the FEL optical resonator length, 
detuning the resonator. The primordial source of the drift 
is a pulse overheating of the cathode emitting surface 
caused by back-streaming electrons.  

   To minimize the effect we optimized design and 
parameters of the microtron injecting system to operate 
with minimal acceptable cathode diameter. In this case the 
simplest and cheapest RF system employing the 
magnetron generator stabilized through the backward 
wave reflected from the accelerating cavity provides 
stable operation of the widely-tunable terahertz FEL 
based on the classical S-band microtron, [1]. For the 
optimization we calculated the accelerating cavity 
frequency drift caused by intrapulse variation of the beam 
loading as a function of the cathode diameter. The 
calculation was done for I-type injection, [2], basing on 2-
D tracking in the microtron median plane. Comparison of 
the calculation with measured detuning curves of the FEL 
optical resonator showed that a single crystal LaB6 emitter 
with diameter of 2.5 mm at a minimal acceptable detuning 
of the magnetron and the accelerating cavity can provide 
operation of the widely-tunable terahertz FEL with 
radiated macro-pulse power tens of W at a suitable 
stability and life time. Operation of the terahertz FEL 
during more than five years demonstrates that the 
optimized microtron injection system employing the 
thermionic cathode operating at the temperature of 19000 
K at the strength of the electric field of > 10 MV/m 
provides reliable operation of the terahertz FEL. Results 
of simulations and measurements are presented and 
discussed in the article.   

ANALYSIS OF THE EMISSION CURRENT 
IN THE MICROTRON WITH INTERNAL 

INJECTION  
   At operation of the high-current microtron with the 
internal injection the main part of electrons is emitted in 
non-resonance phases. The electrons could not reach the 
extracting channel, but they are participating in the 
process of acceleration and mainly hitting the cavity 
walls; a number of them hit the emitting surface making 
the back bombardment of the cathode. As was shown in 
[3], the back bombardment results in the pulse 
overheating of the emitting surface. This causes an 
additional emission including emission in resonance 
phases, thus the electron beam loading the cavity becomes 
increasing in time domain due to enhancement of number 
of synchronous electrons and non- synchronous as well.   
     To consider the effect of the back-streaming electrons 
hitting the cathode and increasing because of that the 
loading of the accelerating cavity we calculated the 
cathode overheats using 1-D analytic expression of the 
heat conduction along the emitter axis, [4]:  
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where: 
Ck is thermal conductivity, χ  is thermal 

diffusivity coefficient, Cr  is the cathode radius, and mt  is 

the pulse duration of the emission current in the 
microtron. The average power of the electrons heating the 
emitter per the RF period, Pbs(T),  was calculated using 
expression: 
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where: ( )ϕε ,r  is the energy of back-streaming electron 

emitted in point with a coordinate r  and with an initial 
phase ϕ , the average value of ε  is approximately of 8.9 

keV; ),,( ϕrTiC is the emission current density of LaB6 

single crystal emitter depending on emitting radius r and 
initial phase ϕ ; the term was calculated considering 

Schottky effect through the expression: 
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where =A 73 A / grad2·cm2 and =Ceφ 2.66 eV are the 

Richardson constant and the work function for LaB6, 

respectively, k  is the Boltzmann constant and T is the 

emitter temperature in Kelvin deg; ECS(r,ϕ) is the 
electric field strength at the emitting surface with an 

initial phase ϕ. For cylindrical accelerating cavity 
employed in the microtron the E010 mode electric field 
strength was calculated for the emitting surface deepened 
relatively the cavity cover surface by dC = 0.5 mm and 
emitter located in the center of the cathode hole, made in 
the cavity cover. The hole radius Hr  is 2 mm; coordinate 

of the emitter center RC is 30 mm. The ECS(r,ϕ) values 
were calculated using the expression:  

( ) ( ) ( ) ( )
( )Cz

r
CCS dk

rkJ
RkJErE

⋅
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ch
cos, 0

000 ϕϕ . (4) 

Here: ≈0E  35.53 MV/m is maximal field on the cavity 

axis corresponding to the microtron optimal regime, 

00 /2 λπ=k , Hr rk /01χ= , 0J  is the first kind Bessel 

function, =01χ 2.405 is the first square of  Bessel function 

and 2
0

2 kkk rZ −= . 

   Calculated maximal value of the current density at the 
emitter temperature of 19000 K is: 

)0,0,K 1900( 0
max CC ii =  ≈ 49.5 A / cm2. At this 

temperature the developed thermionic cathode with a 
single-crystal LaB6 emitter, [3], has a life time 
approximately of 1000 h. The initial value of the emission 
cathode current was calculated using following 
expression, [3], for several values of the cathode 
diameter: 
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To calculate the loading current of the accelerating 
cavity we performed tracking of the electrons in the 
microtron using 2-D Lorentz equation in the median 
plane. The E010 mode electric and magnetic components of 
the cavity accelerating field and the permanent microtron 
magnetic field were considered. The electrons hitting the 
cavity walls (inside or outside the cavity) were non-
participating in the tracking. The 2-D Lorentz equations 
were integrated up to last (12-th) orbit. The tracking in the 
microtron was done for several values of cathode 

diameter and the microtron parameter cBEEps /0= , 

where: B - is the value of the microtron permanent 
magnetic field (for our microtron the optimal value of 

=B  0.1065 T).       
     Results of calculation of the cathode overheats vs. the 
cathode diameter for the microtron operating condition at 
the initial emitter temperature of 19000 K for several 
values of Eps parameter and the emission macro-pulse 
current having duration of 6 μs are presented in Fig 1. The 
values of 

Ck  and of χ for LaB6 at the high temperature 

were taken from [5].  
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Fig. 1. Cathode overheats caused by back-streaming 

electrons during 6 μs macro-pulse vs. cathode diameter at 
the initial temperature of 19000 K. The arrow shows 
variation of the parameter Eps . 

   Note that we did not consider the heat losses caused by 
thermo-conductivity of the emitter holder and radiation of 
heat from the emitter. Because of that the ΔT° values and 
the overheating effects are overestimated. 

Calculated values of the initial emission current at the 
initial temperature of 19000 K vs. the cathode diameter are 
plotted in Fig. 2.  
   Calculated values of the final emission current increased 
because of the overheating through the electron back-
stream during the 6 μs- macro-pulse are plotted in this 
figure as well. 
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 Fig. 2. Initial and final values of the emission current vs. 
cathode diameter at the initial emitter temperature of 

19000 K and the macro-pulse duration of 6 μs. The arrow 
shows variation of the parameter Eps.  

ESTIMATIONS OF THE FREQUENCY 
DRIFT IN A HIGH-CURRENT 

MICROTRON WITH INTERNAL 
INJECTION 

   Obtained data allow calculating the intrapulse variation of 
the accelerating cavity beam loading; that results in 
frequency drift of the cavity. Performing 2-D tracking of 
the electrons we calculated velocities of the electrons as 
well. That allowed us to determine the amplitude and phase 
of the fist harmonic cavity loading current. Note that the 
used method allows considering the cavity loading through 
all accelerated particles, synchronous and non-synchronous 
as well.  
   The highest possible frequency drift of the accelerating 
cavity caused by variation of the beam loading was 
calculated using following expression, [6]: 

         ⎟⎟
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where: 0I - initial emission current at the temperature of 

19000 K, FI - final value of the emission current 

increased because of additional heating of emitting 
surface through back-streaming electrons during 6 μs 
macro-pulse, CQ0  = 9800 is the accelerating cavity wall 

quality factor (measured value), C0ω  is the circular eigen 

frequency of the cavity, 0eη  is the initial beam loading 

coefficient, and 
Wϕ  is the phase of the cavity loading 

current.  
   The value of eη  is determined as a ratio of the beam 

power eP  and the cavity wall loss power CP : 
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Here: shR  = 1.08 MOhm is the effective shunt impedance 

of the accelerating cavity, I  - is the averaged emission 

macro-pulse current, W and Wϕ  are dimensionless first 

harmonic current amplitude and the harmonic phase, 
respectively, depending on the cavity voltage amplitude, 

CV . ( CV  is equal to 0.586 MV for 08.1=Eps ). The 

value of  CV  is a constant (in steady-state); the values of 

W and Wϕ  are constants as well.  

   Note that using 2-D tracking without consideration of 
the vertical motion of the electrons causes overestimation 
of the contribution of the synchronous electrons in the 
beam loading; for the contribution of the non- 
synchronous electrons the 2-D tracking gives some 
underestimation. 
   From the tracking we determined the values of W and 

Wϕ  for various values of Eps  parameter. For optimal 

value of Eps =1.08, W =2.607, Wϕ =20.9º, and for 

I ≈1.07 A the calculated beam loading coefficient eη ≈ 

4.8. The value is higher by 10-20% than obtained from 
the measurements because of overestimation of the 
accelerated current as was noted above. Fig. 3 shows 
calculated maximal estimation for the frequency drift 
caused by overheating of the emitting surface with the 
electron back-stream vs. the cathode diameter.  
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Fig. 3. The cavity frequency drift caused by overheating 
of the electron emitter with the electron back stream vs. 
cathode diameters at the initial emitter temperature of 
19000 K and the value of Eps parameter of 1.08. 

EFFECT OF THE FREQUENCY DRIFT 
ON THE TERAHERTZ FEL OPERATION 

   The described drift of the frequency of the accelerating 
cavity makes worse stability of the bunch repetition rate 
because of the stabilizing feedback through reflected 
wave coming to magnetron. Additional contribution in the 
bunch repetition rate instability causes increase of the 
magnetron current during the macro-pulse at a finite value 
of the frequency stabilization coefficient. The intrapulse 
increase of the magnetron current and the magnetron 
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power, respectively, is used to keep constant accelerating 
voltage and accelerated current at increase of the cavity 
loading, [1]. Both contributions result in the bunch 
repetition rate deviation during the macro-pulse; that 
effectively leads to intrapulse detuning of the FEL optical 
resonator.  
   Our terahertz FEL optical resonator, confocal free-space 
mode in horizontal plane and waveguide mode in vertical 
plane, was formed with two cylindrical mirrors mounted 
on the ends of a rectangular waveguide; one of the mirrors 
has a coupling hole to extract the FEL radiation.  
     The distance D between the mirrors was chosen using 
the expression: 

                   
b

b

F
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52
2
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,                          (8) 

were: bλ  is the wavelength of the accelerating voltage, c 

is light velocity, Fb is the bunch repetition rate equal to 
the accelerating cavity frequency. For Fb ≈ 2.801 GHz, 

703.10≈=
b

b F

cλ cm. From expression (8) follows: 

b

b
b F

F
D

Δ
⋅=Δ λ26 . I.e. for the optical resonator 

variation of the bunch repetition rate by 1 MHz 
approximately corresponds (in a signal level) to the 
detuning by 1 mm. Measured FEL optical resonator 
detuning curve at the lasing wavelengths of 113 μm is 
shown in Fig. 4.  
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Fig. 4. Detuning curve of the FEL optical resonator 

measured at the wavelengths of 113 μm. 

   The measurements were done employing developed 
cathode assembly based on 2.5 mm-in diameter single 
crystal, face (100), LaB6 emitter, operating at the initial 
temperature of ≈ 19000 K. The microtron operating 
parameters were chosen to provide the intrapulse bunch 
repetition rate deviations ≤ 0.25 MHz; that was measured 
using heterodyne method, [7]. At the measurements the 
microtron provided the beam current of 40 mA at the 
undulator entrance. The detuning of the FEL optical 
resonator was done by precise motion of the outcoupling 
mirror through a stepping motor. 

   The Fig. 4 curve shows that detuning by 0.2-0.25 mm, 
corresponding to variation in bunch repetition rate by 0.2-
0.25 MHz, decreases the FEL macro-pulse energy by few 
tens of percents. The value can be used as an upper limit 
of the intrapulse bunch repetition rate deviations for the 
microtron intended driving the terahertz FEL. Considering 
curve plotted in Fig. 3, this points to a necessity in 
limitation of the emitter size though the emitter with 
larger diameter provides higher accelerated current at the 
same life time of the cathode.  
   Optimal diameter of 2.5 mm of the single crystal LaB6 
emitter for the microtron-terahertz FEL injector was 
chosen as a compromise considering requirements of 
reliable operation of the microtron and stable operation of 
the terahertz FEL. With the emitter at the microtron 
regime optimized for long-life operation of the cathode 
we obtained radiated macro-pulse lasing power of 40-50 
W in the wavelength range of 100-200 μm. The 
measurements were done using calibrated pyro-electric 
detector measuring the lasing macro-pulse energy and the 
wide-band Schottky barrier detector measuring the lasing 
macro-pulse shape and the pulse width.  
   The thermionic cathodes with such emitters at 
optimized regime of the microtron have life time 
approximately of 1000 h, providing operation of the 
widely-tunable terahertz FEL with standard deviation of 
the lasing macro-pulse energy less than 10% during long-
time work, [3]. 

SUMMARY 

   Effect of the back-streaming electrons bombarding the 
emitting surface of the thermionic cathode in a classical 
microtron with the internal injection on the lasing of the 
microtron-based FEL was analyzed. The results allow 
choosing the optimal size of the microtron thermionic 
cathode to provide stable and reliable operation of the 
microtron-based widely-tunable terahertz FEL with the 
macro-pulse lasing power few tens of W.  
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Abstract

Modeling free-electron laser (FEL) oscillators requires
calculation of both the light-beam interaction within the un-
dulator and the propagation of the light outside the undula-
tor. We present a paraxial Optical Propagation Code (OPC)
based on the Spectral Method and Fresnel Diffraction Inte-
gral, which in combination with Genesis 1.3 can be used to
perform either steady-state or time-dependent FEL oscilla-
tor simulations. A flexible scripting interface is used both
to describe the optical resonator and to control the codes
for propagation and amplification. OPC enables modeling
of complex resonator designs that may include hard-edge
elements (apertures) or hole-coupled mirrors with arbitrary
shapes. Some capabilities of OPC are illustrated using the
FELIX system as an example.

INTRODUCTION

Free-electron laser (FEL) oscillators are complex de-
vices. They require simulation of both the amplification
of the radiation field within the undulator and the propaga-
tion of the radiation field through the resonator, to correctly
predict the spectral and spatial properties of the output of
the laser. These properties are very important for the design
of user experiments.

To date, several codes exist that can simulate an FEL
amplifier or oscillator (see, e.g., [1]). However, the well-
established Genesis 1.3 FEL code [2] is primarily used
for FEL amplifier or SASE simulations. In this paper we
present an optical propagation code (OPC) that works to-
gether with Genesis 1.3 to simulate FEL resonators. The
full functionality of Genesis 1.3 is maintained and simula-
tion of FEL oscillators can be done both in steady-state and
time-dependent modes.

To propagate the radiation field between optical and
gain elements, we have implemented three related paraxial
methods: the Spectral Method [3], the Fresnel Diffraction
Integral Method [4] and a modified Fresnel Diffraction In-
tegral Method. The latter is based on the normal Fresnel
Diffraction Integral, however, it includes the ABCD ma-
trix of the optical system between input and output plane
[5]. The radiation field produced by Genesis 1.3 at the un-
dulator’s exit is propagated using one of these methods to
the first optical element. Then the action of that partic-
ular optical element is applied to the wave and one of the

∗ p.j.m.vanderslot@tnw.utwente.nl
† Current address: Philips Research, High Tech Campus 34, 5656 AE

Eindhoven, The Netherlands

propagation methods is again used to propagate the wave to
the next optical element. This procedure is repeated until
the undulator’s entrance is reached. Note that propagation
through a cascaded set of optical elements can be done in a
single step if this set can be represented by a single overall
ABCD matrix and using the Modified Fresnel Diffraction
Integral for the propagation.

We have chosen to separate the optical propagation
model from the FEL simulation model for two main rea-
sons. First, the optical propagation model can be used with
different gain models and is, in principle, not limited to
FELs. Second, the propagation model can then also be
used to propagate the field outside the resonator and deter-
mine the field distribution, for example, in the far field or
in a user area that can be located at a considerable distance
from the laser in the case of FELs. The optical propagation
code is available for download [10].

In the remainder of this paper, we first describe briefly
the different propagation methods, then the OPC code and
end with an example illustrating the capabilities of the com-
bination of the OPC code with Genesis 1.3.

PARAXIAL OPTICAL PROPAGATION

By applying a Fourier transform over the transverse co-
ordinates, the paraxial wave equation can be written as [5]:

(k2
x + k2

y)ũ − 2ik
∂ũ

∂z
= 0, (1)

where

ũ(kx, ky, z) =∫ ∞

−∞

∫ ∞

−∞
u(x, y, z)e−i(kxx+kyy)dxdy (2)

is the Fourier transform of the complex wave amplitude
u(x, y, z). Given a known optical field u0(x, y) at z = 0,
the optical field after a propagation over a distance z can be
obtained from eq. 1:

ũ(kx, ky, z) = ũ0(kx, ky)e−i 2z
k (k2

x+k2
y). (3)

The propagation method described by eq. 3 is known
as the Spectral Method and consists of applying the spatial
Fourier transform eq. (2) to the input plane, propagate the
field over a distance z (eq. 3) and applying the Inverse
Fourier Transform to ũ(kx, ky, z). This Inverse Fourier
Transform is similar to eq. 2 with the roles of ũ, kx and
ky interchanged with those of u, x and y, respectively, and
a factor 1/4π2 added.
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It can be shown that paraxial wave propagation over a
distance z = L through a cascaded optical system can be
realized in a single step using the elements of the overall
ABCD matrix in Huygens’ Integral for propagation [5]. If
we use the following transform to remove the spherical por-
tion of the wave at the input plane [5]:

v0(ξ′, η′) ≡
√

a1a3u0(ξ, η)e−i π(Ax−Mx)ξ2

Bxλ e
−i

π(Ay−My)η2

Byλ (4)

and at the output plane:

v(x′, y′) ≡
√

a2a4u(x, y, L)e+i
π(Dx−M−1

x )x2

Bxλ e
+i

π(Dy−M−1
y )y2

Byλ , (5)

where x′ = a1x, ξ′ = a2ξ, y′ = a3x, η′ = a4η, and
Ax(y) . . . Dx(y) are the ABCD matrix coefficients for the
x- and y direction respectively, then Huygens’ Integral can
be written as a modified Fresnel Diffraction Integral:

v(x′, y′) = i
√

Nc,xNc,y×∫ 1

−1

∫ 1

−1

K(x′, y′, ξ′, η′)v0(ξ′, η′)dξ′dη′, (6)

where the kernel K is given by

K(x′, y′, ξ′, η′) = e−iπNc,x(x′−ξ′)2e−iπNc,y(y′−η′)2 , (7)

and the equivalent collimated Fresnel numbers Nc,x(y) are
given by

Nc,x(y) =
Mx(y)a

2
1(3)

Bx(y)λ
. (8)

The arbitrary scaling factors a1..4 in eqs. 4-5 define two
magnification factors Mx(y) = a2(4)/a1(3), if they corre-
spond to either the size of a hard aperture or a size suf-
ficiently large that the field is just negligible outside the
area covered by that size. Note that for free-space propa-
gation A = D =1, C =0 and B = L = z, and using
Mx = My =1, reduces eqs. 6-8 to the normal Fresnel
Diffraction Integral.

Both the Spectral and the Modified Fresnel propagation
methods are implemented using Fast Fourier Transforms
and therefor their computation time scales as N 2log2(N2)
for a N ×N grid. For an equal grid, the Spectral method is
the faster of the two because it requires less operations [6].
However, care has to be taken with the Spectral Method
that the field remains zero at the border of the grid to avoid
artificial reflections. The Modified Fresnel Diffraction In-
tegral has the advantage that propagation through an optical
system, described be a single overall ABCD matrix, is ob-
tained in a single step. Another advantage is that the scaling
applied to this method allows a magnification factor for the
grid so that the mesh size in the input plane does not have
to be the same as the mesh size in the output plane.

Figure 1: Flowchart of the simulation loop.

IMPLEMENTATION

Simulation of an FEL oscillator requires simulation of
both the gain within the undulator and the propagation of
the radiation through the remaining part of the resonator,
that may contain multiple optical components. Genesis 1.3
[2] is used to propagate the optical wave through the undu-
lator and calculate the amplification of the wave. The OPC
receives the optical output from Genesis 1.3, and propa-
gates it from optical element to optical element using one
of the methods described above, until the undulator’s en-
trance is reached and the next round trip can start. If a
cascaded set of optical elements can be described by a sin-
gle ABCD matrix, then propagation through the cascaded
set can be done in a single step using the Modified Fresnel
Diffraction Integral. Output can be produced at various po-
sitions, and by the optical elements, which is of advantage
for beam diagnostics and for designing suitable optics for a
further propagation of the output beam.

While the actual simulation algorithms are written in
FORTRAN, the Perl scripting language is used to both con-
trol the program flow and define the resonator geometry.
Fig. 1 shows schematically the program flow. The advan-
tage of using a script to control the program instead of a
config file is that it gives the user a lot of freedom to create
complex models. Table 1 gives an example of a script for
simulation of the FELIX system [7].

This example script contains all essential elements
needed to simulate the FELIX system. The first three lines
are headers needed to load a library. Then two objects are
created, one that corresponds to the genesis program (l.5)
and one that corresponds to the optical propagation code
(l.6). The genesis object requires the standard configura-
tion file for Genesis 1.3 as input. A Perl script function is
provided that gives the user complete control over the pa-
rameters in the configuration file. This allows, for example,
the use of a Gaussian seed for Genesis 1.3 in the first round
trip and the resonator feedback as input for Genesis 1.3 in
consecutive round trips.

To define the optical propagation through the resonator,
the optics object (l.6) accepts a simple script that de-
scribes the propagation methods and optical components
used (l.7-16). The available propagation methods are de-
scribed above, and the optical components so far include
diaphragms, square apertures, curved mirrors and thin
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01: #!/usr/bin/perl
02: use lib ’./lib’;
03: use Physics::OPC;
04:
05: $genesis = genesis(’./felix.itdp.in’);
06: $optics = optics( ”
07: fresnel z=1.062
08: mirror r=3 R=98% # Downstream mirror
09: fresnel z=5.89
10: hole r=0.0015 ( # Out-coupling
11: dump var=output
12: fresnel z=1 # Far field distance
13: dump var=far )
14: mirror r=4 R=98% # Upstream mirror
15: dump var=reflected
16: fresnel z=2.358 ” );
17:
18: for $i (1 .. 75) {
19: run $genesis;
20: run $optics;
21: move $output => "output.$i.dfl";
22: move $far => "far.$i.dfl";
23: move $reflected => "reflected.$i.dfl";
24: move $field => "entrance.$i.dfl";
25: }

Table 1: Example script for simulating the FELIX FEL os-
cillator.

lenses. Each optical component is defined by a set of
parameters, for example the downstream mirror (l.8) for
FELIX has a curvature (’r’) of 3 m and a reflectivity (’R’)
of 98 %. Other possible parameters for a mirror are absorp-
tion (’A’), transmittance (’T’), offset (’xoff’ and ’yoff’),
and a small tilt (’xr’ and ’yr’). The optical propagation
starts with propagation over a distance z=1.062 m from the
undulator’s exit to the downstream mirror using the Fres-
nel Diffraction Integral (l.7). Then the downstream mirror
is defined (l.8). After the downstream mirror the wave is
propagated to the upstream mirror, again using the Fres-
nel Diffraction Integral (l.9). In FELIX, the output beam
is extracted through a hole in the upstream mirror. In the
model the ”hole” component (l.10) is processed before the
actual mirror component (l.14). The hole component cre-
ates two waves, one that is transmitted through the hole,
and one that corresponds to the part outside the hole that
remains within the resonator. In this case, the transmit-
ted beam corresponds to the radiation extracted from the
resonator. The output beam is propagated over a distance
sufficiently large to be in the far field (l.11-13). At l.14 the
script continues with the part outside the hole and this is
reflected by the upstream mirror. The combination of the
”hole” and ”mirror” commands represent the upstream mir-
ror with the hole. The resonator is closed by propagation
from the upstream mirror to the undulator’s entrance (l.16).

A

-30
-20

-10
 0

 10
 20

 30 x (mm)

 2
 2.5

 3s (mm)

 0

 5000

10000

15000

20000

Intensity (a.u.)

B

-30
-20

-10
 0

 10
 20

 30
x (mm)

 2
 2.5

 3
s (mm)

 0

 5000

10000

Intensity (a.u.)

Figure 2: Radiation intensity just after reflection on the up-
stream mirror (A) and just before the undulator’s entrance
(B) as a function of the horizontal cross-section (at y=0)
and the position within the optical micro pulse s after 75
round trips and for ΔL=-1.5λ.

The ”dump” commands indicate positions where output is
produced for further analysis.

The last part of the Perl script is the actual simulation
loop where we run the two programs consecutively and
save binary dumps (l.21-34) for each round trip at varies
positions defined in the optical configuration. The binary
files used by the propagation code have the same format as
the field files produced by Genesis 1.3, so existing analysis
tools can be re-used. Utilities to extract plain text data from
these files are included with the OPC code. Using plotting
tools such as Gnuplot, the user can create all kinds of views
to analyze the optical pulse.

In steady-state mode Genesis 1.3 produces one field dis-
tribution, i.e., a single slice, as output, which is then pro-
cessed by the propagation code. Genesis 1.3 can also run in
time-dependent mode, which includes slippage effects. In
this mode Genesis 1.3 produces a set of slices representing
the radiation pulse as output. In time-dependent mode, the
propagation code will process all slices produced by Gen-
esis 1.3 consecutively. Each slice is propagated using the
center wavelength of the optical pulse, which is valid only
for a narrow bandwidth of the optical pulse. The slowly
varying amplitude and phase approximation used by Gen-
esis 1.3 limits the maximum bandwidth of the pulse. Fur-
thermore, an analysis by Dattoli et.al. showed that the rel-
ative bandwidth is limit to about 10−3 to 10−2 for typical
parameters of VUV, UV and IR FELs [8].
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EXAMPLE

The script shown in Table 1 is used to illustrate some of
the capabilities of the OPC code. The script describes the
resonator for the FELIX system [7]. The script produces
four binary dump files for each iteration (that is, for each
round trip). The first gives the field distribution just outside
the outcouple mirror (l.21), l.23 gives the field distribution
just after reflection at the upstream mirror containing the
hole for extraction of the radiation, and l.24 gives the dis-
tribution at the entrance of the undulator. The far-field dis-
tribution (l.22) will not be used here. It should be noted
that the same script is used for both steady-state and time-
dependent simulations, the only changes required are made
in the genesis configuration file.

We performed a time-dependent simulation of the
FELIX system. The horizontal cross-section (at y=0) of
the radiation intensity just after reflection on the upstream
mirror and just before the undulator’s entrance are shown in
Fig. 2 as a function the horizontal position x and the posi-
tion s within the optical micro pulse after 75 round trips and
for a cavity detuning ΔL=-1.5λ. This figure clearly shows
the effect of the hole in the mirror (Fig. 2A) on the radi-
ation profile and how this profile has changed when prop-
agated to the undulator’s entrance (Fig. 2B), that shows a
near maximum on-axis intensity. Note that the broad ra-
diation profile at the undulator’s entrance may be clipped
by the electron beam transport tube. Although not present
in the current script, this can be included by adding a di-
aphragm component just after propagation to the undula-
tor’s entrance (l.16) in Table 1.

If we integrate the intensity over the cross-section of the
optical pulse, we obtain the micro-pulse optical power as
a function of the position s within the micro-pulse. This
is shown in Fig. 3 as a function of the round-trip num-
ber. The oscillation in the micro-pulse optical power as a
function of time (=round trip #) is known as the so called
limit-cycle oscillations [9]. It is more clearly visible in the
total micro-pulse energy that is shown in Fig. 4 for three
different values of the cavity detuning ΔL.

CONCLUSION

We have developed an Optical Propagation Code that
propagates an arbitrary radiation wave, in the paraxial ap-
proximation, through a complex optical system. In com-
bination with a code to simulate the gain medium, such as
Genesis 1.3 in case of FELs, this optical code can be used
to model the output of a laser oscillator. The use of a flex-
ible scripting interface allows a user to create both simple
and complex resonator configurations. The OPC package
is available for download at our website[10].
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Abstract

At the Free Electron Laser (FEL) Laboratory of Duke
University, there is an S-band linac based Mark III FEL
facility which can supply coherent FEL photon in the in-
frared wavelength range. To supply high quality electron
beams and to have excellent pulse structure, we installed an
S-band RF gun with a Lanthanum Hexaboride (LaB6) sin-
gle crystal cathode for the Mark III FEL facility in 2005.
Its longest macropulse length is about 6 μs, and maxi-
mum repetition rates of a macropulse and a micropulse are
15 Hz and 2856 MHz, respectively. Therefore we can gen-
erate about 17142 bunches within a bunch train and about
257142 bunches within one second by the S-band gun. In
this paper, we describe recent commissioning experiences
of our newly installed S-band RF gun and linac for the
Mark III FEL facility.

INTRODUCTION

The Mark III FEL is a wavelength-tunable light source
facility which can generate coherent and ultra-bright FEL
photon beams in the infrared wavelength range. Originally,
the Mark III FEL facility was operated at Stanford Uni-
versity, then it was moved to Duke University in 1989 [1].
After relocating to Duke University, we had upgraded sev-
eral machine components of the Mark III FEL facility [2],
[3]. Recently, many FEL facilities started to use the laser
driven RF photoinjector to generate high quality electron
beams with a high peak current and a low transverse emit-
tance. However, the laser driven RF photoinjector has a
limitation to generate a good micropulse structure due to
a low repetition rate of the gun driving laser. Since many
users working for biophysical and biomedical science re-
quest high repetition rate of FEL photon beams, we have
used an S-band thermionic RF gun with a LaB6 cathode to
supply excellent micropulse and macropulse structures [4].
After successful operation for several years, in 2003, we
had met a strong back bombardment problem which caused
malfunction of our gun [2], [5]. Therefore we re-installed a
new S-band thermionic RF gun in 2005 to generate stable
FEL photon beams continuously. In this paper, we describe
our commissioning experiences of the new S-band RF gun
and linac for the Mark III FEL facility.

LAYOUT OF GUN AND LINAC

The geometry and parameters of the newly installed gun
are almost the same as those of our original gun. Its original

∗E-Mail : yjkim@FEL.DUKE.edu

Figure 1: Photograph around the newly installed gun.

shape and parameters can be found in reference [6] and [7].
In our new gun, we modified geometry of a deflection mag-
net and shifted its core position to backward by 3.175 mm
for easy fabrication. Photograph around the new gun and
layout of the Mark III FEL facility are shown in Figs. 1 and
2. And its main accelerator parameters are summarized in
Table 1 where all emittances are estimated from ASTRA
and ELEGANT simulations. As shown in Figs. 1 and 2,
at the upstream of the gun cavity, there is the deflection
magnet which bends electron beam orbit vertically to re-
duce the back bombardment on the LaB6 cathode surface.
At the downstream of the gun cavity, there are two verti-
cal correctors to compensate vertically bended beam orbit
which is intentionally generated by the deflection magnet.
After those correctors, there is a quadrupole doublet (GQ1
and GQ2) and the first gun toroid (T1) to measure electron
beam current in a macropulse or bunch train. Then electron
beams are transferred to an α-magnet [8]. Since horizon-
tal dispersion is not zero in the α-magnet, electron with a
higher energy takes an outer or longer path, and electron
with a lower energy takes an inner or shorter path in the α-
magnet. In that manner, bunch length is compressed by the
combined function of the nonzero momentum compaction
factor R56 and nonzero energy spread in the α-magnet [6].
Since horizontal beam size becomes larger in the α-magnet
due to nonzero dispersion as shown in Fig. 2, we chop tail
or head part of electron beams by lower and higher energy
filters to control beam energy spread, beam energy, and
transverse emittance. Only electron beams which can go
through two energy filters are transferred to linac [6]. Ad-
ditionally, to supply macropulse with a frequency of 1 Hz,
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Figure 2: Layout of Mark III FEL Facility.

Table 1: Accelerator parameters of the Mark III FEL.
Parameter Unit Value
RF frequency of gun and linac MHz 2856
number of gun cell cell 1
cathode diameter mm 1.75
cathode operation temperature K ∼ 1800

cathode energy spread eV ∼ 0.4

cathode work function eV 2.69
cathode heater power W ∼ 11

operating vacuum in gun Torr < 10−7

single bunch charge nC 0.14
macropulse current at gun exit mA ∼ 400

macropulse current at α-magnet exit mA ∼ 180

klystron power MW 30
gun forward RF power MW ∼ 1.8

max gradient on cathode MV/m ∼ 30

cavity cooling water temperature deg 32.2
total beam energy at gun exit MeV ∼ 1.6

total beam energy at linac exit MeV 25 − 45

beam energy spread at linac exit % 0.3
peak current at linac exit A 15 − 45

thermal emittance at cathode μm ∼ 0.35

projected emittance at linac exit μm ∼ 5

slice emittance at linac exit μm ∼ 1

macropulse length at linac exit μs 2 − 6

max macropulse rate Hz 15
micropulse length at linac exit ps 0.5 − 3

micropulse rate MHz 2856

there is a 11.5 kV kicker in the α-magnet. In this case,
only one macropulse is transferred to linac in one second,
and all other macropulses are dumped in the α-magnet by
the kicker [6].

After the α-magnet, beams are focused by the second
quadrupole doublet (GQ3 and GQ4). There are two toroids
(T2 and T3) to measure beam current at the downstream of
the α-magnet and linac. By accelerating electron beams
with a 3 m long S-band accelerator, beam energy is in-

creased up to about 45 MeV, and bunch length is more
compressed to about 0.5 ps by the bunch compressor (CHI-
CANE1). By optimizing two quadrupole doublets (LQ12
and LQ34) and steerers at the downstream of linac, we can
get a beam waist in undulator which is helpful to increase
interaction between electron beams and spontaneous emit-
ted photon beams. After making the interaction to induce
the microbunching in electron beams and lasing, electron
beams are sent to the beam dump.

COMMISSIONING EXPERIENCES

To reduce space charge effects which increase transverse
emittance and bunch length, we have to accelerate elec-
tron beams quickly in the gun cavity. By sending about
2 MW RF power to the gun cavity, electron beams can be
accelerated to about 1.6 MeV in the gun. However, we
could not send such a high power at the beginning stage
of our commissioning due to too strong waveguide bangs,
arcs, and poor vacuum at the gun region. Hence, first of
all, we had to reduce gun reflected RF power by matching
the resonance frequency of gun cavity with a driving RF
frequency. By optimizing temperature of cavity cooling
water, position of a gun cavity tuner, and position of the
LaB6 cathode, we could change volume of the gun cav-
ity slightly, and we could get a best matched point which
gives a minimum reflected RF power and the best beam
emittance as shown in Fig. 3 [6]. Here the left means the
head region of macropulse, and a large reflected RF power
at the tail region was generated by a resonance frequency
shift which was induced by the increased back bombard-
ment and beam loading effect along the macropulse [5].
After reducing reflected power, by increasing gun forward
power and macropulse length gently, we performed contin-
uous gun cavity RF conditioning until we could get a stable
vacuum status in gun region. Since gun reflected power is
changed as forward RF power and macropulse length are
increased, we had to re-optimize gun reflected RF power
at a higher power and a longer macropulse. After per-
forming continuous RF conditioning for three months, we
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could obtain required basic beam parameters for the Mark
III FEL operation, and vacuum at gun region was also sta-
bilized as shown in Fig. 5. Here macropulse length is about
6 μs, the maximum beam current in the macropulse is about
400 mA at T1, and its maximum beam current at T2 is
about 180 mA as shown in Figs. 3 and 4.

Although we optimized the deflection magnet to reduce
the back bombardment on the cathode surface, we could
not avoid the problem completely when macropulse length
was longer than about 2 μs and beam current at T1 was
higher than about 200 mA. Therefore, as shown in Figs. 3
and 4, beam current at T1 was continuously increased
along the macropulse, and a large spike was generated at
the tail region of the reflected power due to the resonance
frequency shift. Generally, electron emission rate from a
thermionic cathode becomes higher as the gradient on the
cathode surface is increased. This increased current density
Js can be described by the well-known Schottky equation
which is given by

Js = A · T 2 exp
[
−(Φ − e

√
eEc/(4πε0) )/kT

]
, (1)

where A = 120 A/(cm2 ·K2) is the Richardson constant, T
is the cathode temperature, Φ = 2.69 eV is the work func-
tion of the LaB6 cathode, k = 8.62 × 10−5 eV/K is the
Boltzmann constant, and Ec is the external electric field
on the cathode surface [6], [9]. Therefore there are two
ways to obtain a higher beam current at T1. One way is
increasing RF forward power while keeping cathode tem-
perature at a low value. The other way is increasing cath-
ode temperature while keeping RF forward power at a low
value. According to our experience, the latter way was use-
ful to reduce the back bombardment along the macropulse.
Hence during commissioning, we operated our gun with a
high cathode temperature of about 1800 K.

After considering beam loading effect and the higher
beam current at the tail region, we had to send more higher
RF forward power along the macropulse to get a uniform
energy distribution. If gun reflected power is close to un-
balanced shape as shown Fig. 3(top left), head and tail parts
in the macropulse are chopped by two energy filters in
the α-magnet, and pulse length after the magnet became
shorter. Therefore we optimized reflected and forward
power signals to have a good linearity along the macropulse
as shown in Fig. 3(bottom left) and (bottom right). From
the information on position of the lower energy filter and
magnetic field of the α-magnet, we could estimate total
electron beam energy E at the gun exit which is given by

E [MeV] � 0.511
√

1 + (0.205 · Iα[A])2 , (2)

where Iα is the current of a power supply for the α-magnet,
and the lower energy filter is located at 16 mm. By scan-
ning Iα and monitoring T2 signal, we could estimate the
lowest and the highest beam energies as well as energy
spread in the macropulse, which are useful for us to keep
reproducibility of gun RF amplitude and phase. Since peak
current and beam loss along linac were sensitive to Iα, a

Figure 3: Signal of gun reflected RF power when reflected
power are unbalanced at head and tail parts (top left), when
head part has a high reflected power (top right), when re-
flected power is minimum and its slope along macropulse
is optimized (bottom left), and signal of forward RF power
when reflected power is optimized (bottom right).

Figure 4: (left) signals of the first gun toroid (yellow), the
second gun toroid (cyan), and linac toroid (magenta) when
beam transmission from gun to linac and back bombard-
ment along macropulse are optimized, (right) signal of the
first gun toroid when there is no transmission in the α-
magnet. Here calibration factors for T1, T2, and T3 are
0.4 A/V, 0.4 A/V, and 1.0 A/V, respectively.

fine tuning of Iα was also needed to get a lasing. After op-
timizing gun reflected power, quadrupoles, correctors, and
the α-magnet properly, we could get about 45% transmis-
sion and a flat current distribution at the downstream of the
α-magnet as shown in Fig. 4(left). If beam energy is too
low or Iα is too high, we could not get any beam transmis-
sion at the α-magnet as shown in Fig. 4(right).

To optimize beam orbit and optics at gun and linac re-
gions, we used signals from three radiation monitors which
are distributed along linac. Although those signals were
low during 1 Hz operation, they were significantly in-
creased during 10 Hz operation as shown in Fig. 6. Due
to the excellent pulse structures, those loss level were very
high when beam orbit and optics at gun and linac region
were slightly changed from a golden orbit and optics which
give the minimum radiation loss and the best emittance
for lasing. Therefore, we had to optimize all quadrupoles,
steerers, and the α-magnet carefully to reduce those loss.
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Figure 5: (top) spiky vacuum status on January 19, 2006
when gun generated 400 mA at T1 for the first time, (bot-
tom) stabilized vacuum status on January 31, 2006 when
gun generated 400 mA at T1 without any vacuum interlock
for about 80 minutes.

Figure 6: Signals of three radiation monitors along linac
during 1 Hz and 10 Hz operations.

FUTURE UPGRADE PLANS

We are under developing and considering following up-
grade plans to improve performance of the Mark III gun
and linac. First of all, to keep electron beam current con-
stant and to reduce the strong back bombardment problem,
we need a real time cathode temperature monitoring sys-
tem. By installing an infrared temperature detector and
by giving a feedback to the power supply of a cathode
heater, we can keep cathode temperature and beam cur-
rent constant. And to remove the back bombardment prob-
lem completely, we are also under operating the other RF
gun with the photoemission mode by shooting a Continuum
Minilite-II Nd:YAG laser on the LaB6 cathode surface [10].
Since the thermal emittance of the LaB6 cathode is about
0.35 μm for a diameter of 1.75 mm, and quantum efficiency
is about 0.05% at 266 nm, to improve transverse emittance,
peak current, and energy spread more, we would like to
use a high-class laser such an Nd:YLF laser whose the rms

pulse length is about 4.4 ps, energy per a micropulse is
about 1 μJ, and the maximum micropulse repetition rate is
9 MHz [11], [12]. This photoemission mode operation will
be certainly helpful to increase the peak power of our Mark
III FEL facility. Normally, electron beam quality and FEL
performance are significantly changed even though RF am-
plitude and phase of gun and linac are slightly changed.
Therefore we would like to develop a real time RF moni-
toring system to get a stable and reproducible FEL opera-
tion. And we want to develop an optical fiber based on-line
beam loss monitor to stabilize beam orbit around undula-
tor, which is certainly helpful to keep continuous and stable
interaction between electron beams and spontaneous emit-
ted photon beams in undulator. At the moment, we do not
have a direct diagnostic tool to measure bunch length of
about 0.5 ps long electron beam. To measure bunch length
directly and to optimize FEL performance, we would like
to install a small S-band deflection cavity in the near fu-
ture. To control bunch length or peak current easily and
to reduce geometrical wakefields and coherent synchrotron
radiation, we are under developing a new bunch compres-
sor with four electromagnetic dipoles. Now we are also
under developing an emittance measurement system with a
Flea digital camera of the Point Grey Research [13].

SUMMARY

By performing gun cavity RF conditioning for three
months, we could get a stable vacuum status and required
basic beam parameters. After optimizing reflected power,
toroid signals, radiation loss along linac, and focusing
around undulator, in January, 2006, we could send electron
beams to the beam dump successfully. Since we could get
a strong signal from a power meter in April, 2006, it is cer-
tain that our new gun and linac were optimized properly to
generate FEL photon beams from our undulator. Authors
thank to M. Pentico, O. Oakley, V. Rathbone, S. Huang, V.
Popov, S. Mikhailov, and Y. Wu for their helpful comments
and contributions for Mark III recommissioning project.
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Abstract 
We present further developments to the theory of 

Smith-Purcell free-electron lasers [1] (SPFELs) and 
characterization of a blunt needle cathode electron source 
in use to test the theory.  The theory of SPFELs has been 
refined to include the effects of resistive losses on the 
evanescent surface wave supported by the grating and 
reflections of the wave from the ends of the grating.  
Losses are included directly in the grating dispersion 
relation and the reflections appear in the boundary 
conditions for the growing wave.  Based on earlier work 
in sharp needle cathodes [2,3], an yttrium metal blunt 
needle cathode has been developed for the purpose of 
driving a SPFEL device.  Space charge expansion of the 
beam in the transverse direction and aberration in the 
electron optics place limitations on the useful beam that 
can be generated.  Both experimental and simple 
analytical characterizations of these limitations are 
presented and considered in light of the requirements of 
the SPFEL. 

SPFEL THEORY 
Smith-Purcell (SP) radiation is generated when an 

electron beam passes close to a grating.  The virtual 
photons of the field of the electrons are scattered by the 
grating, and the wavelength SPλ  observed at an angle θ  
is 

 
1

cosSP

L

m
λ θ

β
⎛ ⎞

= −⎜ ⎟
⎝ ⎠

 (1) 

where L  is the grating period, m  is the diffraction order, 
cβ  is the electron velocity, and c  is the speed of light.  

The angular spectral fluence of this radiation is described 
by several authors [4,5,6].  The intensity of the SP 
radiation falls off exponentially with the distance between 
the beam and the grating, with a characteristic length 

 
4

SPh
βγλ

π
=  (2) 

where γ  is the Lorentz factor for the electron beam [6]. 

When the electron beam current over the grating is 
sufficiently high, the interaction between the electrons 
and the fields above the grating becomes nonlinear, and 
the electrons become bunched.  Periodic bunching of the 
electron beam intensifies the SP spectrum coherently [7].  
Nonlinear emission with increasing beam current has been 
observed at Dartmouth College using a modified scanning 
electron microscope as a beam source [8,9]. 

The interaction between the electron beam and the 
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Figure 1. Grating dispersion relation showing 
synchronous solution 

fields above the grating is significant only for a grating 
surface wave whose phase velocity is equal to the electron 
velocity.  The dispersion relation for a lamellar grating 
without external mirrors has been calculated by matching 
the boundary conditions for fields inside the grooves of 
the grating to a set of Floquet modes above the grating 
[10]. 

The electron beam is synchronous with a single 
evanescent mode of the grating, as shown in Fig. 1.  The 
evanescent mode does not itself radiate except by 
scattering at the ends of the grating, and the wavelength of 
the mode is always longer than the lowest-order SP band.  
The SP radiation spectrum is coherently enhanced, 
however, at harmonics of the bunching frequency dictated 
by the wavelength of the synchronous evanescent wave. 

The group velocity (the slope of the dispersion relation) 
at the synchronous point can be positive or negative, 
depending on the electron beam energy.  The energy flow 
in the evanescent wave, therefore, can be copropagating 
or counterpropagating with respect to the electron beam.  
At high electron energy, the energy flow is copropagating, 
and the device operates on a convective instability as does 
a traveling wave tube amplifier.  At low electron energy, 
the energy flow is counterpropagating and the device 
operates on an absolute instability in the manner of a 
backward wave oscillator.  In the oscillator case, feedback 
is provided by the backward moving wave even in the 
absence of mirrors.  At some intermediate energy, the 
synchronous point on the dispersion relation coincides 
with the Bragg point, where the group velocity gv  

vanishes. 
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EFFECT OF LOSSES 
The gain coefficient for the evanescent wave in either 

the amplifier or oscillator regime can be calculated by 
expanding the grating dispersion relation around the 
synchronous point.  A dimensionless expression for this 
expansion (without losses) is 

 ( ) ( )2

gv k c kδω δ δω β δ− − = Δ  (3) 

where δω  is the frequency deviation from the 
synchronous point, gv  is the group velocity, kδ  is the 

wavenumber deviation, and 

 
2

3

pGω
γ

Δ =  (4) 

where G  is a constant that depends on the grating profile.  

The gain coefficient of the device varies as 
1 3

gv
−

, which 

diverges near the Bragg point.  However, the resistive 
losses in the grating have an attenuation coefficient that 

varies as 
1

gv
−

, which diverges at the same point [1]. 

Resistive losses also introduce a real phase change.  To 
see this, we consider a short section of grating as a 
resonant cavity by imagining perfect reflectors at each 
end.  Small resistive losses in the grating surface then 
introduce a frequency shift given by 

 ( )1
2

Q
i

U
δω = − +  (5) 

where 1i = − , Q  is the power loss into the grating 

resistance, U the energy density in the surface wave, and 
the angled brackets represent averages over one period of 
the grating and one cycle of the wave [11].  The correct 
dispersion relation with losses is therefore 

 ( ) ( )20 1
2g

c

v k i c k
Q

ωδω δ δω β δ
⎛ ⎞

− + + − = Δ⎜ ⎟
⎝ ⎠

 (6) 

EFFECT OF REFLECTIONS 
Equation 6 admits three solutions: a grating structure 

wave and so-called fast and slow space-charge waves.  
The three waves are locked together in frequency to form 
a single mode, but have slightly different wavenumbers 
and correspond to very different plasma dielectric 
susceptibilities.  Interference allows the waves to satisfy 
boundary conditions at the ends of the grating.  At the 
upstream end of the grating, the electron beam enters with 
uniform distributions of both density and velocity.  In the 
absence of reflections, the electric field vanishes at the 
downstream end.  These three boundary conditions are 
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Figure 2. Effect of reflections on the start current as a 
function of beam voltage 

where the index j  represents the three different solutions 

of the dispersion relation expansion, jA  is the relative  

amplitude of the three waves, and Z  is the length of the 
grating [1]. 

These boundary conditions can be refined to include 
reflections from the ends of the grating and losses in the 
reflected wave.  When this is done, the last boundary 
condition becomes 

 ( )0

3

1

0ji Z i Z

j

e Re
δ δ−

=
− =∑  (10) 

where 

 j jk
c

δωδ δ
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R  is the (complex) round-trip reflection coefficient, and 
2 gU v Qν =  is the empty grating loss coefficient.  

The boundary conditions are solved with the dispersion 
relation as a constraint.  The effect of the reflection 
coefficient is to increase or decrease the computed growth 
rate according to whether the phase shift on reflection 
leads to constructive or deconstructive interference with 
the backward waves.  The start condition for oscillation is 
that the growth rate, the imaginary part of the frequency, 
be positive.  Details on the calculation of reflection at the 
grating ends and the inclusion of losses in the grating 
dispersion relation can be found elsewhere [12]. 

The condition for oscillation can be expressed as a start 
current.  Figure 2 shows start current as a function of 
voltage for the parameters of the Dartmouth experiments 
[8].  The interference effects resulting from a nonzero 
reflection coefficient are clearly observed.  The observed 
start current is on the order of 1 mA, in agreement with 
the experiments.  However, the two-dimensional theory 
described here should underestimate the start current.  We 
expect the diffraction width of the mode on the grating to 

be on the order of / 1 mmg kΖ ≈ , where gZ  is the gain 

length of the evanescent wave, and k  is the wavenumber 
at the operating point.  This width is much greater than  
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Figure 3. Schematic of electron source and 
focusing/steering magnets  

the transverse size of the electron beam, thus reducing the 
effective interaction and raising the start current. 

BLUNT NEEDLE CATHODES 
The short vertical coupling length h  between the 

electron beam and the grating makes necessary a high-
brightness electron source for a SPFEL device.  Sharp 
needle cathodes made of tungsten have been investigated 
as high-brightness electron sources [2,3].  The 
photoelectric quantum efficiency of photoemission from 
the tungsten metal is enhanced by several orders of 
magnitude at the high surface electric fields (up to 1010 
V/m) that can be obtained at the 1 μm-radius tip of a 
chemically etched tungsten needle.  At these fields, the 
Schottky effect reduces the barrier for electron emission 
by as much as 2.5 eV.  The electron beams created from 
these sharp tips are highly divergent and difficult to focus. 

A less divergent electron beam can be obtained from a 
blunt needle cathode with a tip radius on the order of 1 
mm.  The surface field is reduced to 107 V/m, but the loss 
in quantum efficiency can be mitigated by changing the 
needle material from tungsten to yttrium.  Yttrium has a 
lower work function than tungsten (2.9 eV compared to 
4.5 eV), so a reduction of the barrier by the Schottky 
effect is not necessary to enhance the quantum efficiency.  
At 107 V/m, for example, the Schottky effect is only 0.1 
eV, but the effective work function of an yttrium cathode 
is similar to a tungsten cathode at 109 V/m. 

The needle-cathode device at Vanderbilt University 
uses an yttrium cathode with a 700 μm≈  radius spherical 

tip at the end of a 10 mm long square rod.  Removal of 
adsorbate molecules from the yttrium surface is critically 
important to the quantum efficiency of the cathode.  We 
use electron bombardment to raise the surface of the metal 
to its melting point (1800 K) for several seconds to 
produce a clean, smooth surface.  The partially-covered 
cathode is held at a positive potential of 2-3 kV, and 
bombarding electrons are provided by a tungsten ion 
gauge filament positioned close to the cathode.  The 
heating process is unstable when both the filament and the  
cathode tip are hot.  Yttrium deposited on the tungsten 
filament lowers its work function, increasing the 
thermionic emission. 
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Figure 4. Current detected at the phosphor screen as a 
function of total needle current 

After cleaning, the cathode is illuminated with a 
quintupled Nd:YAG laser (4-ns pulses at 20 Hz, <1 μJ per 
pulse, 5.9 eV per photon).  Peak currents of 50 mA are 
produced reliably, corresponding to a QE of ~10-3.  The 
laser is focused on the cathode with a spot radius of 20 
μm to give a current density at the source of 

7 210  A/meJ ≈ .  For an electron temperature 1 eVeT ≈ , 
the normalized brightness of the source is 

 
2

12 210  A/m -steradian
2

e e
N

B e

m c J
B

k Tπ
= ≈  (13) 

where em  is the electron mass and Bk  is the Boltzmann 
constant [13]. 

A schematic of the experiment is shown in Fig. 3.  A 
conical anode allows the ultraviolet laser light to enter the 
chamber from the side and be reflected by a mirror to the 
needle tip.  The electron beam is focused by a 500-turn 
solenoid in an iron yoke designed to minimize the 
effective needle-lens distance, and therefore, the size of 
the beam in the lens.  Steering coils direct the beam past 
an aluminum grating to a phosphor screen, which also 
serves as a Faraday cup.  A fused quartz window above 
the grating allows millimeter-wave radiation to be 
collected by a He-cooled InSb bolometer.  SP radiation 
above the bolometer noise level has yet to be detected. 

The usable beam current from the needle cathode is 
limited by the fraction of the beam that can be collected 
and focused.  Space-charge forces play a significant role 
in the divergence of the beam at the source, and the usable 
beam current increases sublinearly with total needle 
current at high laser intensities, as shown in Fig. 4.  The 
importance of the space-charge effect is somewhat less at 
higher accelerating voltages.  At 60 kV, with laser power 
at the needle damage threshold, 5 mA (about 10%) of the 
total beam current reaches the phosphor screen. 

The spot size of the electron beam at the grating can be 
affected by aberration in the solenoid focusing magnet, 
beam emittance, and space charge at the beam focus [13].  
The generalized perveance for a uniform round beam is 
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Figure 5. Transverse beam profiles show the effect of 
spherical aberration upstream of the electron focus 

where I  is the current in the beam, 3
0 04 e eI m c qπε= , 0ε  

is the vacuum permittivity, and eq  is the electron charge.  
In terms of the generalized perveance, the space-charge 
dominated beam radius is 

 

 
2

2Kr Ae
α−

=  (15) 
where A  is the beam aperture at the lens and α  is the 
convergence angle.  The space-charge limitation on the 
focal spot for the Vanderbilt device is less than 1 μm. 

The calculated brightness of the yttrium blunt needle 
source corresponds to an emittance of 710  mε −≈  for 5 
mA current at the grating.  The limitation posed by the 
emittance on the spot size at the focal point is 

 r
ε
α

=  (16) 

which corresponds to a 10 μm spot above the grating. 
The limitation on the spot size resulting from spherical 

aberration in the focusing solenoid is independent of the 
beam current.  Expanding the magnetic field near the axis 
and keeping terms up to third order in the transverse 
distance from the axis gives a radial dependence on the 
focal length of the solenoid (spherical aberration) 
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where zB  is the axial magnetic field and r  is the 
transverse distance from the axis.  The dependence of 
focal length on the transverse position of electrons 
entering the solenoid produces a spot size (at the circle of 
least confusion) of 
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where 0f  is the paraxial focus of the lens.  The 
aberration-limited spot size varies with the cube of the 
aperture size at the final lens.  For the Vanderbilt 
experiment, this spot size is 125 μm at 60 kV and 
represents the dominant contribution to the radius of the 
beam at the circle of least confusion. 

The size of the electron beam is measured by scanning 
the beam across a knife edge or by analyzing images of 
the phosphor screen.  Images of the screen are captured 

with a CCD camera and provide differential current 
density across the beam.  By changing the solenoid field 
strength, the beam is scanned through its focus.  The 
effects of spherical aberration are observed clearly as an 
intense beam edge upstream of the electron focus.  
Several transverse current profiles at different lens 
strengths appear in Fig. 5.  The measured radius at the 
beam waist is 200 μm, dominated by spherical aberration. 

CONCLUSIONS 
Detailed effects of losses and reflections have been 

incorporated into the theory of SPFELs.  The modified 
dispersion relation for the grating evanescent wave gives 
both the attenuation and phase shift due to resistive losses.  
The effects of reflection at the grating ends are accounted 
for in the boundary conditions on the three waves that 
comprise the grating mode.  The start current calculated in 
this way agrees with the Dartmouth experiments, though 
the two-dimensional treatment neglects diffraction of the 
evanescent mode in the transverse direction, which should 
increase the start current. 

Experiments are underway using the yttrium cathode 
device at Vanderbilt to drive the oscillator-regime 
operation of a SPFEL.  Spherical aberration limits the 
spot size of the electron beam in the Vanderbilt device, 
reducing the effective current interacting with the 
evanescent wave.  Aperturing the beam to reduce 
spherical aberration also reduces the fraction of total 
needle current to the grating. 
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Abstract
 Among the methods of emittance compensation for a

superconducting rf gun and linac system include utilizing
a solenoid and drift space after the gun to achieve a
specific beam envelope with zero beam divergence before
entrance into the linac. Studies on this method have
assumed minimal energy spread in the beam. However, in
cases where chromatic effects cannot be ignored this one
solenoid emittance compensation technique is inadequate.
Proposed is a new method of emittance compensation
utilizing two solenoids in order to minimize emittance in
beams with large energy spread. We present a theoretical
basis for the new technique along with a computer
optimized configuration. The results are compared with
previous methods of emittance compensation.

INTRODUCTION

First introduced by Carlsen [1] and expanded
upon theoretically by Serafini and Rosenzweig [2] is a
scheme for emittance compensation for an rf gun and
linac system that uses a solenoid magnetic field to
compensate for space charge defocusing. Chang et al. [3]
extended the method for systems with a superconducting
gun for which the solenoid must be placed outside the
gun. Such studies and further experiments have achieved
good emittance compensation results for beams with little
energy spread [4].

Touched upon by Chang et al. are the effects on
emittance caused by varying energy along the bunch.
Energy dependence in solenoid focusing, space charge
defocusing and linac ponderomotive focusing leads to
emittance increases when large energy spread in the
bunch is present. Previous studies have laid the
foundation for cancelling out chromatic effects at the
linac entrance [3]. However, there are other important
chromatic effects that should be looked into.

In this paper we study the chromatic effects of
the solenoid focusing and space charge defocusing. We
introduce a method for compensating for emittance
increases caused by these effects by adding a second
solenoid. The mechanism of this emittance compensation
scheme is studied with analysis of the beam through the
system. The relationship between the placement and
strengths of the two solenoids is studied theoretically and
compared to a computer optimized setup. Finally, this two
solenoid method is compared to the one solenoid method

by running Parmela [5] simulations with both setups and
comparing final normalized emittance values. We find
that the two solenoid method is superior to the one
solenoid method at minimizing emittance at the exit of the
linac.

EMITTANCE COMPENSATION

The essence of the emittance compensation method
described in detail in Ref [2] involves focusing the
diverging beam immediately after the gun with a solenoid
and reaching a point of zero convergence after a drift
space at which point the beam enters the linac. The
solenoid field must be of a certain strength in order to
have the beam enter the linac at the invariant envelope of
the linac. This envelope is given by:

(1)

where IA= 17,054 A is the Alfven current, I is the current
in the beam, and  is the average accelerating gradient of
the linac. Entering at this envelope with zero divergence,
the beam will exit the linac with zero divergence and with
an envelope satisfying Eq. (1).

Chromatic Effects
Chromaticity comes into play in the energy dependence

of the solenoid, space charge and linac focusing. As
previously stated, we will not focus on the latter in this
paper.

The envelope equation for a cylindrical space charge
dominated beam through a focusing element, in this case
a solenoid, is given by [2]:

(2)

where n is the normalized emittance and S is the
solenoid focusing strength
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where e is the charge of electron and B is the magnetic
field of the solenoid. From the dependence on  in each of
these terms one can see that slices along the bunch with
different energies will transform differently through the
solenoid-drift space element.

ANALYSIS OF PHASE SPACE ANGLE

To illustrate these chromatic effects on the emittance

we take a look at the transformation of the phase space

angle

(4)

through the solenoid and drift space elements.

Through Solenoid
In this analysis we will assume a small solenoid length

in which no change in  occurs, focusing only on the first
term on the right hand side of Eq. (2). Taking the integral
and dividing by  we achieve

(5)

with L the length of the solenoid.
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Figure 1: Phase space plots of three different slices of

varying energy. Average energy of 2.5 MeV, energy

spread of 3% and a total charge of 5nC, one of the

possibilities for the RHIC e-cooling project at

Brookhaven National Laboratory [6]. (a) Slices aligned

before solenoid, immediately after gun. (b) Slices

misaligned after solenoid focusing.

From Eq. (3) the dependence on energy is clear.
Figures 1(a) and 1(b) illustrate the effect on the phase
space distributions of three slices of varying energy. After
the solenoid the phase space slices are no longer aligned
leading to a rise in projected emittance.

Through Drift Space

For beam parameters typical for BNL’s ERL injector

(Q ~ 1 nC,  ~ 5, z ~  ~ 1cm, and a normalized slice

emittance of n ~1 mm
.
mrad) the ratio between third and

second terms on the right of Eq. 2 is very low:

IA z n
2 /Qc 2 ~ 5 10 5

. Hence, only the second

term on the right side of the envelope equation is

necessary:

(6)

(7)

with P being the perveance, a function of energy. Near the

waist, the envelope can be approximated by a parabola

[7]:

(8)

with divergence of

(9)

Dividing the two we obtain a phase space angle of

(10)

The envelope at the waist is given by integrating the
differential equation of Eq. 6 to obtain the equivalent first
order differential equation and rearranging to achieve
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The position at the waist is found by taking the equivalent

integral equation of Eq. 6 and using a polynomial

approximate solution [3]:

zw
i

P
.009165+ .95449

  i

P
+ .21824

  2
i

P

 

 
 

 

 
  . (12)

From these equations we are able to analyze how the
spread in the phase space angle varies through the
solenoid and drift space. In Fig. 2 we plot the difference
in angle between the head and tail slices of the same
bunch from Fig. 1, the head having a higher energy than
the tail.

Figure 2: Difference between higher energy and lower
energy slices in bunch immediately after solenoid. The
beam waist occurs at z = 0 meters. The calculations and
plots were done with Mathcad [8].

The plot begins after the solenoid at the maximum
spread in angle and continues through drift space. We see
that the slices align before z=0, the waist position, and are
thus misaligned at the waist. This leads to a non-
optimized emittance before entrance into the linac.

What one notices is that since the lower energy slices
rotate past the higher energy slices it would be possible to
use a second solenoid to realign the slices in phase space.
The above equations allow one to calculate the spread in

 after an arbitrary distance and thus the relationship
between the solenoid strengths of the first and second
solenoids and the distance between them, which would
result in realignment of the phase space slices.

OPTIMIZATION

A two solenoid, rf gun and linac system was optimized
for lowest normalized emittance by optimizing position
and field strengths of the two solenoids and position of
the linac. Plots of normalized emittance and envelope can

be found in Fig. 3 where they are compared to the same
plots for a non-optimized one solenoid setup. The one
solenoid configuration is set up following the invariant
envelope method [2].  Since it is not optimized, looking at

final emittances does not make for a definitive

comparison.  Instead, the plots serve to illustrate the
overall advantage the two solenoid method has over the
invariant envelope one solenoid method when dealing
with large energy variation.

The optimized magnetic fields of the first and second
solenoids and drift length between them are respectively
854 Gauss, 607 Gauss and 333.9 cm. To test the accuracy
of the above equations describing the alignment of phase
space slices we use them to calculate the magnetic field of
the second solenoid, which would realign the phase space
slices with all other optimized parameters unchanged. We
obtain a theoretical magnetic field strength of roughly 520
Gauss for the second solenoid. This is significantly lower
than the optimized value above. However, when
comparing standard deviations in  with 500 slices we
find that the theoretical value has a lower spread in ,
.0846 inverse meters, than does the optimized value,
.0897 inverse meters. This should not come as a surprise
as the theoretical calculation minimized spread in  after
the second solenoid while the optimized value minimized
normalized emittance after the linac, not necessarily
minimizing spread in . What the comparison of spread in

 does is validate the accuracy of our theoretical
approach, even if it should not be used as the exact value
when attempting to minimize emittance.

DISCUSSION AND CONCLUSION

We have introduced a new method of emittance
compensation that has advantages compared with
previous methods using one solenoid in minimizing
emittance of beams with significant energy spread. Our
theoretical analysis of the transformations of phase space
angle due to solenoid focusing and space charge
defocusing has proven to be accurate and may serve as a
basis for future analysis into this new emittance
compensation scheme.

Further studies however must be undertaken in
order to gain a better understanding of this new method.
Firstly, alignment of sliced phase space angles is not the
only parameter affecting total normalized emittance.
Individual sliced emittances must also be minimized
along with spread in slices and the two might not be
simultaneously minimized. Studies into optimizing spread
in  after the linac have resulted in increases in
normalized emittance.

Another aspect that should be looked into further
are the chromatic effects of the linac focusing. As seen in
Fig. 3, for the optimized two solenoid set up the beam
does not enter the linac at the waist as is deemed
necessary in previous one solenoid methods. Instead the
beam enters at a significant convergence. Non-linearities
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in the linac focusing due to this convergent entrance
perhaps might be playing a large role in minimizing
individual sliced emittances. Efforts at moving the linac

further from the second solenoid have not resulted in
lower values of normalized emittance.

                    Final Normalized Emittance: 7.5 μm-rad                        Final Normalized Emittance: 2.8 μm-rad

Figure 3: Comparison of one solenoid and two solenoid methods:  Electron beam envelope with one solenoid (a) and
two solenoids (b). (c) Normalized projected emittance with one solenoid (c) and two solenoids (d).
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Abstract 
UV absorption from carbon nanoparticles is a very 

interesting astrophysical topic. The prominent hump 
centred at 217.5 nm is the most dominant feature in the 
interstellar extinction curve and also the most 
controversial and a long-standing problem in 
astrophysics. At the University of Milano an experimental 
set-up based on a Pulsed Microplasma Cluster Source has 
been developed for the investigation of free clusters at the 
Elettra Gas Phase beamline. The cluster source produces 
very intense cluster beams with tunable size distribution. 
The design of the apparatus is extended with a chamber 
for gas phase reaction (water vapour, CO, H2...) providing 
a unique opportunity to study the gas phase properties of 
carbonaceous particles in different environments. 

We plan to investigate Resonant Raman scattering of 
free carbon particles tuning the high brilliance UV/VIS 
storage ring FEL of ELETTRA across the region of 
217.5 nm where the UV absorption hump in astrophysical 
data is observed and where a number of electronic 
transitions exist for variable size linear carbon chains. 

INTRODUCTION 
 
Since its discovery by Stecher (1965), the ultraviolet 

extinction curve feature observed at 217.5 nm has been 
attributed to π-electron plasmon absorption or π-π * band 
transitions in small graphite particles or amorphous 
carbon grains. Despite the early assignment to 
carbonaceous material, the exact physical nature of the 
carrier is still unknown and strongly debated. One 
peculiar behaviour of the 217.5 hump is the constancy of 
its spectral position regardless of the choice of the 
astronomical object under observation [1]. On the other 
hand, the peak position of the bump predicted for graphite 
particles is quite sensitive to grain size, shape and 
adsorbate coatings, which is inconsistent with the 
observations.  

Many different models have been proposed to explain 
the experimental observation and many different attempts 
have been made to reproduce in laboratory an adequate 
prototype for cosmic dust [2,3,4]. Experiments conducted 
on hydrogenated carbon nanoparticles isolated in noble 
gas matrix pointed out the relevance not only of particle 
shape and size but also of their chemical environment [1]. 

Other observations indicate that the presence of an ice 
mantel surrounding the carbon particles strongly 
influence their UV optical response [3]. Other authors 
have succeeded in synthesizing carbon aggregates that 
show optical constants fitting quite well the extinction 
curve [4, 5], but, the adopted methods don't match very 
well with the environment conditions where carbon grains 
in the intergalactic medium are expected to form. 

Actual models of dust astrophysics lack of 
experimental data about carbon dust in gas phase, their 
optical proprieties, mass distribution, reactivity and of 
course their absorption of the UV light in the 217 nm 
region. In order to attempt a meaningful reproduction, at 
the laboratory scale, of this astrophysical system it is 
important to study carbon clusters in isolated condition, as 
a function of their dimension and chemical environment. 
Recently the potential of optical spectroscopy in free jet 
expansion for experiments on astrophysically relevant 
species has been demonstrated [6]. 

Resonant Raman Scattering (RRS) is a powerful 
technique for the characterization of such a system. It 
combines the sensitivity to vibrational properties of 
carbon structures relevant for astrophysics like carbyne 
[7, 8] with a selective transfer of energy when the exciting 
photons are tuned at the energy corresponding to a given 
resonance, increasing in this way the scattering cross-
section. 

We present here an experimental setup for a RRS study 
of free carbon clusters which make use of the storage ring 
Free Electron Laser (SRFEL) radiation. 

 

EXPERIMENTAL SETUP 
This section quickly reviews the experimental setup 

that we are developing at ELETTRA in the framework of 
the collaboration between the CIMAINA of Milan 
University and the SRFEL group of ELETTRA, Trieste.   

CESyRA 
CESyRA (Cluster Experiments with Synchrotron 

RAdiation) [9] is a research project of the CIMAINA 
focused on free cluster spectroscopy with the high 
intensity UV and soft X-ray light from the ELETTRA 
synchrotron radiation facility. 

___________________________________________  
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The experiments are implemented in a UHV 
compatible supersonic cluster beams apparatus. The main 
constituents of the system are sketched in figure 1. 
Briefly, it consists of three differentially pumped, high-
vacuum chambers (Ch1, Ch2 and Ch3) separated by two 
skimmers (S). Heart of CESyRA apparatus is the Pulsed 
Microplasma Cluster Source (PMCS) [10,11], developed 
at the Molecular Beam and Nanocrystalline Materials 
Laboratory in Milano, which is able to deliver highly 
collimated and intense seeded beams of clusters from 
refractory materials (typical deposition rate for carbon: 
100 µm/h at 500 mm source-substrate distance, ~ 0.8 cm2 
covered area). The PMCS is based on target ablation 
obtained by He plasma sputtering: a pulse of He flux is 
directed against a target by means of a valve driven by an 
electromagnet (opening time of about 300 μs). The gas is 
then ionized by a pulsed discharge fired between the 
target rod (cathode) and the anode. The sputtered particles 
are carried through an aerodynamic lens system by the He 
flow and the mixture eventually undergoes a supersonic 
expansion into a high vacuum chamber. In order to 
prevent the formation of holes on the cathode rod and to 
reduce the need for source maintenance, since the ablation 
is extremely localized, the target rod is maintained in 
rotation during source operation (see figure 2). The 
clusters are emitted in pulses that propagate at a speed of 
about 1000 m/s and that last typically 15 ms. Lighter 
aggregates are mostly located at the head of the pulse 
while the heavier ones at the tail. 

The PMCS is located outside vacuum and 
communicates through the nozzle with the expansion 
chamber (Ch1). The beam passes through a skimmer that, 
due to particle focusing on the beam axis [12], efficiently 
separates the clusters from the carrier gas. In the second 
chamber a gas cell is installed to allow gas exposure of 
the free particles in the beam (3). A diaphragm separates 
the second from the third chamber (2) to produce 
differential vacuum and finally the beam is directed into 
an interaction chamber where a short linear time of flight 
(TOF) mass spectrometer is mounted perpendicularly to 
the plane formed by the intersection of the light and 
cluster beams (4). A sample manipulator is mounted, in 
order to intercept the beam and thus to allow cluster 
deposition onto a substrate. Finally, the beam is dumped 
onto a quartz microbalance (5) that monitors the cluster 
flux. 

The SRFEL of ELETTRA 
The CESyRA setup has primarily been thought for 

application with synchrotron radiation on refractory 
materials in gas phase, demonstrating for the first time the 
possibility of performing XAS measurements on free Ti 
nanoparticles [13]. However, for this particular 
application on carbon clusters, the requirements on the 
light source that has to be used make the SRFEL of 
Elettra [14] the best candidate for our objective. To probe 
the cluster beam in gas phase, we need a very high flux of 
photon with a wavelength that can be precisely tuned 
around 217.5 nm (5.7 eV). In this respect, the Elettra 
SRFEL can produce a very bright monochromatic beam 
that can be directed into the interaction volume by means 
of few optical elements, minimizing the photon flux 
losses due to radiation transport. 

The maximum average lasing power that can be 
achieved using a SRFEL is limited by the heating of the 
electron beam induced by the laser onset [15, 16]. The 
increase of the electron-beam energy spread is indeed 
responsible for the diminution of the optical gain while, at 

 Fig. 1: Main elements of CESyRA apparatus: (Ch1) expansion chamber, (Ch2) deposition and gas exposure 
chamber, (Ch3) TOF, (1) PMCS, (2) manipulator, (3) gas line, (4) TOF, (5) to dumping chamber and quartz 
microbalance. 

Fig. 2: a) schematic diagram of the PMCS source; 
b) pressure contour plot of He jet inside the PMCS 
cavity (see ref [11]); c) scanning electron microscope 
micrographs of the cathode region eroded by the 
plasma. The cathode is continuously rotated in order 
to prevent the formation of holes. A very smooth and 
precise trace formed by plasma erosion is clearly 
distinguishable. 

TUPPH044 Proceedings of FEL 2006, BESSY, Berlin, Germany

424 New Science at FELs



saturation, the latter reaches the level of the optical cavity 
losses. However, for applications requiring a high peak 
power, the FEL power can be ‘‘concentrated’’ into a series 
of giant pulses, applying the so-called Q-switching 
regime. In this case, the peak power is considerably 
enhanced (one to few orders of magnitude) while the 
average power is only slightly reduced [17]. To operate 
the SRFEL in Q-switching, we apply a modulation on the 
radiofrequency (RF) that drives the electron bunches in 
the storage ring (figure 3a) [18]. The giant pulses that we 
obtain are typically 100 μs long (figure 3c). The 
development of a giant pulse introduce a quite big energy 
spread that implies a recovery time for the dumping of the 
electron beam of the order of 10~100 ms. For this reason 
Q-switching is normally operated at a repetition rate of 
few Hz (figure 3a and 3b). In RRS experiment setup, the 
RF modulation is triggered after a variable delay by the 
opening of the He valve in the clusters source. Adjusting 
the delay we are able to probe, with the highest power 
available, different parts of the cluster pulse and therefore 
sample cluster populations with different average size. 

In order to probe the clusters with the Raman scattering 
in the spectral region of interest, we use mirrors for the 
FEL optical cavity especially designed for that 
wavelength. The interferential coating has been prepared 
at the Laser Zentrum Hannover.  

PRELIMINARY TESTS AND FUTURE 
DEVELOPMENT 

 
The CESyRA system is in the experimental hall of 

ELETTRA since May 2006 for the long term project 
approved on the Gas Phase beamline [9,13,19]. When the 
chamber is not in use for this project it is available for the 
preparation of the RRS experiment. 

In Raman spectroscopy, one of the most frequently 
encountered problems is related to the presence of the 
elastic background. Since the Raman cross section is 
typically 4-5 orders of magnitude smaller then the elastic 
one (Thomson scattering), the Raman signal risks to be 
submerged by the tails of the elastic peak. Moreover, in 
our setup, the interaction volume is in vacuum, separated 
from the spectrometer and the SRFEL by quartz 
view-ports. This introduces an additional source of 
scattered light that further decreases the "peak to 
background" ratio. The first step in the preparation of the 
Raman experiment has been the measurement of a total 
scattering yield, i.e. the collected light signal regardless of 
its spectral distribution, in order to evaluate the relevance 
of the background and to assess the interaction between 
the clusters and the radiation. For this purpose, we used a 
photomultiplier tube (PMT) to detect the photons that are 
collected by a small quartz lens focusing in the interaction 
volume about 5 mm far from the PMCS nozzle, where the 
cluster density is close to the maximum. When the setup 
will be optimized, the PMT will be replaced with a 
spectrometer. 

Since now, few hours have been dedicated to optimize 
the experimental setup. FEL light at 217.5 nm has been 
generated with a very good stability. We expect to extract 
a power of few tenth of mW in free-run mode that should 
correspond to a flux of 1017~1018 ph/s in the Q-switching 
regime. The FEL light has been used to perform the 
alignment of the chamber as well as some preliminary 
tests aimed at optimizing the Raman setup. The light was 
focused on the cluster beam by means of a lens located 
outside the chamber and one mirror in vacuum at 45º that 
deflect the light in the vertical direction. A second mirror 
at 45º was used to extract the light from the chamber. The 
focus of the collecting lens was placed at the intersection 
of the laser and clusters beams, so that the collection was 
done in the direction perpendicular to both of them. A 
multichannel time to digital conversion board has been 
used to record the detected events keeping track of their 
delay with respect to the opening of the valve. The full 
range temporal window of detection is 20 ms, with a time 
resolution of 82 ps. The acquisition software allows 
integration over an undefined number of consecutive 
pulses. To obtain a good background subtraction despite 
the possible drifts in laser and cluster source operation, 
the measurements have been done alternating acquisition 
of pulses with and without clusters; this was obtained by 
firing the vaporization discharge in the PMCS every 
second gas pulse only. Typical integration time was 5 min 
at a repetition rate of 5 Hz that corresponds to acquisition 

 
 

Fig. 3. Q-switching of the SRFEL: a) the RF modulation 
can be triggered by the opening of the He valve of the 
clusters source, b) development of a sequence of giant 
pulses, c) detail of a giant pulse: typical duration is 
100 μs. 
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of about 750 laser pulses with clusters in the beam and 
750 without clusters. 

Figure 4 shows an example of detected events for an 
acquisition obtained setting a nominal delay of 1.2 ms 
between the He valve and the RF modulation. The peak at 
1.45 ms corresponds to the photon counts collected under 
the giant pulses of the SRFEL. The black line with circles 
is associated to the pulses with clusters and the red one 
(squares) without clusters. The sharp spike at 0.73 ms is 
due to electrical noise introduced by the HV discharge in 
the PMCS and thus occurs only in the pulses where the 
generation of clusters is on; excluding this instrumental 
effect, no significant differences were measurable 
between the two curves at any delay. An expanded view 
of the peak at 1.45 ms (figure 5) shows that photon counts 
are detected with a time structure that closely follows the 
microtemporal structure of the FEL radiation. The fact 
that the detection rate is of the order of one photon count 
per micropulse indicates that the intensity of light 
scattered inside the chamber by the optical elements is 
hindering the signal of interest as the detector is probably 
saturated by background counts. 

 
Those preliminary results show the importance of 

screening the detector from the intensity scattered by the 
optical elements. At present, we are developing a new 
optical scheme to minimize this source of background 
that certainly would prevent the detection of the weak 
Raman signal. We are also implementing a Nd:YAG table 
top laser that, even if not tunable at the proper 
wavelength, will be helpful for off-line preparation of the 
experiment with the SRFEL.  

Considering the small number of shifts that for the 
moment have been dedicated to the experiment, we can 
be optimistic for the future developments. The CESyRA 
apparatus and the SRFEL reveal to be stable enough for 
the acquisition of data with good statistic. 

We acknowledge the storage ring control group of 
Elettra for collaboration and Stefan Günster of LZH 
(Hanover) for the realization of FEL optics. 
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Fig. 4: Acquisition with PMT of the scattered intensity. 
Black line (circles) SRFEL pulse plus clusters pulse. Red 
line (square) SRFEL pulse with only the carrier gas 
(notice the absence of the HV discharge noise).  

 

Figure 5: Expanded view of the microtemporal 
structure of photon count peak under FEL giant pulse 
in the Q-switch mode. 
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Abstract 
The free electron laser (FEL) at Osaka University can 

be continuously varied over a range from 5.0 to 20.0 μm 
when using the 30 MeV electron beam. The FEL has a 
double pulse structure. The structure consists of a train of 
macropulses with a pulse width of 15 μs, and each 
macropulse contains a train of 330 micropulses with a 
pulse width of 5 ps. The FEL’s tunability and short pulse 
make possible new medical applications, such as 
investigating protein dynamics and ablating soft tissues. 
Precise control of the micropulse train is essential for FEL 
medical applications because macropulses of long pulse 
duration lead to undesirable thermal effects. An FEL 
pulse control system, using an acousto-optic modulator 
(AOM), was developed to investigate the non-thermal 
effects of FEL on living tissues. This system provides 
efficiency (~ 65%) and a fast switching speed (> 200 ns), 
and we predict that FEL will serve as a novel tool in 
many new applications. 

INTRODUCTION 

The free electron laser (FEL) at Osaka University is a 
pulsed, tunable infrared source. It is designed to work in 
the region from 5 to 20 μm at an average power of up to 
50 mW. The FEL applications research is broadly 
interdisciplinary, including measurements of investigation 
of protein dynamics, the ablation of soft tissues and 
narrow band-gap materials [1-4]. 
 An electron beam of 30 MeV energy is the laser gain 
medium for the FEL. It is accelerated with a linear, pulsed 
RF accelerator. This leads to the pulsed beam current and 
complex temporal intensity profile of the emitted IR light 
as shown in Fig.1. The accelerated electron pulses have 
up to 20 μs duration and each of them generates one 
optical “macropulse” have duration of 15 μs. The mode 
locked pulse or “micropulse” have duration of 
approximately 5 ps with 44.8 ns spacing between pulses. 
For many FEL application 15 μs duration of the 
macropulse leads to undesirable thermal effects or 
obscures signals from fast optical process. The FEL user 
community has identified the need for selecting the 
number of micropulse. The switching device to achieve 
this should have the following properties; 

(1) Operating wavelength of 5 to 12 μm; 
(2) Variable pulse duration between 500 nanoseconds 

and the full macropulse length, with fast rise and fall 
times; 
 

 
(3) High efficiency; 
(4) Easy pulse duration adjustment; and 
(5) Portability between different experimental stations.  
An acousto-optic modulator (AOM) has therefore been 
chosen as the best solution for the Osaka University FEL 
system. Section 2 describes the principles of AOMs and 
pulse control systems. Section 3 details the performance 
evaluations of the pulse control system, and Section 4 
reports the results of these evaluations. 
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＜M icropulse＞

＜M acropulse＞

15 us

45 ns

0.1 s

5 ps

15 us

45 ns

0.1 s

15 us15 us

45 ns

0.1 s

5 ps

 

Figure 1: Pulse structure of FEL. 

MATERIALS AND METHODS 

The principle of an Acousto Optic Modulator 
An AOM is a device that allows control of the power, 

frequency, or spatial direction of a laser beam using an 
electrical drive signal. It is based on the acousto-optic 
effect, i.e., refractive index modification by the oscillating 
mechanical pressure of a sound wave. The geometry of 
the input and output laser beams relative to the acoustic 
column is shown in Figure 2. An AOM’s key element is a 
transparent crystal (or a piece of glass) through which the 
light propagates. A piezoelectric transducer attached to 
the crystal is used to excite a high-frequency sound wave. 
Light can then be diffracted at the periodic refractive 
index grating generated by the sound wave. The scattered 
beam has a slightly modified optical frequency (increased 
or decreased by the frequency of the sound wave) and a 
slightly different direction. The frequency and direction 
of the scattered beam can be controlled via the frequency 
of the sound wave, while the acoustic power allows 
control of the optical power. For sufficiently high acoustic 
power and to align the input laser beam for a true Bragg 
input angle, more than 70% of the optical power can be 
diffracted as the first order beam. When a supersonic 
wave intercepts the incident beam, the AOM generates a 
first order beam. Therefore, the rise time of first order 
beam depends on the diameter of the incident beam and 
the speed of the supersonic wave. The rise time of the 
first order beam is given by equation (1). The following 
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equation describes the time required before the primary 
light output rises from 10% to 90% [5]. 

TR = S/ (v*1.56),    (1) 
where: 
    TR =   Rise time of first order beam, 
     S =   Diameter of incident beam, 
     V =   Speed of supersonic wave, 
   1.56 =   correction factor. 
 

 
Figure 2: Principles of an AOM. 

 
Pulse control system design 

The diameter of the original FEL is about 50 mm Φ. To 
control the high efficiency/high speed pulse, it is 
necessary to incident para-parallel/diameter of very small 
beam into AOM. A schematic diagram of an FEL pulse 
control system is shown in Figure 4. The FEL beam (50 
mm Φ) diameter was reduced in size to 1.5 mm Φ by two 
mirrors with either long (radius of curvature = 385 mm) 
or short (radius of curvature =50.0 mm) focal lengths. 
Table 1 shows the specifications of a standard AOM 
(AGM-402A1, IntraAction Corp).  

 
Figure 3: Experimental setup for pulse control. 

 

Table 1: Specifications of Ge-AOM 

Optical Wavelength                                     @10.6 μm 
Acousto-optic Material        Single Crystal Germanium 
Acoustic Velocity                 5.5 mm/μsec 
RF Center Frequency *        40 MHz 
Optical Insertion Loss          <7 % 
Optical Power Capability     25 Watts 
Laser Polarization                 Parallel to Base  
Rise Time (diameter)            116 nsec (1 mm) 
Bragg Angle                          38.5 mrad 
Beam Separation                   77 mrad 
Diffraction Efficiency           <70 %  

*Other frequency available 

PERFORMANCE EVALUATIONS 
 

The laser damage threshold for Ge was determined 
empirically for the FEL. Surface damage occurred at 20 
mW of average power, less than 1.5 mm Φ beam 
diameter, and 6.3 μm wavelength. The absorption by Ge 
does not change significantly between 6 and 12 μm. Our 
experimental setup is shown in Figure 5. The FEL enters 
the AOM at a diameter of 1.5 mm Φ and the pulse 
duration is controlled by adding a supersonic wave pulse 
to the AOM. First order beam is detected by infrared 
detector (MCT; VIGO Systems, R005). MCT signal is 
recorded by an oscilloscope (LeCroy, WaveMaster 8000).  

RESULTS 1 

Wavelength-dependence of pulse control system  
The wavelength dependence of the pulse control 

system is shown in Figure 4, Input/picked FEL average 
power vs. wavelength in the range from 5.4 to 12 μm.   
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Figure 4:Wavelength-dependance of  pulse control system.  
 
Measurement of first order FEL 

The MCT signal of the FEL first order beam is shown in 
Figure5. This pulse control system can control the FEL 
pulse width in the range of 10 micropulses (>200 ns) to 
the full macropulse (15 μs). A 630 ns first order FEL is 
produced by a control signal of 500 ns, a 360 ns first 
order FEL is produced by a control signal of 200 ns. 
Based on these results, the rise/fall time of this pulse 
control system is about 100 ns. This result aligns closely 
with the theoretical value derived from equation (1).  
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Figure 5: The pulse structure of the picked FEL. 
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EXPEREMENT 

In case of FEL irradiation to gelatin, interaction arrives 
at depth of 2mm, at the maximum. However, Photo 
penetration depth = 3 μm. Interaction extends to much 
deeper from the region where light can arrive at. It is 
thought that this reaction depends on a shock wave.  
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Figure 6: The process of gratin cut. 

Experiment setup 
Experiment setup for proof experiment of pulse control 

effect is shown in Fig 7. In this experiment, change of a 
shock wave is estimated by an image analysis and wave 
pattern analysis. 
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Figure 7: Experiment setup for proof experiment of pulse 
control effect. 

RESULTS 2 

A difference of a level of shock wave by a difference of 
pulse structure is shown in Figure8. Figure 9 illustrates 
the maximum shock wave level (peak to peak)/ maximum 
shock wave arrival depth (image analysis) vs. FEL pulse 
width. From these results, the same tendency was seen in 
an analysis result by an image and an analysis result by a 
wave pattern. A shock wave grows up to 1-2 μs and 
reaches saturation afterwards.  
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Figure 8: A difference of a level of shock wave by a 
difference of pulse structure. 
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Figure 9: A difference of shock wave by a difference of 
pulse structure. 

CONCLUSIONS 

FEL pulse control system using an AOM was developed 
in order to investigate of non-thermal effect between the 
FEL and living tissue. With a time scale of 200 ns ~ 15 
μs, this system provides the efficiency of ~65 % and a 
fast switching speed. 

From results of pulse control effect proof experiment, 
the same tendency was seen in an analysis result by an 
image and an analysis result by a wave pattern. A shock 
wave grows up to 1-2 μs and reaches saturation 
afterwards. This system made it possible to control a 
shock wave by controlling a thing of pulse structure.  

Picking out a single micropulse is impossible using this 
device with a time scale from 200 ns to 15 μs; it is, 
however, a very successful pulse control technique.  
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Figure 10: Controllable region by pulse control system. 
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Figure 11: New regions that FEL can apply. 

DISCUSSIONS 

Using this system, the pulse width becomes the third 
parameter of the FEL system, in addition to the two 
conventional irradiation parameters of wavelength and 
power density. This system allows more precise FEL-
biomolecular interactions, and was thereby able to 
produce a new irradiation effect of FEL that was not 
previously available (Figure 11). Improvement of the 
pulse control system (higher speed, higher power density) 
affords more selective excitation of biomolecules on a 
pico- and nanosecond time scale. In addition, by using 
FEL as the excitation light, we can introduce the 
picosecond time resolution vibration minute light method 
to the field of chemistry and biology. 
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Abstract
The effect of dissipative loss in the grating surface 

on the Smith-Purcell free-electron laser is investigated 
with the help of a two-dimensional particle-in-cell 
simulation. The simulation model supposes an open 
aluminium grating driven by a continuous electron beam. 
With the present parameters, it has been shown that such 
a device can oscillate on both the convective and absolute 
instability when ignoring the surface-loss. The growth 
rate is found to be dependent of the beam energy, and it 
decreases when the surface-loss is involved. The results 
are compared with the recent theory. 

INTRODUCTION
As a promising alternative in the development of a 

compact, tuneable and powerful THz source, the Smith-
Purcell free-electron laser (SP-FEL) has attracted many 
attentions in recent years [1-5]. The SP-FEL can be 
realized on the configuration of an open grating [6-10], 
which is different from the conventional configuration, 
“orotron” or “ledatron” [11,12]. 

When an electron passes close to the surface of the 
grating, it not only emits Smith-Purcell radiation, but also 
excites the evanescent wave [13,14]. The evanescent 
wave, with the frequency below the lowest frequency of 
the Smith-Purcell radiation, travels along the grating and 
undergoes partial diffraction and partial reflection at both 
ends of the grating. The diffraction potion is radiative in 
the free space and can be utilized. The dispersion relation 
of the evanescent wave, as shown in Fig. 1, is similar to 
the backward-wave oscillators (BWOs) and traveling-
wave tubes (TWTs), since the grating could be regarded 
as a kind of slow-wave structure. The frequency of the 
evanescent wave is determined from the intersection point 
of the dispersion curve and the beam line, as shown in Fig. 
1, meaning that the beam velocity is synchronous with the 
phase velocity of the wave. The group velocity can be 
positive, negative or zero. When the interaction happens 
in the positive group velocity, the wave and the beam 
moves in the same direction. Such an interaction induces 
convective instability, and the device operates in the 
manner of TWTs [15]. When the group velocity is 
negative, the wave and the beam moves in the opposite 
direction. In this case, the interaction leads to absolute 
instability, and the device can operate without external 
feedback, like BWOs [15].   

The case of absolute instability has been much 

addressed [6-9]. Andrews and co-workers predicated that 
there is possibility for device to start oscillation based on 
the convective instability, since the wave reflects at both 
ends of the grating, playing the role of external feedback 
[15]. In this paper, we address on the oscillation induced 
by absolute and convective instability, respectively, with 
the help of a two-dimensional particle-in-cell code, 
MAGIC [16], a code for simulating processes involving 
interactions between space charge and electromagnetic 
fields. The simulation is performed with and without 
involving the surface-loss of the grating, respectively, to 
demonstrate the effect of the loss on the operation of the 
device. 

SIMULATION DESCRIPTION 
The simulation geometry is shown in Fig. 2. A 

grating with rectangular form is set in the centre of the 
bottom of the simulation box. The surface of the grating is 
assumed to consist of conductor whose grooves are 

Figure 2:  Simulation geometry. 

Figure 1: Dispersion relation for our grating.
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parallel and uniform in the z direction. We use a sheet 
electron beam with thickness of 24 m, and place its 
edge 34 m above the top of the grating. It is a perfect 
laminar beam produced by the MAGIC algorithm and is 
generated from a cathode located at the left boundary of 
the simulation box. The electron-wave interaction and 
radiation propagation happen in the vacuum area, which 
is enclosed by a special region (called free-space in 
MAGIC language), where the incident electromagnetic 
waves and electrons can be absorbed. The whole 
simulation area is divided into a mesh with rectangle cells 
of small size ( x=17.3 m, y=17.3 m) in the region 
of beam propagation and grating, and large size (
x=17.3 m, y=51.9 m) in the rest of the region. The 
Cartesian coordinate system is adopted with the origin at 
the centre of the grating. Since it is a two-dimensional 
simulation, it assumes that all fields and currents are 
independent of the z coordinate. And it should be noted 
that the current value mentioned in this paper represents 
the current per meter in the z direction.  

The main parameters of the grating and electron 
beam are summarized in table 1. The electron beam 

energy will be varied in the following simulation. The 
external magnetic field is used in order to ensure stable 
beam propagation above the grating. It should be noted 
that some parameters of the grating and electrons, such as 
period length, groove depth and width, and electron’s 
energy, used in our simulation are the same as those in 

We first perform the simulation at the ignorance of 
the surface loss, i.e., the grating is supposed to be perfect 
conductor. The choice of beam energy spans the regions 
of absolute and convective instability. According to the 
theory of Andrews and Brau, the beam line intersects the 
point of zero group velocity, called Bragg condition, with 
the energy of 125 keV[15]. Fig.3 and 4 show the contour 
plot of Bz and energy modulation for the beam energy of 
50 keV, at the time of 4.703 ns. In this case, the device 
operates on the absolute instability, and the energy 
modulation tells that the oscillation happens. If the beam 
energy is 140 keV, the device operates on the convective 
instability. From Fig. 5 we understand that the ends of the 
grating reflect the wave, and therefore provide feedback. 

The reflected waves form the interference pattern. Fig. 6 
illustrates the modulation of the energy, meaning that the 

Table 1  Main parameters for simulation 
Grating period          L=173 m
Groove width           w=62 m
Groove depth            d=100 m
Period number                      N=50 
Electron beam energy  E=40 ~140 KeV
Beam current                        I=648A/m 
Beam thickness        =24 m
Beam-grating distance     =34 m
External magnetic field    Bx=2T

Figure 3: Contour plot of Bz for the case of 50

 

KeV electron beam. 

Figure 4: Energy modulation for the case of 50
keV eelectron beam.  

Figure 5: Contour plot of Bz for the case of 140
KeV electron beam. 

computers. In addition, the form of the beam is different, 
since we use a sheet beam and the experiment used a 
round beam. 

As to the diagnostics, MAGIC allows us to observe a 
variety of physical quantities such as electromagnetic 
fields as functions of time and space, power outflow, and 
electron phase-space trajectories [16]. We can set the 
relevant detectors anywhere in the simulation area. 

SIMULATION RESULTS 

Ignoring Surface-loss 

Dartmouth experiment [1]. Consequently the radiation 
occurs in the THz regime. However, the grating length in 
our simulation is shorter than the one used in Dartmouth 

experiment because of the limited capacity of our 
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device oscillates. The electric field component of the 
evanescent wave is observed near the grating surface, as 
examples, simulation results for some chosen energies are 
given in Fig.7. It is seen that the evolution of the 

amplitude of the electric field component in the x 
direction shows the exponential growth for all chosen 
energy, which means the device can oscillate by both 
absolute and convective instability, even at the Bragg 
condition. We noticed that when the beam energy is 125 
KeV or more, the curves illustrate several sharp decreases 
as the amplitude growing.  

 Involving Surface-loss 
To be more practical, the grating should not be 

perfect conductor and it has loss in the surface. In this 
paper, we consider aluminium grating, which has the 
conductivity of 71072.3 mhos/m. With involving the 
surface-loss, the evolution of the electric field amplitude 
corresponding to Fig.7 is as shown in Fig.8. It is
understood that only the curves for 50KeV, 100KeV and 
115KeV (operating on absolute instability) demonstrate 
the exponential growth, while for the case of 140KeV 
electron beam (operating on convective instability) the 
oscillation refuses starting. Further analysis of the 
simulation data shows that with the present parameters 
the device can only oscillate on the absolute instability. 
Comparing with Fig.7, the curve of 50KeV comes to 
saturation ahead of the curve of 100KeV in Fig. 8, which 

means the effect of surface loss strongly depends on the 
beam energy.

Growth rate 
The growth rate of the evanescent wave can be 

derived from the simulation data. From the plot of 
amplitude of Ex(t) vs t we can extract the slope of the 
linear envelop, which is the imaginary part of the 
frequency, Im( ) [9]. Plenty of simulations are carried 
out with the variation of electron beam energy, and the 
growth rate for the particular energy is acquired by the 
way described above. The dependency of growth rate on 
beam energy is illustrated in Fig.9, for the cases of with 
and without surface loss, respectively. It has been shown 
that, the growth rate decreases when the surface-loss is 
involved. With the present parameters, the maximum 
growth rate appears at the energy of ~65 KeV for the case 
of with surface loss, then it goes down quickly to zero 
before the Bragg condition. That is the reason that the 
device can only operate on the absolute instability. If we 
expect the device oscillate at the convective instability, 
much higher current of electron beam is required to get 
the net gain. Also plotted in Fig.9 are the theoretical 
results from the recent theory [17], which show about two 
times larger than the simulation results. 

CONCLUSION
The operation of a SP-FEL on absolute and convective 

instability is discussed in this paper. We demonstrate that 
the ends of the grating can provide the external feedback, 
which is possible to make the device oscillate at the 

Figure 6: Energy modulation for the case of 140
keV electron beam. 

Figure 7: Evolution of amplitude of Ex with
respect to time. 

Figure 8: Evolution of amplitude of Ex with
respect to time. 

Figure 9: Growth rate with respect to beam
energy.
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convective instability. The surface-loss will decrease the 
growth rate, especially in the region of convective 
instability. The growth rate drops down to zero before the 
Bragg condition with the present parameters. Higher 
beam current is predicted to provide the net gain if we 
expect the device to oscillate on the convective instability 
when the practical metal, such as aluminium, is used to 
make the grating. 
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Abstract  
 This paper presents an analysis of a possible method 

of producing the bunches and obtaining the coherent THz 
radiation. With the help of a two-dimensional particle-in-
cell (PIC) simulation, the simulation proposes a model 
with two sections consisting of a square-toothed grating 
with a flat conducting roof above it and an open grating. 
In the first section, an initially continuous beam 
interacting with TM modes is bunched by using an 
external signal. In the second section, the coherent THz 
radiation is produced by the well bunched beam 
interacting with the open grating. The strongest radiation 
is at 1200 and at frequency 266.5GHz. 

 
INTRODUCTION 

In recent years, there is a substantial interest in 
development of coherent radiation sources, especially to 
the coherent THz radiation. An important source of 
radiation in the THz region is Smith-Purcell(SP) 
radiation[1].  

It is well known that the SP radiation may occur at 
angles θ  measured from the direction of the electron 
beam and order n such that nL )cos1( θβλ −= , where L 

is the grating period, cβ the electron velocity, and c the 

speed of light. The coherent SP radiation has been 
observed in the THz region from experiments. One 
example is the Dartmouth experiments [2] with an 
initially continuous beam. The other is the MIT 
experiments [3] using the beam already bunched when it 
reaches the grating. The bunched beam from a linac 
operating at 17.14Ghz delivers pulses of duration 1ps. 
Quite recently, the PIC code simulations related to the 
coherent and superradiant SP radiation are performed by 
Li et al [4], Donohue and Gardelle, respectively [5,6]. In 
their simulations, the Dartmouth experiment and MIT 
experiment have been presented. These simulations are 
able to clearly observe coherent SP radiation at harmonics 
of  imposed bunching frequency.  Those results support 
the viewpoint of Andrews and Brau [7].  In the theoretical 
side, Kumar and Kim have performed a detailed 2D 
analysis in which the SP free-electron laser is treated as a 
BWO [8]. And a thorough discussion of the radiation 
emitted by prebunched beams has been given recently by 
Gover [9]. 

 We know it is necessary for generating coherent SP 

radiation that the bunches are short comparing with the 
radiation wavelength. However, for the short electron 
bunches high quality electron accelerator which is 
expensive is needed. The bunches are unstable both in 
time and along the grating for the bunching of the initially 
continuous beam by an evanescent wave that is operating 
in backward wave region.  

In this paper, with the help of a two-dimensional PIC 
simulation we discuss and analyze a new method of 
making the bunches and obtaining the coherent THz 
radiation. The simulation proposes a model with two 
sections consisting of a square-toothed grating with a flat 
conducting roof above it and an open grating. In the first 
section, an initially continuous beam interacting with TM 
modes is bunched by using an outer incoming signal. The 
electron-wave interaction is operating in the travelling-
wave region, which resembles a Cerenkov amplifier. Due 
to the Mechanism for TWT, the bunches are relative 
stable compared with what is operating in backward wave 
region. In the second section, the coherent THz radiation 
is produced by the well bunched beam interacting with 
the open grating.  
 

DETAILS OF THE NUMBER ANALYSIS  
Geometry and parameters of the simulation  
      The simulations are carried out using the PIC code 
CHIPIC[10]. It is a finite-difference, time-domain code 
for simulating plasma physics process. Our simulations 
use a 2D PIC code in this paper. The geometry is given in 
Fig. 1. The basic structure consists of a grating bounded 
above by a roof and an open grating .The surface of the 
grating and the roof are assumed to consist of a perfect 
conductor whose rectangular groove are parallel and 
uniform in the z direction. A sheet electron beam 
propagates along the x-direction. It is a perfect beam 
produced from a small cathode located at the left 
boundary of the simulation. The drive signal is also  

___________________________________________  
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Figure 1. Simulation geometry. 
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Parameters  First section  Second section 

Beam energy                  120 kV      
Current                           200 A 
Beam thick                     0.4 mm    0.4mm 
Beam -grating distance   0.1 mm    0.1mm 
Grating period                0.5mm      0.5mm 
Grating groove depth     0.625mm   0.2mm 
Grating groove width     0.25mm     0.3mm 
Number of period           135             20 
External magnetic field   2T 
Drive signal                    2kW 
Mesh size                     (50um)2         (50um)2 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
imposed on the left, which provides a 2kW power to the 
device. The beam-wave interaction and radiation 
propagation happen in the vacuum box. The boundary is 
enclosed with absorbers. At the end of the first section, 
there is an attenuator, which prevents most of the 
electromagnetic wave reaching the second section from 
perturbing the bunching and interpreting the coherent 
radiation. The grating parameters we choose have a 

period L=500um, a width of slots d=0.25mm, and a depth 
h=0.625 mm. The distance from the tops of the teeth to 
the roof is 0.75 mm. We assume a beam voltage of 
120kV, a current of 200A, a beam thickness of 0.4mm, 
and beam-grating distance 0.1mm, external magnetic field 
Bx=2T. The main parameters of the grating and electron 
beam are summarized in Table 1.  
 
Description of our idea 

In fig. 2, the solid line shows the lowest order TM 
mode dispersion relation for the grating with a roof, and 
the dash line for open grating. Due to the choice of 
parameters, the lowest-order TM mode will be resonant 
with the beam in the neighborhood of 90-100GHz. At the 
operating point P, the group velocity is positive, which 
means electron-wave interacts at the traveling-wave 
region, as in the traveling-wave tube (TWT). The working 
process of the device is explained as follows. By using an 
initial injected signal with frequency 88.5GHz, the 
electron beam interacts with TM mode electromagnetic 
wave through the first section, and gets density bunching. 
The bunching wavelength will be the same as the spatial 
wavelength of the operating point P .In the second section 
in order to clearly observe coherent SP radiation at 
harmonics of the bunching frequency, we varied the 

parameters of the grating. In fig.2, the point P' is the 
operating point. Then the operating point frequency of the 
evanescent wave is different from the bunching 
frequency.  
Through the second passage, which also acts a drift tube, 
the well bunched beam interacts with the grating, and the 
coherent radiation is produced. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Table 1. Parameters of the simulations  
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Figure 2.Dispersion relation for the grating 
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Figure 4. Space dependence of current (a) current 

I(x), (b) corresponding FFT. 
 

 

(a) 

 
Figure 3. Phase-space distribution (a) density of electrons 
in the x-y plane at 1.15ns.Bunching is evident.(b) kinetic 
energy-x density at the same time 
 

(b) 
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SIMULATIONS RESULTS 
 
Electron bunching  

In this simulation, the main goal of the first section is 
not gaining the maximum output power of the beam-wave 
interaction, but obtaining the well stable bunches. Hence, 
by using of an outer injected wave, choosing a reasonable 
period numbers, an initial continuous beam travels  
 through the first section and gets velocity modulation and 
density bunching, then passes through the open grating 
and the stable bunches are generated. The bunching can 
be clearly observed as a function of both space and time. 
In fig.3, we observe the beam bunching: phase-space 
plots at time 1.15ns and energy modulation of the electron 
.We note that the mean energy loss is about 5keV of the 
beam energy. The spatial modulation of the current 
displayed in fig.4 increases with x, and the period of the 
modulation is 1.94mm. The beam is well bunched at the 
downstream of the first of passage. We note that the 
bunching is relative stable along the open grating. In fig.4 
(b) shows the bunching is nonlinear when it becomes 
strong. In fig.5 the beam current is a function of time, for 
locations at the end of the first of the passage and the 
center of the open grating. One clearly sees the bunching 
current is stable in time after time about 1ns. This is an 
advantage compared to the bunching of the initially 
continuous beam by an evanescent wave that is operating 
in backward wave region. In fig.5(b), the bunching 
current shows the beam is well bunched at the center of 
the open grating compared with that at the downstream of 
the grating with roof displayed in fig.5(a). It shows that 
the open grating also resembles a drift tube. 
 
Coherent terahertz radiation 

Here we analyze the radiation from the periodic 
bunching interacting with the open grating. The results of 

the simulation are given in fig.6, and three radiations are 
clearly observation. It has be shown that the dominant  
radiation is with the frequency of third harmonic of 
bunching wave, 88.5GHz peaked at the angle of about 
120 deg which corresponds to the SP radiation angle. 
While the other two radiation are with the frequency of 
the fourth and fifth harmonics ,respectively, and also 
corresponds to the SP radiation angle. From the contour 
plot of fig.7 we can observe that the dominant third 
harmonic radiates at the angle of about 1200, in agreement 
with that  shown in fig.6.Of course, due to the  
interacting of the beam-wave which reduces the value of 
the particle velocity, the discrepancy appears somehow   
for the simulation data for the radiation angle compared to 
the theoretical value. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CONCLUSIONS 
We have presented results of the coherent THz 

radiation through the simulations of electron bunching of 
continuous beam interacting with an open grating. The 
results show that the bunching is stable in time and along 
the grating. The strongest radiation is at 1200 and at 
frequency 266.5GHz at the simulation parameters. The 
coherent radiations are emitted at frequencies that are 
integer multiples of the bunching frequency, and at the 
corresponding SP angle.  

 

 
Figure 5. (Color ) Current as a function of time: (a) at end of 
the first section .(b) at the center of the open grating . 

(a) 

(b) 

 
Figure 7. (Color ) Contour plot of Bz for coherent 

radiation 
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Figure 6. Radiation frequency and the peak of FFT 
amplitude of Bz as a function of angle, detected at the 
distance 10.58mm from the grating center. 
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Abstract
An analysis of superradiant Smith-Purcell radiation 

is carried out with the help of performing a three-
dimensional simulation in GHz regime using a particle-in-
cell code. The simulation model supposes a rectangular 
grating with limited length and width, to be driven by a 
single electron bunch, a train of periodic bunches and a 
continuous beam, respectively. Besides the Smith-Purcell 
radiation, the evanescent wave is clearly observed, which 
holds the frequency lower than the allowed minimum 
Smith-Purcell frequency. It is also shown that the 
superradiant radiations excited by periodic bunches are 
emitted at higher harmonics of the bunching frequency 
and at the corresponding Smith-Purcell angles. The 
distributions of the radiation intensity are presented and 
compared with a recently proposed theory. The “start 
current” for a continuous beam to make the device start 
oscillation is addressed as well.   

INTRODUCTION
The superradiant Smith-Purcell (SP) radiation has 

attracted many attentions since Urata and co-workers 
observed this phenomenon in their experiments [1,2]. It is 
a promising alternative in the development of a compact, 
tuneable and high power THz sources. To better 
understand the physics of the superradiant SP radiation is 
necessary for improving the performance of such kinds of 
devices.  

It is known that the SP radiation is emitted as an 
electron passes close to the surface of a periodic metallic 
grating [3]. The wavelength  of the radiation observed 
at the angle  measured from the direction of electron 
beam is given by 

)cos1(1
nd

,                         (1) 

where d is the grating period, c  the electron velocity, 
c  the speed of light, and n  the order of the reflection 
from the grating. The incoherent SP radiation has been 
analysed in many ways, such as diffraction theory, 
integral equation method and induced surface current 
model [4-8]. The experimentally observed superradiant 
effect is regarded as the result of the appearance of 
periodic electron bunches. Several theories have been 
proposed to reveal the physics of the superradiant 
phenomenon [9-13], and a three-dimensional simulation 
is supposed to be necessary.

In this paper, we perform a three-dimensional 
particle-in-cell simulation for the coherent and 
superradiant SP radiation using MAGIC [14], a code for 
simulating processes involving interactions between space 
charge and electromagnetic fields.  

SIMULATION MODEL 
The simulation model involving a rectangular grating 

and a cylindrical electron beam is shown in Fig. 1, where 
d is the periodic length, s the groove width, h the groove 
depth and w the width of the grating. The main 
parameters are summarized in table 1, and we note that 
the grating period, groove width and depth and initial 
electron’s energy are same as those in Ref. [15]. The 
length of the grating is set differently for particular 
simulation case, which will be mentioned lately. The 
grating, assumed to be a perfect conductor, is set in the 

centre of the bottom of a vacuum box, which is bounded 
by an absorption region. A perfect laminar beam 
produced from a cathode moves in the z-axis. The 
simulation area is divided into mesh with rectangular cell 

of very small size in the region of beam propagation and 
large in the rest. 

 
#dazhi_li@hotmail.com 

Table I: Main Parameters for Simulation 

Electron beam energy (injection)   E=100 keV 
Beam radius                                   r=2.5 mm 
Beam-grating distance                   a=2 mm 
Grating period                             d=2 cm 
Grating groove depth                    h=1 cm 
Grating groove width                  s=1 cm 
Grating width                              w=10 cm 

Figure 1: Three-dimensional simulation model of
grating and electron beam. 
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SIMULATION RESULTS 

Single Bunch 
We first perform the simulation of a single electron 

bunch. The grating is arranged to be 10 periods. The 
bunch length is chosen as 0.1 ps with the current of 1A. It 
is short compared to the radiation wavelength, so the 
radiation is coherent. In our simulation we focus on the 
first order SP radiation since the high orders are not 
evident. Fig. 2(a) illustrates the temporal behaviour of By,
detected at the point of =120o, =0o. We notice that 
the SP radiation pulse consists of 10 periods and is 
separated in time from the evanescent wave. The 
corresponding FFT is given in Fig. 2(b), where one can 

find two clear peaks. The one peaked at 6.5 GHz is the SP 
radiation, while the other at 4.5 GHz is the evanescent 
wave. Not like the SP radiation, the evanescent wave 
frequency is angle independent. The dependency of the 
SP frequency and the amplitude of By on the angle is as 
shown in Fig. 3, observed at the same distance 36.35 cm 
to the centre of the grating. For comparison, we also plot 
the analytical result calculated from the theory of 
Andrews and co-workers [16]. It is seen that the 
simulation data for the SP radiation frequency agrees well 
to the theoretical curve as  over 90o, somehow the 
discrepancy appears for the rest. Our best guess is that the 
detector is not far enough for far-field detection. We also 
see that the maximum amplitude of By appears at 125o.
There are slight differences between the analytical and 
simulation results, which might be due to the fact that we 
use a broad electron beam that nearly reaches the grating, 
whereas they use a narrow electron beam model. In Fig.4, 
we give the distribution of field amplitude with respect to 
the azimuthal angle . The observation angle cannot 
vary in a large range due to the limit of the simulation 
geometry. The distribution shows maximum at the centre 
point =0 for cases of =130o and =80o, but minimum 
for =50o.

Periodic  Bunches
In all radiation sources using an intense electron 

beam, the mechanism leading to superradiance is beam 
bunching. The spectral intensity of the radiation is 
enhanced at the bunching frequency and its harmonics. 
Recently Korbly and co-workers have carried out a SP 
experiment at MIT with using a pre-bunched electron 
beam [17]. When certain conditions are satisfied, a 
continuous beam can be bunched by the interaction with 
the evanescent wave, which has been discussed by 
Donohue and Gardelle [15]. In order to demonstrate the 
properties of superradiant radiation more clearly, we 
avoid the problem of bunching from an initially 
continuous beam. Instead, we generate a train of bunches 
to drive the grating.   

Figure 2: Time signal of By (a), and its
corresponding FFT (b). 

Figure 3: Distribution of SP frequency and its By
amplitude. 

Figure 4: The dependency of By amplitude on
azimuthal angle. 
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The repetition frequency of bunches is chosen as 3 
GHz, and the parameters for grating length and each 
single bunch are same to those mentioned earlier. Within 
the time of code running, 30 bunches are generated and 
enter the simulation area. From the FFT of the temporal 
behaviour observed by By detectors we know that the 
radiation focused on three frequencies, the second, third 
and forth harmonic of bunching frequency, as shown in 

Fig. 5. The dominant radiation is the second harmonic 
peaked at the angle 134o, which corresponds to Eq. 1. 
Also plotted In Fig. 5, is the analytical result according to 
Ref. [16], and we find the differences are smaller than one 
order of magnitude. Another evidence to show the fact 
that the radiations emit only at certain angles can be 
found in the contour plot of By, as shown in Fig. 6, where 
the second harmonic radiation is observed to radiate at the 
angle of about 134o, corresponding to what is shown in 
Fig. 5. These results strongly support the viewpoint of 
Andrews and co-workers.

Continuous beam 
From the theoretical analysis in Ref. [15], we know 

that the beam line intersects the dispersion curve at a 
point representing a backward wave, which means the 
device operates in the mode of backward-wave oscillator 
(BWOs). Such a device is possible to start to oscillate 
without external feedback. When the beam current of an 

originally continuous beam is high enough to get the net 
gain, the beam will be bunched by the enhanced 
evanescent wave and the oscillation starts. The bunched 
beam consequently excites the superradiant SP radiation 
as discussed early. The value of the current starting the 
oscillation is called “start current”, which needs careful 
analysis. In this section, we concentrate on determining 
the “start current” by three-dimensional simulation.  

Considering the limit of the capacity of our 
computers, a grating consisting of 46 periods was 
employed in this simulation. The electron beam from the 
cathode is continuously generated, and an external 
magnetic field of 2T is introduced to prevent the beam 
from diverging. We vary the beam current and observe 
the amplitude of Ex of the evanescent wave. The 
appearance of exponential growth of Ex means that the 
oscillation happens. 

The simulation results are given in Fig. 7. It is shown 
that, the electric field shows no growth when the current 
is lower than 0.4 A, while it shows evident growth as the 
current is above 0.5 A. And the radiation can reach 
saturation if the current is higher that 0.6 A. From Fig. 7, 
we can roughly estimate that the “start current” is ~0.5 A. 
The precise value can be reached if more simulations are 
performed. 

CONCLUSION
In conclusion, we have studied the coherent and 

superradiant SP radiation through the three-dimensional 
simulation of an open grating system driven by different 
modes of electron beam. The single bunch simulation 
helps us to distinguish the true SP radiation from the 
evanescent wave. They are different in both frequency 
characteristics and generation mechanism. The amplitude 
of the SP radiation is angle dependent. The strongest 
radiation appears at 125o at the present parameters. The 
supperandiant effect is demonstrated with the simulation 
of a pre-bunched beam. We provide powerful evidence 
showing that the superradiant radiations are emitted at 
frequencies that are integer multiples of the bunching 
frequency, and at the corresponding SP direction. The 
simulation of an originally continuous beam determines 
the “start current” for the present parameters.  

Figure 5: Distribution of superradiant SP radiation
frequency and its By amplitude. The dotted blue
line is the simulation results, and the red line the
analytical result multiplied by 10. 

Figure 6: Contour plots of By.

Figure 7: Evolution of amplitude of Ex.
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Abstract

The VISA (Visible to Infrared SASE Amplifier) experi-
ment at BNL (Brookhaven National Laboratory) has previ-
ously demonstrated saturation at 840 nm in 2001. Further
SASE studies, in 2003, have demonstrated an anomalously
large bandwidth spread of the FEL spectrum due to off-
angle emissions. This paper disseminates the current and
future program of the VISA experiments at BNL. This in-
cludes a study of a seeded FEL, using a 1 micron YAG laser
as a seed, and the accompanying diagnostics to character-
ize the radiation. Diagnostics include the double differen-
tial spectrometer, a mode converter to investigate the or-
bital angular momentum of light in the FEL, and an optical
pepper-pot for coherence measurements. Start-to-end sim-
ulations, which are reliabily used for experimental model-
ing, are presented.

INTRODUCTION

The advent of the X-ray free electron laser (FEL) is on
the horizon [1, 2]. The creation and diagnosis of ultra-short
pulses is of great importance to the FEL community. The
generation of femtosecond long, Ångstrom wavelength ra-
diation will open doors to a myriad of scientific endeavors
at ultra-short time scales [3].

The VISA program was developed to investigate proper-
ties of a high gain self amplified spontaneoous emission
(SASE) free electron laser. A proposal to obtain ultra-
short pulses [4], by manipulating frequency chirped FEL
output, is the inspiration for the VISA II experiment. The
frequency chirped radiation produced from an undulator is
monochromatized and is used to seed a second undulator.
The ultimate goal of the VISA II project is to operate the
high gain SASE FEL with a large electron beam chirp.

The current mode of operations expands on this goal
by utilizing the optimized capabilities of the facilities em-
ployed. Under these conditions, the VISA FEL operates in
the seeded mode, using a 1 micron YAG laser as the seed.
The experimental mission of the seeded FEL is to inves-
tigate high gain radiation properties with studies focusing
on the far-field angular distribution and coherence of the
radiation.

THE VISA EXPERIMENTAL PROGRAM

VISA I

The VISA project is hosted by the Accelerator Test Fa-
cility (ATF) of Brookhaven National Laboratory (BNL).
The experimental layout is described in detail in Ref. [5]
(Fig. 1 shows a schematic). The VISA I project succes-
fully demonstrated saturation of a SASE FEL within a 4
meter undulator at 840 nm. The high peak current, a result
of nonlinear electron bunch compressoin along the disper-
sive line of the transport, was ultimately responsible for the
observed high gain lasing. A start-to-end simulation suite
of codes, PARMELA [6], ELEGANT [7], and GENESIS
1.3 [8], modeled the beam dynamics in the gun, transport
and undulator, respectively. SASE FEL properties, such as
pulse energy, profile, and angular distribution were com-
puted with GENESIS. The complete characterization of the
SASE FEL properties included gain lengths, spectra, en-
ergies, angular distributions and observation of nonlinear
harmonics, and was successfully benchmarked against the
simulation suite [9].

Gun

Linac Sections

Undulator Dipole

Dipole

Optics

HES

Optics

FEL Diagnostics

H-LineF-LineBeamline 3

e-beam direction

Optics

Figure 1: Layout of the ATF beam transport (not to scale).
The VISA undulator is located along Beamline 3 after the
20 degree dogleg.

VISA IB

Subsequent measurements at VISA, informally referred
to as VISA IB, also took place at the ATF in 2003. An
anomolously large bandwidth, up to 15% full width, was
observed at high gain (Fig. 2), accompanied by atypical
far-field angular radiation patterns.

The electron beam (330 pC, 1.7% energy spread) was
subjected to the same nonlinear bunch compression mech-
anism as in VISA I, except with a much higher degree of
compression and thus a higher peak current. The SASE

 IN THE SASE AND SEEDED MODES*

*This work supported by Dept. of Energy Contract no.
DE-FG-98ER45693, and Office of Naval Research no.
N000140210911
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Figure 2: Sample shot of observed SASE FEL spectrum
displays an anomalously large bandwidth.

FEL output (2 μJ average energy), was extremely stable
and insensitive to RF and laser timing jitter. The spec-
trum is notable for a characteristic double peak structure,
accompanied by a mean bandwidth value of 12% full width
(greater than 100 nm), as seen in Fig. 2.

GENESIS simulations reproduced the features of the ra-
diation (large bandwidth and double spiked structure). Af-
ter transport, the electron beam displayed a highly nonlin-
ear longitudinal phase space. The secondary spike was due
to amplification of an off-axis mode. The mode was ex-
cited by the non-ideal centroid and envelope motion of the
beam through the undulator’s quadrupole focusing lattice.
The lasing core of the beam was mismatched to the un-
dulator focusing lattice yielding significant excursions in
beam size in both transverse planes. Additional transverse
motion causes a red-shift in the radiated wavelength and
amplification of the off-axis modes [10].
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Figure 3: SASE FEL power spectrum obtained from GEN-
ESIS. The large bandwidth and the double hump feature
observed in measurements were reproduced with simula-
tions.

Double Differential Spectrometer The double differ-
ential spectrometer is diagnostic developed to unfold the
relationships between frequency and angle of the FEL ra-
diation. A slice of the FEL ouput is passed through gradu-
ated slits, then focused onto a set gratings (1200 in−1). The
resulting image displays the photon beam with frequency
along one axis, and transverse angle along the other axis,

and is a direct study of the intensity of the beam presented
in the familiar form, d2I

dωdθy
.

Raw data from a preliminary prototype of this diagnostic
is presented in Fig. 4. The overall parabolic structure of the
beam, from red shifting, in (θ, ω) space is evident, with
even richer multi-mode patterns also present. Upgraded
GENESIS post-processing tools were used to further un-
derstand this data and indeed displayed the parabolic struc-
tures along with the presence of higher order modes.

Figure 4: The parabolic structure (left) is evident in the im-
ages from the double differential spectrometer, where the
angle is represented along the horizontal axis and the fre-
quency along the vertical. Richer structures have also been
observed (right).

Far-field Angular Distribution This far-field angu-
lar distribution measurement was made by propagating the
output radiation, without optical focusing, to a screen lo-
cated 3 m (10 ZR) downstream. Observed patterns were
hollow in nature, like previous VISA results, except more
pronounced in angle (with spiral shaped patterns accompa-
nying the hollow modes). The helicity of this patterns will
be studied via a mode converter.

(a) (b) (c)

Figure 5: Far-field angular distribution profiles display an
atypical spirality and helicity (a,b); superimposed with a
reference alignment laser (c).

Chirped Beam FEL

The goal of the VISA II experiment is to inject a linearly
chirped electron beam into the undulator to produce fre-
quency chirped SASE FEL radiation. The bunch compres-
sion mechanism facilitates high-gain lasing, however, it re-
stricts the management of beam properties through trans-
port. Preservation of the electron beam chirp applied at the
linac will be accomplished by the manipulation of nonlin-
ear longitudinal compression by the addition of sextupole
magnets placed at high horizontal dispersion points. The
sextupoles will mitigate second order effects, particularly
by diminishing the T566 element, of the transport matrix,
to a negligible value [11]. Three sextupoles have been in-
stalled and commissioned at the ATF.
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Frequency Resolved Optical Gating A frequency re-
solved optical gating (FROG) [12] system will be used to
measure the frequency chirped, short pulse radiation. This
method was successfully used elsewhere, to measure both
the amplitude and phase of the radiation [13].

The frequency resolution of the FROG spectrogram is a
concern at the VISA experiment. The diagnostic system is
constrained by the doubling crystal and can not adequately
resolve the radiation expected from the VISA II FEL. The
thick lens must be replaced by a thin lens to increase the
resolution; a dedicated spectrometer must be added to com-
pensate for the loss of functionality of the thin lens. The
CCD camera (several megapixel) must be able to cover a
large range of wavelengths to resolve the observed band-
width.

GENESIS outputs for the chirped beam case show a
clear effect for idealized beam shapes and have been ana-
lyzed for varying degrees of chirp. Indeed, the inversion al-
gorithm is robust enough to handle other exotic shapes and
patterns which have been simulated and reconstructed via
the commercial FROG software (Femtosoft) for the VISA
II experiment. Fig. 6 shows an example of a spectrogram
obtained from GENESIS for the running conditions of the
VISA II FEL. This structure shows the complex nature of
the FEL pulse, which is expected to contain several spikes.
This longitudinal pulse profile was retrieved when the spec-
trogram was analyzed with the FROG reconstruction algo-
rithm.

Figure 6: Spectrogram (with frequency along the vertical
axis and time delay along the horizontal) of the expected
radiation from the VISA II experiment. Further processing
of this spectrogram has yielded the longitudinal profile of
the pulse used in simulations.

Mode Converter The investigation of hollow mode
and spiral shaped far-field angular radiation patterns at
VISA is conducted with the introduction of a diagnos-
tic mode converter. The mode converter is designed to
transform light with planar polarization to circular polar-

ization, and vice versa [14]. The π/2 mode converter is
constructed of two cylindrical lenses, separated by a dis-
tance of d =

√
2f , and the resultant light will have distinct

observable properties. This data will yield insight into the
underpinnings of the unusual angular distribution patterns
observed throughout the tenure of the VISA program. The
cylindrical lenses for the mode converter have been setup
and will be placed in the diagnostic station downstream of
the undulator.

Polarizer The VISA project will also examine the
study of coherent transition undulator radiation [15], the
radiation emitted by the electron bunch as it passes through
the entrance and exit of the undulator, due to the change in
longitudinal velocity. Theoretically, the radiation is radi-
ally polarized, describing yet another possible explanation
for the helicity of the observed far-field patterns from the
planar undulator at VISA. The quantization of this effect
requires minimal alteration of already existing diagnostics
with the addition of grid polarizers to determine the polar-
ization of the radiation. The effects of coherent transition
radiation, from the electron beam striking a metal mirror,
will have to be addressed (by the placement of a kicker
magnet) before useful data is recovered from this measure-
ment.

SEEDED FEL MEASUREMENTS

The results of the far-field angular distribution patterns at
the VISA experiment have motivated further studies of the
FEL in the seeded regime. The seeding pulse (a 1 micron
YAG laser) will establish transverse and longitudinal coher-
ence of the FEL (low bandwidth, high brightness). Such a
radiation source will provide a short Rayleigh length FEL
beam.

Further motivation for seeded FEL studies arises from
controlling and managing the high power FEL in the far-
field. Increasing the emission angles will decrease the in-
tensity in the far-field (hollow modes) which will be tech-
nically useful in delivering high power radiation with min-
imal damage to sensitive optical elements.

The proposed experiment involves the VISA undula-
tor with the ATF YAG laser as a seed. The YAG laser
(1064 nm) serves as the drive laser for the photoelectron
beam at the ATF and some its energy is transported to the
experimental hall for deposition into the VISA undulator.
A longitudinal delay line is currently being used to ensure
adequate timing overlap with the electron beam and seed
laser. The electron beam energy for the seeded FEL op-
erations is lowered to 61 MeV to account for the higher
wavelength operations

The experiments that will be carried out revolve around
the detuning parameter of the FEL. Start-to-end simula-
tions have been conducted for ideal and virtual particle sets.
The results of the far-field angular distribution patters are
presented in Fig. 7. It is apparent that detuning the elec-
tron beam indeed changes the angles and produces hollow
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modes in the far-field. The power gain curves derived from
GENESIS simulations (Fig. 8) have also been studied.

1054 nm 1064 nm 1074 nm

15 mrad

Figure 7: GENESIS simulation of the far-field angular dis-
tribution patterns of the seeded FEL for different values of
detuning (1064 nm is the nominal wavelength).
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Figure 8: Power gain curves (GENESIS simulations) for
varying detuning parameters.

Transverse Coherence

Transverse, or spatial coherence is an important figure of
merit of any FEL. The transverse coherence for the seeded
FEL will be verified with an arrangement of slits, by per-
forming variations on the classical Young double-slit ex-
periment. The FEL radiation diffracts at the slits, and the
transverse coherence is calculated by measuring the ratio of
the sum and difference of the maximum and minimum ob-
served intensities [16]. Since the transverse coherence is a
function of longitudinal position, it is measured at different
positions downstream of the undulator exit. Several vari-
ations of slits have been fabricated for the transverse co-
herence study, including double-slits of various widths and
spacings, crossed-slits, circular apertures of differing diam-
eter, and a pepper-pot pattern of circular apertures. The use
of these slits will be expanded after the seeded FEL exper-
iment to also encompass SASE coherence measurements.
The pepper-pot pattern is of particular interest because the
emitted radiation from the uncorrected chirped-beam FEL
experiments yielded intensity distributions with radial (he-
lical) characteristics that provoke further investigation.
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Abstract

Radiation emitted by relativistic electrons traversing the
magnetic  eld gradients of a chicane bunch compressor has
been studied in an attempt to characterize coherent edge
radiation (CER). The studies performed at the Accelera-
tor Test Facility (ATF) at Brookhaven National Labora-
tory (BNL) include frequency spectrum, angular distribu-
tion, and polarization measurements. A reconstruction of
the longitudinal charge pro le from the measured spec-
trum shows that the bunch has been compressed to ap-
proximately 30 μm FWHM, with a peak current exceeding
1.5 kA. Measurements of radiation from the short pulses
are compared to predictions from QUINDI, a new simula-
tion code developed at UCLA to model the radiation.

INTRODUCTION

The chicane compressor studies are a collaboration with
the Particle Beam Physics Laboratory (PBPL) at UCLA
and the ATF, the user facility which hosts the experiment.
The chicane was designed to compress the electron beam
to yield the high peak current necessary to drive a self-
ampli ed spontaneous emission free electron laser (SASE
FEL) to saturation [1] and to expand the ATF core capabil-
ities. Recent experiments have focused on the creation of
very short electron beam pulses (∼30 μm), and measure-
ments of CER and coherent synchrotron radiation (CSR)
emitted by such short bunches. The correlation between
these radiative effects and microbunching instabilities are
under investigation, as are other parasitic effects of the radi-
ation. These are signi cant issues for larger projects, such
as the Linac Coherent Light Source (LCLS), which will
employ similar devices and diagnostics for the production
of short duration pulses. CER has also been shown to be
a bright source of infrared radiation, which makes it well-
suited for certain types of microscopy and spectroscopy [2].

∗Work supported by DOE grant DE-FG02-98ER45693 and NSF grant
PHY-0355048.

EXPERIMENT DESCRIPTION

Chicane Compressor

The chicane compressor is currently installed along the
high-energy line (H-line) of the ATF. The operating beam
energy is 60-61 MeV for the present chicane radiation stud-
ies. The compressor consists of four dipole magnets ori-
ented in a chicane layout, as in Fig. 1.

Figure 1: A rendering of the four dipole chicane compres-
sor. The cutaway view shows the approximate radiation
source between the third and fourth dipoles (A) and the ra-
diation extraction port (B).

The chicane features a dedicated radiation extraction
port that enables viewing of the region (Fig. 1A) which
extends through the downstream edge of the third mag-
net to the upstream edge of the fourth magnet. The rect-
angular exit port (Fig. 1B) has transverse dimensions of
26 mm × 11 mm, with the longer dimension in the bend
plane [3].

Table 1: Chicane design parameters

Parameter Value Units
B-Field 2015 Gauss
Bend Angle 20 deg
Geometric Length 41 cm
Magnet Gap 2.1 cm
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Terahertz Radiation Transport
Radiation exits the chicane compressor through a fused

silica vacuum window located on the extraction port
(Fig. 1B). The radiation is guided with three adjustable mir-
rors (gold-coated) and a translatable Picarin lens, through
metallic pipes (56 mm diameter) to an external diagnostic
station. The entire length of the radiation transport line is
approximately 7 m. The Picarin lens is positioned one fo-
cal length (1.25 m) from the approximate radiation source
(between the third and fourth dipoles) to achieve a point-
to-parallel transport con guration.

Diagnostic Station

The diagnostic station located at the end of the radi-
ation transport is designed to be modular for versatility.
It consists of focusing/turning mirrors, two individual  l-
ter wheels containing room temperature and cryogenically
cooled  lters, a wire grid polarizer, an iris on a two-
dimensional translation stage, a silicon bolometer, and a
Michelson-type interferometer.

Silicon Bolometer
In order to characterize the chicane radiation, a cryogeni-

cally cooled silicon bolometer (IR Labs model HDL-5) is
employed. The bolometer is cooled with liquid helium and
has a built in  lter wheel, loaded with cut-on  lters (long-
pass) with wavelengths of 13, 27, 45, 103, and 285 μm.
The detector element incorporates a Winston Cone collec-
tor, protected by a wedged polyethylene window (that pro-
vides an additional cut-on wavelength of 13 μm) [4].

Interferometer
The radiation spectrum is measured at the output of a

Michelson-type interferometer as a function of bolometer
voltage. The interferometer is optimized for the 15 μm to
1 mm wavelength range, and has a translatable mirror along
one orthogonal leg with 1 μm spatial resolution [5].

CHICANE RADIATION OVERVIEW

Radiation exiting the chicane contains features of both
synchrotron and edge radiation due to the measurement po-
sition and the magnet geometry. For electrons emitting un-
der the same radiation process, the far- eld intensity distri-
bution is expressed as

I (ω) = I0(ω)[Ne + Ne(Ne − 1)F (ω)], (1)

where I0(ω) is the single electron intensity distribution
and F (ω) is the bunch form factor. For wavelengths longer
than the bunch length (∼ 30 μm), each type of radiation
is coherently enhanced by a factor of Ne, the number of
electrons in a bunch. Typically, Ne ∼ 109 for the present
ATF running parameters.

The edge radiation emitted from electrons entering and
exiting the edges of bend magnets is expected to have
greater intensity at longer wavelengths than synchrotron

radiation [6]. The characteristics of CER also depend on
the topology of the  eld gradient. In the zero-edge length
model [7], the  eld of the bending magnet is approximated
by a step function. The resultant radiation is radially po-
larized, with a cylindrically symmetric spatial distribution
characterized by a null on the straight section axis and max-
ima at θ ∼ 1/γ, analogous to transition radiation. Analytic
 nite edge length models result in complicated expressions,
requiring numerical calculations [8].

Simulations

Start-to-end simulations for the experiment were con-
ducted with PARMELA [9] for the electron beam dynamics
in the accelerating modules. The code QUINDI was used
for the beam transport and radiation studies.
QUINDI is a parallel-computing code speci cally devel-

oped to model the emitted radiation from electron bunches
within the ATF chicane. The program avoids the sequen-
tial approach of a magnetic lattice, relying instead on an
object-driven description of magnetic elements. The ob-
served radiation  eld is calculated on a user-de ned plane
based on the acceleration  eld of the Liénard-Wiechert po-
tentials.

MEASUREMENTS AND ANALYSIS

Frequency Spectrum

Spectral measurements of the emitted chicane radiation
were conducted at the ATF. Interferograms were obtained
from scans with the Michelson-type interferometer to pro-
vide information about the spectral content. This data was
used to reconstruct the longitudinal charge distribution of
the beam.

Interferometer signal amplitudes from the output of the
silicon bolometer were recorded for N shots per mirror
position. An averaged, normalized interferogram with the
corresponding measured electron beam charge is shown in
Fig. 2(a). Each point on the interferogram records the mean
value and the error bars depict the standard deviation.
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Figure 2: (a) Normalized, averaged signal amplitudes from
interferometer scans of chicane radiation. (b) Apodized
signal via a Hamming function.

For an accurate spectral reconstruction with a Dis-
crete Inverse Fourier Transform (DIFT), the non-zero
offset of the interferogram is removed and the signal
is multiplied by an apodization function. Fig. 2(b)
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shows the results of apodization by a Hamming function
HM(x) = 0.54 + 0.46 cos(πx

a ), where 2a = 4 mm is the
length of the interferometer scan centered on the maxi-
mum peak. This standard procedure removes arti cial low-
frequency components and corrects for the spurious tails
that arise from the  nite sum in the DIFT [10],

Ĩk =
1
n

Re
n∑

j=1

Ije
2πi(k−1)(j−1)/n, (2)

where n is the number of equally spaced interferom-
eter mirror positions recorded over a  nite distance
[ctmin, ctmax]. This yields n/2 non-repeating intensity
values, Ik, up to the maximum frequency, where I j is the
jth intensity point in the modi ed interferogram.

Fig. 3(a) displays the resulting spectrum of the apodized
signal. The peak at fpeak ≈ 0.5 THz coincides with the
dominant frequency given by results from QUINDI simula-
tions.

Kramers-Kronig Reconstruction
The forward far- eld radiation intensity spectrum pro-

duced by the bunch is given by Eq. 1, where the longitudi-
nal form factor F (ω) is

F (ω) =

⏐⏐⏐⏐⏐

∫
ρ̂(z)eiωz/cdz

⏐⏐⏐⏐⏐

2

, (3)

with ρ̂(z) = ρ(z)/Neq, the normalized longitudinal charge
density. Following a minimal-phase reconstruction tech-
nique, a discretized Kramers-Kronig relation is used to ex-
tract ρ̂(z) [11].

The minimal phase is

ψ(ωi) =
2ωi

π

Nmax∑

j �=i

ln[ξ(ωj)/ξ(ωi)]
ω2

j − ω2
i

Δω, (4)

where ξ2(ωi) = F (ωi), and Δω is the resolution from the
spectrum. The normalized pro le ρ̂(z) then has the form

ρ̂(z) =
1
πc

Nmax∑

i=0

ξ(ωi) cos
[
ψ(ωi) −

ωiz

c

]
Δω. (5)

The bunch distribution is calculated from the form factor,
determined by  tting well-behaved asymptotes to the mea-
sured normalized spectrum. Results of this reconstruction
are shown in Fig. 3(b). The values for current are scaled
to the average measured charge of Neq ≈ 330 pC. Due
to experimental limitations (discussed below) and numeri-
cal  tting of the form factor, this reconstruction technique
is useful as an approximation of the true bunch distribu-
tion. Nevertheless, the reconstructed pro le shows general
agreement with predictions from PARMELA simulations in
the overall structure of the asymmetric bunch and the com-
pressed head of ∼ 30 μm FWHM.

Figure 3: (a) Spectra from apodized interferogram and
from simulation. Prominent water absorption frequencies
are shown as vertical dotted lines. (b) Minimal phase
Kramers-Kronig bunch reconstruction for the measured
spectrum.

Limitations on Spectral Analysis
The simulated and measured spectra show that the ra-

diation is dominated by frequencies below 1.5 THz, how-
ever, several experimental factors contribute to spectral  l-
tering which affect the measured frequency distribution and
the longitudinal bunch reconstruction. The primary exper-
imental artifact near the dominant frequency band is the
selective  ltering from water absorption (due to high lev-
els of humidity encountered through the radiation transport
on the dates of data acquisition). This effect is exempli ed
by strong absorption troughs located near f = 0.57 and
0.75 THz. Signi cant absorption frequencies are plotted in
Fig. 3(a) for a 7 m travel path [12]. The spectrum is also
affected by the radiation transport line, which acts as a high
pass  lter due to its inherent  nite apertures and acceptance
angles. Further, the fused silica vacuum port window main-
tains a transmission coef cient that slowly decreases for
frequencies greater than 0.3 THz, but rapidly approaches
zero for frequencies greater than 6 THz.

Polarization

The transverse radiation pro le and polarization were
measured in an effort to observe the distinctions between
CER and CSR. Fig. 4 shows the measured intensity (nor-
malized to maximum) as a function of polarizer rotation
angle. The wire grid polarizer was mounted at the end of
the transport and rotated in 15◦ increments, and the focused
signal intensity was measured with the bolometer. The lin-
early polarized component of radiation (sinusoidal) is con-
sistent with that expected from synchrotron radiation. The
non-linearly polarized component, which introduces a ver-
tical offset, is a clear signature of edge radiation. Analytic
studies show that pure synchrotron radiation would give a
ratio of approximately 7:1 between the maximum and mini-
mum signal [13], while the observed ratio is approximately
4:1. QUINDI results are consistent with the measured data
(Fig. 4).

Transverse Spatial Distribution

The transverse far- eld spatial intensity distribution of
the emitted radiation was measured by scanning a small iris
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Figure 4: Normalized polarization intensity of the chicane
radiation. Solid line is from QUINDI, dots are measured at
the bolometer. The zero angle is arbitrary.

(3 mm diameter) in a 19 mm × 23 mm rectangular array of
discrete points (Δd =3.8 mm). The iris was scanned across
the transport tube exit and the signal was focused into the
bolometer. Iris scans were performed for varying radiation
polarizations with the aforementioned wire-grid polarizer
(Fig. 5).
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Figure 5: Interpolated far- eld radiation intensity distribu-
tions for 20 degree polarizer angle increments, with results
from QUINDI simulations (contours) overlayed for compar-
ison. The x and y scales have units of mm.

CONCLUSION

The chicane radiation studies at the ATF display telling
signatures of edge radiation. The transverse spatial distri-
butions show patterns consistent with simulations, namely
strong peaks shifting into multiple peaks for varying de-
grees of polarization with identi able nulls in the distri-
bution on-axis. The non linearly polarized component of
radiation observed as an offset to the sinusoidal signal in
the overall polarization curve is a clear indication of the
actuality of prominent edge radiation.

Future plans to improve the measurements include ra-
diation transport modi cations such as replacement of the
fused silica chicane radiation port window with a diamond
or z-cut crystalline quartz window; this will greatly im-
prove the spectral range of the measurements. In addi-
tion, enclosing and  ushing the transport line with dry ni-
trogen will mitigate the effects of water absorption lines
in the measured spectrum. Also, a Czerny-Turner type
monochromator is currently being built in order to more

ef ciently resolve the chicane radiation spectrum.
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BEAM PICKUP DESIGNS SUITED FOR AN OPTICAL SAMPLING 
TECHNIQUE 

K. Hacker, F. Loehl, H. Schlarb DESY, Hamburg, Germany 
 

Abstract 
The beam arrival-time monitor and large horizontal 

aperture chicane BPM at FLASH are important tools to 
stabilize the arrival-time of the beam at the end of the 
linac. The pickups for these monitors will be paired with a 
front-end that samples the zero-crossing of the transient 
through the use of electro-optical modulators (EOMs) and 
sub-picosecond-long laser pulses delivered by the master-
laser oscillator (MLO). The design of pickups for this 
front-end requires the consideration of the transient shape 
as well as the amplitude. Simulations and oscilloscope 
traces for pickups that use or will use the EOM based 
phase measurement and the expected limitations of each 
pickup are presented. In particular, a method to reduce the 
beam position sensitivity of the beam arrival-time pickup, 
the potential resolution of a button pickup arrival-time 
measurement, and the design for a 5 μm resolution BPM 
with a 10 cm horizontal aperture are described.  

INTRODUCTION 
A beam arrival-time stability of 30 fs (~10 μm at v=c) 

is desired for pump-probe experiments and is mandatory 
for laser-based electron beam manipulation at FLASH 
and the XFEL [1].  With the accelerating LLRF goal 
energy stability of 10-4 at FLASH, the transverse position 
jitter in the dispersive section of the first chicane becomes 
34.5 μm and results in a longitudinal position jitter of 18 
μm. A monitor for a feedback system should be able to 
measure the beam energy by a factor of three better than 
the desired energy stability of 5*10-5 and this means that 
the resolution for a beam position measurement in the 
chicane must be better than 6 μm and a longitudinal time-
of-flight path-length measurement should resolve 3 μm. 

A longitudinal time-of-flight energy measurement can 
be made with two beam arrival-time monitors: one before 
and one after the chicane, but a chicane BPM energy 
measurement has an advantage given by the ratio of the 
R16 to the R56 terms. In the case of the first bunch 
compressor for the XFEL, this advantage in the required 
sensitivity of the monitor is a factor of six.  

The arrival-time monitor and the chicane BPM can 
distinguish the energy jitter that results from injector 
timing jitter from the energy jitter caused by the 
acceleration RF phase and amplitude jitter. A bunch 
length monitor and the chicane BPM can distinguish the 
RF amplitude jitter from the RF phase jitter. BPMs before 
the chicane can be used to remove incoming orbit jitter 
from the chicane BPM’s energy measurement.  

The pickup transients for these energy measurements 
will be paired with the sub-picosecond pulses from the 
master laser oscillator (MLO) from the timing and 

synchronization system to sample the zero crossing of the 
beam transient through an electro-optical modulator 
(EOM). The beam arrival-time monitor installed in the 
tunnel, a perpendicularly mounted stripline to be installed 
in the dispersive section of the chicane in October 2006, 
and button-style pickups are analyzed with Microwave 
Studio simulations and compared to measured 
oscilloscope traces with regard to their suitability for the 
EOM phase measurement technique. The front-ends for 
beam transient pickups typically filter the transient down 
to 2 GHz or less and utilize the ringing or amplitude of 
the signal to get the desired beam information, but this 
EOM front-end works at 10 GHz or more and samples the 
zero-crossing, so attention must be paid to the transient 
shape. 

EOM PHASE MEASUREMENT 

Test Bench 
To date, 30 fs resolution has been achieved with the 

EOM phase measurement and a limited but not combined 
output of the ring shaped arrival-time monitor pickup [2]. 
It utilizes a short optical pulse (< 1 ps) from a master laser 
oscillator that is locked to the 1.3 GHz reference of the 
machine. The light pulse travels via fiber optics through 
an electro-optical modulator (EOM) which encodes the 
amplitude information of an RF pulse into the laser pulse 
energy. Essentially, the laser pulse samples the beam 
transient. The modulated laser pulse is then detected with 
a 50 MHz bandwidth photo diode and read out by a 100 
MHz, 12bit ADC that is clocked with the laser pulse at 
twice the repetition rate of the laser.  

Since changes in the RF pulse arrival-time produce a 
change in laser intensity, the measurement is limited by 
the steepness of the RF signal slope and the precision of 
the laser amplitude detection. Slope changes can distort 
the measurement, so a feedback is used to maintain the 
measurement at the zero-crossing. The slope at the zero 
crossing for the 30 femtosecond resolution measurement 
was 250 mV/ps and the single-shot noise with which the 
laser pulse intensity was detected was 0.3%. Shot-noise of 
spontaneous emission from the laser is a suspected noise 
source, but as of yet there is no conclusion. 

Future Applications 
It is anticipated that for each pickup output, the 

transient signal will be split for a low-resolution (large 
range) phase measurement and a high-resolution (small 
range) phase measurement. A delay-line will use the low-
resolution measurement to put the high-resolution 
measurement in range. The phase measurement is given 
by the position of this delay-line plus the fine 
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measurement given by the laser amplitude. This delay line 
must have sub-micrometer resolution over 10 cm and be 
adjusted between macro-pulses (10 Hz) in order to keep 
the system measuring the beam transient at the zero 
crossing, thereby reducing the systematic errors of slope 
variation. 

The EOM setup will be standardized and duplicated 
several times for use with two or more beam arrival-time 
pickups and two large horizontal aperture chicane BPMs. 

PICKUP DESIGN 

Beam transient pickups for the EOM phase 
measurement must produce a steep slope for sampling of 
the zero-crossing with a picosecond-long laser pulse to 
give maximum resolution. They must also have a 
minimum of ringing so that the transient of a bunch that 
comes earlier is not detected. The bunch spacing will be 
200 ns for the XFEL. A steep slope requires the high 
bandwidth and voltage that are produced by short bunches 
and pickups with a large area exposed to the beam. 
Bunches that are longer than ~25 ps (RMS) will have 
reduced resolution because the slope of the transient 
becomes less steep (e.g. 50% for 25 ps) for longer 
bunches.  Minimal ringing can be achieved through 
tapering from the pickup to the feedthrough. 

Position Monitor 

The design utilizes a cylindrical pickup within a 
cylindrically shaped vacuum chamber channel that lies 
over and perpendicular to the path of the electron beam 
(see Fig. 1) [3]. It was originally proposed by [4]. When 
the electron beam travels beneath this pickup, short 
electrical pulses travel to opposite ends. The arrival-times 
of the pulses are then measured with the EOM technique 
and used to determine the position of the electron beam. 

In Fig. 1, the perpendicularly mounted stripline is 
depicted in 3-D as well as in cross-section.  

Figure 1: Perpendicularly-mounted stripline BPM pickup. 

In the 3-D depiction, only the upper-half of the BPM is 
shown, since the lower-half is identical. The beam is 
represented by a thick line underneath the stripline. The 
central piece of the stripline is tapered on both ends from 
a 3 mm diameter to an SMA sized connector pin. The 
vacuum feedthroughs to SMA connectors are at the ends 
of the stripline.  

Standard stripline designs do not have tapering from the 
pickup to the feedthrough, but instead have a larger radius 
pickup connected at a sharp angle to a smaller SMA 
connector sized feedthrough. The tapered design was 
chosen because in simulation it transmits 20% more 
signal amplitude and has 80% less ringing amplitude 
compared to the non-tapered design. 

In a Microwave Studio simulation, a 50 GHz 
bandwidth (FWHM) Gaussian pulse was applied to the 
monopole mode of a waveguide port in order to simulate 
the electron beam.  The output signals of the SMA 
connector ports were scaled according to a 1 nC electron 
bunch charge (Fig. 2).  
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Figure 4: Simulated stripline output with a marker at the 
sampling location. The slope at the marker is 10 V/ps. 

A similar simulation for an existing pickup also 
predicted such a high voltage, and when the pickup output 
was measured in the tunnel, the results matched the 
simulation within a few volts. The transient without a 
long cable is most interesting because the EOM front-end 
will be installed in the tunnel within a temperature 
stabilized enclosure, thus minimizing cable lengths and 
temperature dependent signal drifts. 

The BPM’s horizontal response is linear over the entire 
horizontal aperture and is insensitive to small changes in 
the beam shape. Vertical position changes and charge 
changes influence the amplitude of the signal but not the 
phase. The average of two outputs’ phase measurements 
can also be used to measure the beam arrival-time, as long 
as the energy spread is constant. Alternatively, if the 
electron beam arrival-time is known, the energy spread 
can be measured through changes in the sum of the BPM 
outputs’ phase measurements with a projected sensitivity 
of 1.5 fs/μm (Fig. 3), but this is only possible when the 
beam width is larger than the length. 
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Figure 3: Energy spread measurement with BPM. 

An important thing to note about pickup transients is 
that a measurement of the zero-crossing gives the RMS 
value of the beam position, in the case of the transverse 
stripline, or, in the case of the beam arrival-time monitor, 
it gives the RMS value of the arrival-time. This is 
different from measurements with devices that can 
measure the peak intensity of an electron distribution, 
such as synchrotron light monitors and electro-optical 
sampling. For non-linear, inhomogeneous compression 
schemes the RMS value and the peak value can differ, but 
for linear, homogeneous compression, they should be one 
and the same. About 30 fs difference between the peak 
and RMS values has been measured for the current 
compression scheme. The 3rd harmonic cavity will be 
installed in summer 2007 to linearize the compression. 

Arrival-time Monitor 
The arrival-time monitor pickup is a ring electrode in a 

thick flange with two SMA feedthrough sized pins 
attached to the ring in the horizontal plane. The frequency 
response of the ring shows a notch at 5 GHz which 
corresponds to a quarter-length of the ring circumference, 
implying that the beam does not couple strongly to the 
second harmonic of the ring. A position dependence of the 
output signals is therefore seen through a beat between 
the fundamental and third harmonic of the ring. This 
problem reflects the original intended use of the pickup in 
a lower-resolution RF down-mixing phase measurement 
that was not affected by the transient shape. For the EOM 
phase measurement the two outputs were combined to 
remove this effect (Fig. 3). The, so called, cold-combiner 
that was designed for a toroid-based charge measurement 
crossed the output pins of the SMA connectors in a 
circular void and terminated one of the arms of the cross 
with 50 Ohms [4]. 
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Figure 3: Slope at zero-crossing of arrival-time pickup 
with (star) and without (diamond) combiner. Simulation 
(red) and oscilloscope (blue) results are shown. 

The output from the monitor was measured with an 8 
GHz bandwidth oscilloscope and simulated with a 
Gaussian ‘beam’ in Microwave Studio. Simulation and 
oscilloscope results agree well when cable, bandwidth, 
and combiner attenuation are taken into account (Figs. 3 
and 4). 

Button Pickups 
Button pickups are installed in a few locations in the 

FLASH linac. Their output amplitude is proportional to 
the button size and distance from the beam and it can be 
comparable to that observed from the ring shaped pickup. 
Buttons can be more desirable than the ring electrode due 
to the lack of a notch in the frequency response that 
causes zero crossing changes with beam position changes. 
No detectable change of the transient zero crossing occurs 
for beam position changes.  Buttons also produce a 
steeper, very linear slope with a lower peak-to-peak 
voltage. 

Measurements of the beam transient with button 
pickups at FLASH were conducted with an 8 GHz 
bandwidth oscilloscope inside the tunnel and steep slopes 
of 1-2 V/ps were observed. The large changes in the slope 
due to beam position changes make the challenge of 
measuring on the zero crossing more critical. If the slope 
changes prove to be unworkable, a combiner could again 
be used.  

The main problem with the pickups that were measured 
was that the signal was still ringing 200 ns after the 
transient with an amplitude that was 0.7% of the peak 
voltage. This would be a problem for the 200 ns XFEL 
bunch spacing because 10 fs resolution requires almost 10 
times less ringing amplitude (Fig. 5).  
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Figure 5: Ringing of button pickup with 120 Volt peak to 
peak transient. The ringing must be smaller than 10 mV 
by the time a new bunch comes for a 10 fs resolution 
phase measurement. 

A few button pickup designs were simulated to look for 
ways to reduce or characterize the sources of the ringing. 
It was noted that for a large amplitude output, the pickup 
pin needed to be long or have a large button attached to it. 
For a long pin or a large cylindrical button, the transient 
amplitude was good, but the ratio between the transient 
amplitude and the ringing was bad. For a short pin 
without a button, there was practically no ringing, but the 
transient amplitude was insufficient (Fig. 6). More work 
needs to be done to understand and optimize the design. 
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Figure 5: Button pickup with a long or short pickup pin. 
The long pin is more like a pickup in a cavity BPM. 

EOM DAMAGE 
The EOMs in the front-end are damaged by high 

voltages and care must be taken to preserve the steep 
slope of the transient while protecting the electronics 
from high voltage. Following a voltage surge through the 
arrival-time pickup caused by electron beam spray or 
incidence, the EOM’s Lithium Niobate crystal was 
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Figure 7: Limited and combined ring output from 
oscilloscope measurement and simulation including 
attenuation and dispersion from the cable, splitter, and 
combiner. 

The Agilent N9355C 26.5 GHz bandwidth limiter that 
was in place throughout most tests of the EOM setup (Fig. 
7) appeared to protect the EOM crystal from standard 
beam operation. With the limiter in place, even extreme 
off axis kicks from the transverse deflecting cavity 
upstream did not appear to damage the EOM. A 
conclusive study of the long-term effects of high voltage 
with the limiter has not, however, been done. The 
temperature dependent drifts of the limiter have also not 
been studied and are of interest even though the 
component will be used in a temperature controlled 
enclosure in the tunnel. It has also not bee used, long-
term, in the tunnel, where 120 Volts peak to peak have 
been measured from the combined ring pickup. 

SUMMARY 

• EOM technique makes high resolution phase 
measurements possible. 

• Optimal pickups for the EOM technique must 
maximize the slope and minimize ringing and 
transient distortions. 

• EOMs must be protected from high voltage. 
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rendered opaque to the laser light. No limiter was in place 
and the damage occurred over less than a minute. 
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DESIGN OF AN XUV FEL DRIVEN BY THE LASER-PLASMA
ACCELERATOR AT THE LBNL LOASIS FACILITY∗

C. B. Schroeder, W. M. Fawley, E. Esarey, W. P. Leemans
Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Abstract

We present a design for a compact FEL source of ultra-
fast, high-peak flux, soft x-ray pulses employing a high-
current, GeV-energy electron beam from the existing laser-
plasma accelerator at the LBNL LOASIS laser facility. The
proposed ultra-fast source would be intrinsically tempo-
rally synchronized to the drive laser pulse, enabling pump-
probe studies in ultra-fast science with pulse lengths of
tens of fs. Owing both to the high current (∼10 kA) and
reasonable charge/pulse (∼0.1–0.5nC) of the laser-plasma-
accelerated electron beams, saturated output fluxes are po-
tentially 1013 − 1014 photons/pulse. We examine devices
based both on SASE and high-harmonic generated input
seeds to give improved coherence and reduced undula-
tor length, presenting both analytic scalings and numeri-
cal simulation results for expected FEL performance. A
successful source would result in a new class of compact
laser-driven FELs in which a conventional RF accelerator
is replaced by a GeV-class laser-plasma accelerator whose
active acceleration region is only a few cm in length.

INTRODUCTION

Recent advances in laser-plasma-based accelerators have
demonstrated generation of low energy spread, ∼100 MeV
electron beams [1]. These experiments used an ultra-
intense ∼1019 W/cm2 laser pulse focused on a gas jet, with
typical length of a few millimeters, to generate plasma
waves with accelerating fields on the order of 100 GV/m.
By using a gas-filled discharge capillary for creating a
plasma channel, the laser-plasma interaction length can be
extended to a few centimeters, resulting in high-quality
GeV electron beams [2]. In addition, the electron bunches
emerging from a laser-plasma accelerator have naturally
short durations (tens of fs) [3], and are intrinsically syn-
chronized to the short-pulse laser driver, making such a
source ideal for ultra-fast pump-probe applications. These
laser-plasma accelerator experimental results [1, 2] open
the possibility of a new class of compact, high-peak flux,
x-ray free-electron laser (FEL) in which the conventional
radio-frequency (RF) accelerator (10–100m length) is re-
placed by a GeV-class laser-plasma accelerator (several cm
length), in principle greatly reducing the size and cost of
such light sources [4].

In this paper we discuss the design of an XUV FEL
driven by the existing laser-plasma accelerator at the LOA-

∗Work supported by the U.S. Department of Energy under Contract
No. DE-AC02-05CH11231.

SIS laser facility at LBNL.

LASER-PLASMA ACCELERATOR

The LOASIS Laboratory at LBNL presently produces
ultra-short (<50 fs), relativistic electron bunches with high
charge (�100pC/bunch) via a laser-plasma interaction.
The bunches are generated by a laser wakefield accelera-
tor (LWFA): radiation pressure from a short pulse, intense
laser excites high-field plasma waves (wakefields) that ac-
celerate electrons [5]. The LWFA at LBNL uses a 10 Hz,
Ti:Sapphire laser system to focus ultra-short (∼30 fs)
laser pulses of relativistic intensity (>1018 W/cm2) into a
plasma channel. GeV-energy electron beams have been
demonstrated [2] using the LBNL 100 TW-class laser sys-
tem and a gas-filled capillary discharge waveguide [6] for
plasma channel production, which allows for low plasma
densities (∼1018 cm−3) and long (∼cm) laser-plasma inter-
action lengths. These LWFA-produced electron beams are
high current (∼10 kA) and ultra-short (<50 fs), properties
which are attractive as an input beam for an FEL generating
ultra-short x-rays.

In recent experiments using the plasma-channel-guided
LWFA at LBNL, a 18-TW, 72-fs laser (25 μm focused spot
size) is guided in capillary waveguide (which generates a
plasma channel via a discharge in the hydrogen filled cap-
illary), producing 0.5 GeV with 5% RMS projected rela-
tive energy spread, 2.0 mrad RMS divergence, and 50 pC of
charge [2]. Experimental results using 2 J of laser energy
have produced 1-nC electron beams at 0.5 GeV. At present,
slice energy spread σγ measurements of the electron beam
have not been performed, but simulation results [7] pre-
dict that the slice energy spread is an order of magnitude
smaller than the projected value.

FEL DESIGN

We consider interaction of the LWFA-generated 0.5-
GeV electron beam in a conventional magnetostatic undu-
lator. For this study we will consider the LWFA electron
beam and undulator parameters listed in Table 1; the lat-
ter correspond to the existing “THUNDER” device (see
Ref. [8] for a detailed description), which provisionally
will be transferred to LBNL from Boeing in late 2006.
THUNDER contains 220 periods divided into ten 50-cm
sections, each separated by a 4-cm diagnostic and steer-
ing space. The maximum RMS undulator strength param-
eter is au = K/

√
2 � 1.31 (≈1.0 T peak magnetic field)

which may be tapered section by section. Wiggle-plane
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focusing is provided by a canted pole configuration with
the expected matched beta-function k−1

β ≈ 3.6 m for the
peak field and 0.5-GeV beam. Conventional magnetic op-
tics will transport the electron beam from the laser-plasma
accelerator to the undulator. Note that there could be non-
trivial beam transport issues concerning the required degree
of achromaticity and preservation of pulse duration (i.e.,
peak current). At 0.5 GeV, the beam is sufficiently “stiff”
that pulse lengthening via drift will be small; for example,
a 5% energy chirp results in less than 1 fs of pulse length-
ening over a transport distance of a few meters.

Table 1: Electron Beam, Undulator and HHG
Source Parameters

LWFA electron beam:
Beam energy, γmc2 0.5 GeV
Peak current, I 5 kA
Charge, Q 0.1 nC
Bunch duration (FWHM), τb 20 fs
Energy spread (RMS, slice), σγ/γ 0.25%
Normalized transverse emittance 1 mm mrad

Undulator:
Undulator type planar
Undulator period, λu 2.18 cm
Peak magnetic field 1.02 T
Undulator parameter (peak), K 1.85
Magnetic gap 4.8 mm
Beta-function, k−1

β 3.6 m
HHG seed:

HHG radiation wavelength 31 nm
Coherent HHG radiation power 15 MW
HHG pulse duration 20 fs

FEL PERFORMANCE

We consider two modes of FEL operation: self-amplified
spontaneous emission (SASE) and seeding by a high-
harmonic generation (HHG) source. Results from FLASH
at DESY [9] and SSCS at Spring-8 [10], operating in the
XUV wavelength regime, have confirmed the applicability
of the basic SASE physics at XUV wavelengths. Exist-
ing laboratory HHG sources have demonstrated production
of ultra-short (tens of fs) coherent soft x-ray (e.g., 31 nm,
26th harmonic of a 0.8 μm drive laser) pulses with 0.3 μJ
of energy (see, e.g., Ref. [11]). HHG seeding has signifi-
cant advantages over the simpler SASE mode of operation
as it will provide improved temporal coherence and a much
reduced power saturation length.

The resonant wavelength for the beam and undulator
parameters of Table 1 is λ = λu(1 + K2/2)/(2γ2) �
31 nm (40-eV photons), while the matched electron beam
size in the undulator is 60 μm. The FEL parameter is
ρ ≈ 5 × 10−3 and the ideal 1D (i.e., no emittance, en-
ergy spread, or diffraction effects) exponential power gain
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Figure 1: Exponential gain length as a function of inco-
herent energy spread for various electron beam currents as
determined from the Xie [12] empirical fitting function.

length is L1D = λu/(4π
√

3ρ) � 0.19m. Including these
non-ideal effects via the Xie gain length formula [12] can
increase the gain length (Lg) 1.5–3 fold compared to the
ideal 1D gain length, depending upon the assumed value of
σγ . For the parameters of Table 1, the 3D gain length is
Lg ≈ 0.3 m. Figure 1 displays contours of gain length as a
function of peak current I and relative energy spread σ γ/γ.
If one presumes empirically that the product Iσγ remains
constant, one sees that it is best to operate at relatively large
currents. However, consideration of slippage effects over
the full THUNDER undulator (τs = λNu/c ≈ 24 fs) sug-
gests that reducing the electron beam pulse duration τ b be-
low τs will have diminishing returns. Hence, we believe
peak currents of I ∼ 2.5–10kA for a bunch charge of
Q ≈ 100 pC is the likely region of interest. Space charge
effects will not degrade the FEL performance in this high-
current regime provided (λu/λp)2/γ3 � (2ρ)2 (i.e., the
characteristic wavelength of the space charge oscillation in
the lab frame is much greater than the FEL gain length),
where λp is the plasma wavelength of the electron beam.
This condition is satisfied for the parameters of Table 1.

We performed a series of time-independent GINGER [13]
simulations to examine in detail the predicted FEL output
from such a device, examining both the SASE and HHG-
seeded cases. We adopted electron beam and undulator
parameters as given in Table 1 with the exception that we
also considered 7.5-kA peak current (150 pC charge) SASE
and HHG-seeded cases and a 10-kA peak current (200 pC
charge) SASE case, in addition to the nominal 5-kA HHG-
seeded FEL. The simulations used a parabolic temporal
profile for the electron beam; the details (i.e., the sub-20 fs
structure) of the actual experimental electron beam profile
have not been measured. All the SASE results presented
here are from one single simulation run for each of the two
currents. Note that an ensemble average over many differ-
ent runs, each with a different initial shot noise presentation
would give smoother profiles for P (t) and P (ω).

Figure 2 shows the maximum power for the HHG-seeded
case (FEL in amplifier mode with 15 MW initial HHG
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Figure 2: Predicted (GINGER calculations) maximum
power in amplifier mode (with 15 MW initial HHG seed)
over the THUNDER undulator (5 m) as a function of initial
incoherent energy spread for various beam currents.

Figure 3: Predicted (GINGER calculations) radiation pulse
energies as a function of undulator length z for both SASE
and HHG-seeded cases.

seed) versus initial incoherent RMS energy spread for sev-
eral beam currents. As the figure shows, for the nominal
beam current (5 kA), greater than 10 GW of power can be
achieved provided the RMS energy spread is �1.25 MeV
(σγ/γ � 0.25%).

Figure 3 displays time-integrated radiation pulse ener-
gies as a function of undulator length z; for reference,
1 μJ of energy corresponds to 1.5 × 1011 photons at 40 eV.
The SASE results show a strong current dependence that
is attributable to the sensitivity of Lg to current in this
short-pulse regime with normalized σγ comparable to ρ.
One sees in Fig. 3 that the 7.5-kA SASE case is about a
gain length away from saturation, while the 10-kA SASE
case reaches saturation. Given that we presumed ideal-
ized Gaussian transverse distributions with no offsets, tilts,
etc., additional current and charge might be required to
reach full saturation with the assumed energy spread of
1.25 MeV. Earlier saturation in z might also be achieved
by employing additional focusing (by adding focusing op-
tics between the THUNDER undulator sections) thereby
reducing the beta-function. Saturation is achieved in <3-m
distance for the HHG-seeded cases.

Figure 4 shows output power temporal radiation profiles;
one sees that the radiation pulse remains temporally close
to the electron beam (whose center is at t = 0) when com-

Figure 4: Predicted (GINGER calculations) output power
temporal profiles for the cases associated with Fig. 3. The
electron beam center is at t = 0.

Figure 5: Predicted (GINGER calculations) output spectra
at the 31-nm wavelength fundamental for the various SASE
and seeded cases. Each bin is 64.6 meV wide while 1 GW
is equivalent to 1.0 × 1013 photons.

pared with slippage (τs ≈ 24 fs). Since the electron beam
duration τb is only a few times the steady-state coherence
length cτc ≡ λ/(4πρ3D), the output profile is dominated
by a single longitudinal mode, which results in spectral pu-
rity (at the price of reduced gain). This is apparent also in
Fig 5 which shows quite clean power spectra for all cases
except the 10-kA SASE run where there appear to be weak
“sidebands” to either side of the central line; we expect en-
semble average over many shots would likely show a sim-
ple Gaussian shape whose width would be slightly wider
than this specific run.

For the HHG-seeded cases shown in Figs. 3, 4, and 5
we presumed an input seed with a 20-fs FWHM Gaussian
temporal profile and peak power of 15 MW. The results
indicate significantly improved performance of the HHG-
seeded FEL, compared to the SASE cases (e.g., compare
the 7.5-kA cases). As seen in Fig. 3, saturation occurs
before 3 m in the undulator, and peak powers exceed-
ing 10 GW appear possible with FWHM durations ∼15 fs
(Fig. 4). Despite the early saturation, both HHG-seeded
cases (5 kA and 7.5 kA) show essentially single mode spec-
tral output with inverse normalized bandwidths (RMS) for
the on-axis far field of ω/Δω ≈ 500 and autocorrelation
times ∼ 12 fs. Predicted third harmonic power (due to
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Table 2: FEL Performance

Radiation wavelength, λ 31 nm
Resonant photon energy 40 eV
FEL parameter, ρ 5 × 10−3

3D Gain length 0.3 m
Slippage length 7.2 μm
Spontaneous radiation power 4 kW
Steady-state saturation power 12 GW
Photon/pulse (at saturation) 3 × 1013

Peak brightnessa (at saturation) 2 × 1016

Saturation length (HHG-seeded, 5 kA) 2.4 m
Saturation length (SASE, 10 kA) 5 m

a photons/pulse/mm2/mrad2/0.1%BW

the nonlinear harmonic microbunching associated with the
strong fundamental bunching) is about 0.4% and 0.8% of
the fundamental for the 5-kA and 7.5-kA cases, respec-
tively. The normalized spectral bandwidths for the third
harmonic are narrower than the fundamental by slightly
more than a factor of two; one expects less than the the-
oretical maximum of three due to the variation in temporal
microbunching fraction [i.e., the third-harmonic bunching
parameter b3(t) has a narrower pulse shape than the funda-
mental b1(t)]. Despite the much lower photon/pulse value
of the third harmonic radiation, it may, nonetheless, be of
interest for certain experiments.

DISCUSSION AND CONCLUSIONS

Recent advances in laser-plasma-based accelerator ex-
periments [1, 2], and, in particular, the demonstration of
high quality GeV electron beams [2], have enabled the
possibility of a new class of compact laser-driven FELs
in which the conventional RF accelerator is replaced by a
cm-scale laser-plasma accelerator, greatly reducing the size
and cost of the FEL. The natural short bunch length of the
laser-plasma accelerator (tens of fs), and the intrinsic tem-
poral synchronization between the short-pulse laser gener-
ating the electron beam and the FEL radiation, make the
laser-driven FEL an ideal source for ultra-fast pump-probe
applications. As discussed above, seeding of the FEL by an
HHG source (generated from the same LWFA drive laser,
and, therefore, temporally synchronized with the electron
beam) has significant advantages over the simpler SASE
mode of operation. The coherent amplification of the HHG
source in the FEL leads to reduced undulator length and
improved longitudinal coherence.

In this paper we have discussed the design of a XUV
FEL employing the 0.5 GeV laser-plasma-generated elec-
tron beam produced at the LOASIS laser facility at LBNL.
Table 2 shows the expected FEL performance employing
a 31-nm HHG seed assuming the input parameters given
in Table 1. Presuming a reasonably small incoherent en-
ergy spread of 1.25 MeV, a 15 MW HHG input seed pro-

vides sufficient initial power for the FEL to reach satura-
tion in a few meters using the THUNDER undulator. For
SASE, higher currents (e.g., 10 kA) are needed to reach sat-
uration in the 5 m undulator distance. The proposed HHG-
seeded FEL, using the existing 0.5 GeV-LWFA at LBNL
and the THUNDER undulator would capable of producing
ultra-short (∼15 fs) XUV (40 eV) pulses with >1013 pho-
tons/pulse. The predicted third harmonic emission would
be ∼ 2.5 orders of magnitude less. A key beam parameter
is the actual incoherent (i.e., slice) energy spread. Values
much above 1.25 MeV (0.25%) would require peak cur-
rents ≥ 10 kA for saturation to occur within the THUN-
DER undulator.
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COMPARATIVE STUDY OF DIGITAL AND ANALOG 
TECHNIQUES FOR  L  ASERS IN ACCELERATORS

Axel Winter, Universität Hamburg, Hamburg, Germany,
Wojtek Jalmuzna, Warsaw University, Warsaw, Poland.

Abstract

Pulsed laser systems play an important role in present
and future light sources. These lasers need to be synchro-
nized very precisely to the accelerator RF. One approach
is using an analog controller, which offers low-noise per-
formance and has been demonstrated to achieve sub-50 fs
stability. A digital controller based on a high-performance
FPGA offers more flexibility, for instance the possibility
to implement notch filters to evade the limitations by res-
onances of the piezo crystal used to adjust the laser cavity
length. This paper presents results obtained with both ap-
proaches.

INTRODUCTION

A mode-locked laser serves as an ultra-stable laser mas-
ter oscillator (LMO) for the proposed optical synchroniza-
tion system for the European XFEL, which will be tested at
the FEL facility FLASH [1]. Fiber lasers are well suited to
realize such an optical master oscillator, because of the ease
of coupling to the fiber distribution system, their excel-
lent long-term stability, and the well-developed and mature
components that are available at the optical communica-
tions wavelength of 1550 nm. A detailed description of the
laser master oscillator can be found elsewhere [3]. Erbium-
doped fiber lasers exhibit an extremely low phase noise
at high offset frequencies making these lasers competitive
with the best low-noise microwave oscillators around. En-
vironmental effects like microphonics and vibrations cause
excessive low-frequency phase noise, which can be signif-
icantly reduced by phase-locking the fiber laser to a ultra-
low noise reference oscillator. Due to the extremely high
upper state life time of erbium (1 ms), noise for frequen-
cies above 1 kHz, due to for instance the pump laser, is
suppressed.

SETUP OF THE LMO SYSTEM

A schematic of the setup of the LMO system is shown
in Figure 1. Two fiber lasers run at a repetition rate of 54
MHz, which is the 24th subharmonic of the accelerator RF
frequency of 1.3 GHz. Part of the laser pulse train is de-
tected using a high-bandwidth photodiode. In frequency
domain, the ultrashort pulses consist of harmonics of the
repetition rate with equal energy and a spacing of the rep-
etition frequency. Using a bandpass filter of appropriate
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diagnostics
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FPGA
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Figure 1: Schematic of the proposed FLASH LMO system.

bandwidth, the 23rd harmonic is selected and amplified
to a level of around 5 dbm. The reference signal comes
from a low phase noise RF oscillator at 1.3 GHz. Both sig-
nals are fed to a analog double-balanced diode ring mixer.
The resulting error signal is now amplified by the loop fil-
ter, which is either a digital or analog proportional-integral
controller. The proportional and integral part are in paral-
lel, so the advantages of an integrator at low frequencies
can be obtained without compromising the phase margin at
higher frequencies. After being amplified to higher voltage
levels to fit the range of piezo crystals, the signal is fed to a
piezo-based fiber stretcher, onto which a substantial part of
the optical fiber making up the laser cavity is wound. This
adjusts the repetition rate of the LMO.
To achieve the required uptime of the LMO system, it is
built redundant. Both lasers run continuously and should
one of the lasers fail, the backup unit will take over. To
enable an ultra-low residual jitter performance, the high-
est possible comparison frequency is selected which is 1.3
GHz in our case. This however leaves 24 possible posi-
tions where the PLL can catch. If the phase-lock of a failed
unit is reestablished, it cannot be guaranteed that the laser
pulse position is identical to the one of the backup laser
which is now seeding the synchronization system. The so-
lution to this problem is the introduction of a second PLL
into the system. It runs at a comparison frequency which

SYNCHRONIZATION
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is equal to the repetition rate of the LMO. This leaves only
one zero-crossings where the PLL can catch per revolution
of the laser pulse inside the cavity. The lower frequency
PLL catches first and thus selects the phase of the laser
pulse. Once the lock is established, the second PLL run-
ning at 1.3 GHz will take over.

There are two fundamental approaches which can be
considered for the controller of this system. One choice
is to use a conventional analog controller. It has been
shown, that excellent synchronization performance can be
achieved using such a system [4]. The limits of an analog
controller lie in the flexibility it can offer. It is very diffi-
cult to realize more complex transfer functions than that of
a simple PI controller. One aspect of where this is help-
ful is the implementation of a notch-filter to counteract the
effects of the resonance of the piezo crystal in the fiber
stretcher to obtain a higher gain in the PLL. Furthermore
the switching of two PLL’s is significantly easier using a
digital controller which will be described in the next sec-
tion.

DIGITAL CONTROLLER

Figure 2: Schematic of the digital controller architecture.

The digital PI controller was implemented using an in-
house developed controller board for the low-level RF con-
trol, called SIMCON 3.1[5]. The application utilizes the
Virtex 2 Pro FPGA, located on the controller. The inter-
nal structure of the controller is shown on Figure 2. The
digital controller offers the same functionality as its ana-
log pendant, namely a parallel PI-controller with an op-
tional second order infinite impulse response low-pass fil-
ter. The error signal from the double balanced mixer is
sampled with a sampling frequency of 50 MHz. Then the
data is decimated to provide one valid sample every 1 μs.
Optionally averaging of 50 samples of the error signal can
be used to reduce the ADC noise. The controller transfer
function is applied to the resulting digital signal which is
then converted with a DAC and fed to the piezo driver. For
diagnostic purposes, a flexible data acquisition system was
used. It saves 16 signals over 64 ms (64000 samples of
each signal) to the external SRAM memory of the SIM-
CON controller. Two forms of communication were were
implemented: a VME interface and an RS232 serial link.
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Figure 3: Bode Plot of the open loop transfer function
(magnitude - blue, phase - red).

All the controller’s parameters can be set with MATLAB
software using a channel independent interface [6].

CONTROLLER TYPE AND SIMULATION

The feedback acts on the cavity length through the piezo
which stretches the optical fiber. Care has to be taken not
to disrupt the laser dynamics through introduced birefrin-
gence which occurs if the fiber is bent. The fiber stretcher
is constructed such that bending is avoided and only the
length of the fiber is varied by the piezo. Hence laser dy-
namics will to first order not be influenced and the laser
will in terms of phase act as an integrator with the transfer
function Gl = kl

s , where kl is the gain of the piezo in-
side the laser cavity (in our case is 0.35 Hz

V ). Mechanical
resonances of the piezo have to be considered (∼ 40 kHz),
which can be modeled by a harmonic oscillator. This yields

a transfer function of Gpiezo = (2·π·fres)2

s2+4πγfres·s+(2πfres)2

which ultimately limits the achievable gain of the PLL. A
linear response is assumed for the phase detector around
the locking point, which is valid for analog mixers around
the zerocrossing, i.e. Δφ = 0, π, 2π . . .. The controller
consists of a PI-controller (GPI = KP + KI

s ) and an
optional low pass filter with a corner frequency of f lp =
10 kHz.
The simulated open loop transfer function is shown in fig-
ure 3. The unity gain bandwidth is at 1 kHz which is in
good agreement with the experimental results. It can be
seen from Figure 5, that the phase noise spectra of the
locked laser and reference oscillator start deviating just
above 3 kHz which is the point of unity gain.

RESULTS

The first step to compare the performance of the two sys-
tems was to lock one LMO to a 1.3 GHz reference and
evaluate the residual jitter. Figure 4 shows the power spec-
tral density of the error signal when the system is locked
for both analog and digital controller. The integration of
these signal yields the respective residual jitter for either
the analog or the digital controller. It amounts to 74 fs for
the analog controller and 107 fs for the digital controller,
both in a bandwidth from 1 Hz to 112 kHz. The difference
in performance of the two controllers is almost entirely due
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Figure 4: Power spectral density of the closed-loop error
signal for both analog (black) and digital (red) controllers.

Figure 5: Phase noise for the locked fiber laser with both
analog (red) and digital (green) controllers and the refer-
ence (black). Insert: Optical spectrum of the fiber laser
without feedback (black), with digital controller (red) and
analog controller (green).

to the PLL peaking of the digital controller. This is due to
a slightly higher proportional gain which limits the phase
margin of the system and leads to the power spectral den-
sity increase around 2 kHz. Reducing the proportional gain
will yield a comparable result to the analog controller. It
should be noted, that a significant part of the jitter in the
digital controller is due to the 50 Hz line. The magnitude
of this perturbation does not change with proportional and
integral gain settings of the controller, making a crosstalk
from the power supply to the DAC a likely candidate for
the cause. It can possibly be improved in the next redesign
of the digital controller board. An advantage of the dig-
ital controller is the possibility to average the ADC data.
The sampling rate of the ADC is a lot higher than needed
for the regulation (60 MHz), so an average was employed

reducing the sampling rate to 1 MHz. This reduces the un-
correlated noise of the ADC by a factor of almost 8.
It is important, that the activated PLL does not increase
the phase noise at higher offset frequencies. The measured
phase noise with and without feedbacks is depicted in fig-
ure 5. There is no significant increase in the high frequency
phase noise when locking with either system.
A further important issue is the possible change of the op-
tical properties of the laser pulses due to the phase locking.
The insert to Figure 5 shows the optical spectrum of the
fiber laser without any feedback and with either controller.
No significant change was observed for either feedback op-
tion.

CONCLUSION AND OUTLOOK

An optical master oscillator system requires a precise
phase-lock of the fiber lasers to an external RF clock. This
can be achieved by either using a digital or an analog con-
troller. The measured performance for either system was
comparable. No significant differences in the high fre-
quency phase noise or the optical spectrum could be ob-
served. This indicates that the more flexible approach using
an FPGA as a digital loop filter is feasible without compro-
mising the locking performance.
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FIRST TOLERANCE STUDIES FOR THE 4GLS FEL SOURCES 
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B.W.J. McNeil, SUPA, Department of Physics, University of Strathclyde, Glasgow, UK.

Abstract 
The Conceptual Design Report for the 4th Generation 

Light Source (4GLS) at Daresbury Laboratory in the UK 
was published in Spring 2006 [1]. 4GLS features three 
distinct FEL designs, each operating in a different 
wavelength range: an externally seeded amplifier 
operating in the photon energy range 8-100eV (XUV-
FEL); a regenerative amplifier FEL operating over 3-
10eV (VUV-FEL); an FEL oscillator operating from 2.5-
200µm (IR-FEL). Preliminary results of tolerance studies 
for the FEL designs are presented. In particular, the 
effects of the relative timing offset between the seed pulse 
of the XUV-FEL and the electron bunch, as well as the 
effects of electron bunch timing jitter in the VUV-FEL, 
are presented.   

INTRODUCTION 
4GLS is a 4th Generation Light Source proposed by 

CCLRC Daresbury Laboratory in the United Kingdom to 
meet the needs of the ‘low photon energy’ community. 
The 4GLS facility will combine energy recovery linac 
(ERL) and FEL technologies. This paper summarises the 
results of first tolerance studies for the XUV-FEL and the 
VUV-FEL. For the XUV-FEL, Genesis 1.3 [2] has been 
used to simulate the effects of a temporal offset between 
the electron bunch and the seed. For the VUV-FEL 
simulations, a one-dimensional, time-dependent FEL 
oscillator code which includes the effects of electron 
bunch arrival time jitter has been used. 

The XUV-FEL design [3] consists of an undulator 
system directly seeded by a tuneable HHG laser source. It 
is capable of generating short, tuneable, high-brightness 
pulses of 8-100 eV photons with peak output powers of 
~2-8 GW and typical FWHM pulse length < 50 fs. The 
FEL undulator consists of a lattice of undulator modules 
separated by beam focusing elements and diagnostics. 
The first eight undulator modules of the FEL will be 
planar, while the final five will be of APPLE-II design in 
order to produce variably elliptical polarised radiation.  

The VUV-FEL [4] is a regenerative-amplifier-type FEL 
(RAFEL) [5] designed to deliver intense sub-ps pulses of 
tuneable coherent radiation in the photon energy range 3–
10eV. A hole-outcoupled low-Q cavity using robust low 
reflectivity optics provides sufficient feedback to allow 
high gain type FEL saturation after only a few cavity 
round-trips. In its standard operating mode the VUV-FEL 
will generate temporally coherent photon beams with 
peak power ~500 MW and FWHM pulse lengths of 
~170 fs. Cavity length adjustment may allow superradiant 
operation with enhanced peak powers of ~3 GW and 
FWHM pulse lengths of ~25 fs. These figures are the 
maximum values across the full wavelength range.  

To enable variable polarisation, APPLE-II type 
undulator sections are employed throughout with a strong 
FODO focussing lattice and beam diagnostics distributed 
between sections.  

XUV-FEL SIMULATIONS 

100 eV Pulse Amplifier Lasing 
A simulation of the XUV-FEL operating at 100 eV is 

performed, using the CDR parameters for the case of 
seed/electron bunch synchronism. The full set of planar 
and variable undulator modules are used with the APPLE-
II undulators set to helical mode so that circularly 
polarised radiation is generated. Figure 1 shows the seed 
pulse of peak power P = 30kW and duration 30 fs 
FWHM. Also plotted is the electron beam current of peak 
current Ipk = 1.5kA and duration 626 fs (188��) FWHM.  

At the end of the FEL a peak saturated power of Ppk � 
2.4 GW is shown in

 
Figure 2.  A ‘clean’ central seeded 

region upon a noisier pedestal is seen. The pedestal is the 
pre-saturation SASE - as the shot noise power is only a 
few tens of watts, the seed power of 30 kW saturates first.  
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Figure 1. Input HHG seed power and electron bunch 
current as a function of longitudinal position.  
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Figure 2. Radiation power at the exit of the XUV-FEL 
showing peak power Ppk ������	
. 
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100eV Pulse Amplifier Lasing with Offset Seed  
The above results are for synchronism between the peak 

HHG power and the peak of the electron bunch current. 
However, there may be an inherent noise associated with 
the arrival time of each bunch which results in a relative 
timing offset of magnitude ��. Simulations have been 
carried out in which��� is varied, as in Figure 3 (top). Also 
shown (bottom) is the radiation power at the end of the 
FEL, with the synchronous seed case for comparison. For 
seed offset of �� = 100 fs, the peak power is reduced from 
2.4 GW to 1.7 GW. 
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Figure 3. (Top) Seed offset by 100 fs (30 �m) behind the 
electron pulse and (bottom) radiation power at the end of 
the FEL for the offset case (red) and synchronous case 
(blue).  

The offset, ��, was varied between ± 250 fs and results 
of peak power against offset plotted in Figure 4. These 
results suggest that electron bunch offset should be 
limited to approximately ± 45 fs for peak output power to 
lie within 90% of the synchronous peak power Ppk. 

From Figure 4, it is noted that the peak output power at 
the end of the FEL is higher for a negative �� (seed pulse 
arriving behind the electron bunch) than for a positive 
offset of the same magnitude.  
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Figure 4. The effect of an offset �� from electron/seed 
pulse synchronism upon the peak output power at the end 
of the FEL, for 100 eV operation.  

Comparison with FEL design formulae 
The Xie design formulae [6] have been used to estimate 
the effects of timing offset on the saturation power. This 
has been done by correlating the timing offset �� with the 
beam current via the relation: 
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This was carried out for the planar modules only. In 
Figure 5 these results are compared with the results of 
Genesis simulations which are seen to yield a slightly 
more stringent  restriction on ��. 
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Figure 5. Simulations of the effect of an offset� �� from 
electron/seed pulse synchronism upon the peak power at 
the end of the FEL. The results are scaled with respect to 
their synchronous values at �� = 0.  

VUV-FEL SIMULATIONS 
A one-dimensional, time-dependent FEL oscillator code 

(FELO [7]) has been used. The code includes the ability 
to model a temporal jitter in the electron bunch arrival 
into the FEL cavity (this effect is simulated by adding a 
jitter to the cavity length).  

The simulated output power and pulse width variation 
with cavity length detuning is shown in Figure 6 for 10eV 
operation in planar mode. For cavity length detuning of 
18���� ���� ������ ����� ��� �t a maximum. Typical pulse 
shape evolution with cavity pass number is shown in 
Figure 7. These simulations replicate start-up from shot-
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noise, with the output pulse typically developing to 
saturation over 10-15 passes. 

 

 
Figure 6. Plots of peak power and pulse width against 
�	����� ��	
��� ���	�	
� ��c) for simulations of the VUV-
FEL operating at 10eV in planar mode.  
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Figure 7. FELO simulation of the VUV-FEL at 10eV and 
���������	
������	�	
��������������������������	��	���
arrival time jitter. The red points show the peak intensity 
of the pulse at each pass.  

 

Simulations with Electron Bunch Time Jitter 
In Figure 8 the variation of pulse shapes for different 

cavity pass numbers are plotted for three different 
electron bunch arrival time jitter values. Increasing jitter 
shows increasing variation of the pulse shape with pass 
number. The pulse shape remains approximately Gaussian 
for the cases where jitter � ± 80 fs. For the greater jitter 
value of ± 120 fs, the output pulse is seen to have a less 
stable shape. 
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Figure 8. Variation of pulse shape with cavity pass 
number for electron bunch arrival time jitters of ± 40 fs 
(top), ± 80fs (middle) and ± 120 fs (bottom). Only passes 
13 to 30 are shown. Increasing the temporal jitter shows 
increasing variation of the pulse shape. 

 

Analysis of output power 
Due to shot noise, repeat runs from the same input data 

yield slight variations in output. For jitter = 0, five runs 
were carried out and an average peak power was plotted 
as shown in Figure 9. 
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Figure 9. Peak power of pulse with pass for repeated runs 
at jitter = 0. The variation between different runs is due to 
the effect of shot noise only. 

Repeated runs were carried out for different jitter values 
and the RMS variations from this average (at saturation) 
were calculated and are presented in Table 1. 

Jitter (fs) Saturation Power (MW) 

± 0.0 300 ± 2.5% 

± 20 300 ± 4.1% 

± 40 300 ± 6.0% 

± 80 300 ± 8.0% 

± 120 300 ± 18.8% 

Table 1. Variation of saturation power for different values 

of electron bunch arrival time jitter. 

For the case of maximum jitter where the pulse shape 
remains approximately Gaussian (jitter = ± 80 fs), the 
output power at saturation is ~300MW ± 8%. The 
evolution of pulse shape with pass is shown for jitter of ± 
80 fs in Figure 10.  

0

0.2

0.4

0.6

0

10
20

30

0

100

200

300

400

500

pass

t [ps]

P
 [

M
W

]

 

Figure 10. FELO simulation of the VUV-FEL at 10eV for 
���������	
������	�	
�
������������jitter of ±80 fs. The 
red points show the peak intensity of the pulse at each 
pass.  

Short-pulse operation of the VUV-FEL 
For a cavity length detuning of 1.����� 
����tion is in 
superradiant mode, peak output power is near maximum 
and the pulse width is at a minimum (see Figure 6). 
Simulations using the FELO code show that at this cavity 
length detuning, it is possible for the side-spikes to 
develop into the peak with maximum power [8]. The 
evolution of the pulse where electron bunch arrival time 
jitter = ± 40 fs is shown in Figure 11. 
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Figure 11. Pulse shape evolution for short-pulse operation 
with electron bunch arrival time jitter of ± 40 fs. 

CONCLUSION 
First tolerance studies for the 4GLS XUV-FEL and VUV-
FEL have been carried out. For the XUV-FEL, increased 
offset between seed and electron pulse has been shown to 
decrease saturation power. For the VUV-FEL electron 
bunch arrival time jitter has been shown to result in 
increased instability in the shape of the output optical 
pulse. It has been concluded that for the XUV-FEL, 
temporal electron bunch offset should be limited to 
approximately ± 45 fs for output power to be within 90% 
of optimum. For the VUV-FEL, jitter should be limited to 
approximately ± 80 fs for approximate Gaussian output 
with peak power within ± 8 % of optimum.  
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PHASE NOISE COMPARISON OF SHORT PULSE LASER SYSTEMS 

S. Zhang, S. Benson, J. Hansknecht, D. Hardy, G. Neil, and M. Shinn                                            
TJNAF, Newport News, VA23606, USA.

Abstract 
This paper describes phase noise measurements of several 
different laser systems that have completely different gain 
media and configurations including a multi-kW free-
electron laser. We will focus on state-of-the-art short 
pulse lasers, especially drive lasers for photocathode 
injectors. Phase noise comparison of the FEL drive laser, 
electron beam and FEL laser output also will be 
presented.  

INTRODUCTION 
      The stability of the drive laser plays a very important 
role in the performance of photogun-based accelerators 
and free-electron lasers (FELs).  With the increasing 
demand for shorter wavelengths (including XFEL) and 
shorter pulse duration (sub-50 fs), phase noise and timing 
jitter issues are drawing more and more attention. Over 
the past decade, short pulse lasers technology has seen 
dramatic advancement due to the rapid development of 
solid-state materials and high power semiconductor laser 
diodes. Some state-of-the-art femtosecond lasers have 
shown superior performance in terms of both amplitude 
and phase stability. These lasers provide a unique 
opportunity to overcome challenges in the development of 
the next generation accelerator light sources.  

The photogun drive laser is used to extract the electron 
beam that provides the gain medium for numerous FELs 
worldwide.  Drive laser instabilities will limit high power 
FEL operation. Of all the instabilities associated with 
short pulse high repetition rate lasers, timing jitter appears 
to be the most important and most difficult to control. In 
this paper, we present phase noise and timing jitter 
measurements of several different lasers that can be used 
to drive photoguns. We believe a comparison of these 
lasers provides valuable information about the pros and 
cons of each system in their specific applications.   

 

METHOD AND SETUP 
Phase noise is a drive laser quantity that is often 

discussed.  Phase noise is a direct representation of the 
timing jitter of a mode-locked laser system.  Timing jitter 
can be quantified by measuring the phase noise.  There 
are two basic methods widely used to measure the phase 
noise (and timing jitter) of optical pulse trains; a) the 
Phase Detector Technique (PDT) and, b) the Power 
Spectral Density Technique (PSDT) [1]. The PSDT 
provides better precision and was used for all of the 
measurements described below. The measurement 
requires a fast photodiode and a spectrum analyzer. In this 
case the timing jitter of the mode-locked or gain-switched 
optical pulse train is determined by measuring the phase 
noise spectral density.  

 
 

 
 
 
 
 
 
 
 
 
 

 
Fig.1. Schematic of a generic phase locking system. 
 
 
 
 
 
 
 
 
 
 
Fig.2. Schematic of the timing jitter measurement 
setup. BS, beam splitter. ATN, attenuator. L, lens. PD, 
photo-diode. F, RF filter. AMP, RF amplifier.  
 

   Fig.1 shows the basic principle of a generic phase-
locking system used by many lasers. The laser phase error 
is detected and corrected by the RF feedback loop. The 
measurement setup is shown in Fig.2.  The detectors used 
in the experiment were fast photo-diodes with bandwidth 
between 2 to 20 GHz. A Signal Source Analyzer (SSA, 
Agilent E5052A) was used for the phase noise and timing 
jitter data acquisition. This instrument presents faster 
speed and better precision compared with some other 
spectrum analyzers. The phase noise is usually measured 
at 1.497 GHz, the 20th harmonic of the 74.85 MHz laser 
pulse frequency in order to minimize the laser amplitude 
noise.  The 1.497GHz signal was filtered out using an RF 
filter and amplified by a low noise RF amplifier before 
being fed into the SSA. For higher repetition rates, it was 
sometimes difficult to perform the measurement at the 
20th harmonic.  The noise added to the measurement from 
the RF amplifiers and filters was determined to be 
negligible. 

DIFFERENT LASER SYSTEMS  
Flash-lamp-pumped Active Mode-locked Laser 
   The first laser system tested was a frequency doubled 
CW mode-locked Nd:YLF laser pumped by flash lamps 
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(Coherent Antares laser made in early 90’s). It has served 
as the drive laser for the photocathode injector at the JLab 
FEL facility for more than ten years. We studied the 
stability of this laser in the past [2]. Here we will focus on 
the phase noise characteristics. The laser has a folded 
cavity design and intracavity acousto-optic modulator 
(AOM) for mode-locking. The AOM can be driven with 
RF supplied by the laser power supply (internal RF) or 
with RF from the accelerator (external RF). The laser 
phase is monitored and controlled by the RF control 
module. A fast photodiode detects the optical pulses 
signal from the infrared light leaking through the high 
reflector. Unlike most other laser systems that use active 
laser cavity length adjustment to minimize the phase 
noise, the RF to the acoustic mode-locker on this laser is 
tuned to compensate the phase change. To detect the 
phase error and complete the phase loop, the 20th 
harmonic of the laser frequency (74.85 MHz) is filtered 
out, amplified and sent to an RF control module. 
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(c) 

Fig.3. Phase noise spectral density plots of flash-lamped 
pumped Antares Nd:YLF laser at different offset 
frequency. (a)10 Hz~1 MHz. (b)1 kHz~40 MHz, and (c)1 
Hz~1 MHz.  As explained in the text, Ext and Int refer to 
external RF and internal RF, respectively.  

    From the results shown in Fig.3, the excellent 
performance is primarily due to the fact that the laser 
cavity was designed to have a particularly stable length: 
all components are mounted to an Invar rod to reduce 
temperature dependence.  In addition, the phase control 
loop associated with the RF reference signal is very 
important, as can be seen by comparing the two RF 
sources, internal and external.  The laser performs 
significantly better when using RF supplied by the 
accelerator, with timing jitter five times less compared to 
that obtained with RF supplied by the power supply.  
Most of the phase noise comes from the lower frequency 
band below a few hundred Hz. There are always more 
noises below 10Hz and the feedback loop does little to 
reduce them (Fig.3(c)). Usually a flash-lamp pumped 
laser tends to have noticeably higher phase noise than 
those pumped by diodes. But this measurement clearly 
indicates that the phase noise of a flash-lamp pumped 
system can be controlled to a very low level.   

 

SESAM Mode-locked Laser 
      The SESAM mode-locked Nd:YVO4 laser serves as 
the master oscillator, providing seed pulses for a multi-
stage amplifier that provides over 50 W average power at 
1.064 um and 25 W at 532 nm.  This Maser-Oscillator-
Power-Amplifier (MOPA) system will be used to drive a 
100mA photoinjector.  A detailed system description can 
be found in another paper [3]. The passively mode-locked 
Nd:YVO4 laser is diode-pumped and produces over 500 
mW at 1064 nm with 74.85 MHz pulse repetition rate and 
25 ps pulses (Time-Bandwidth Product, GE100). It uses a 
semiconductor saturable-absorber mirror (SESAM) to 
initiate mode-locking. The laser cavity length is actively 
stabilized and the phase of the optical pulse train can be 
locked to an external RF reference signal.    
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Fig.4. GE100 laser phase noise spectral density plots 
obtained over few minute time period.  Mostly, the timing 
jitter is less than 400 fs but occasionally larger values are 
obtained.   
  
   When the laser cavity is optimized, it runs very well 
with timing jitter around 300 fs. Random fluctuations can 
be seen from time to time, which may be caused by 
environmental disturbances. Phase noise spectral density 
plots for this laser are shown in Figure 4. These plots 
were obtained over a few minutes and mostly timing jitter 
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is less than 400 fs but occasionally values surge over 
500fs. We also intentionally unlocked the cavity length 
feedback loop.  This has a profound affect, with timing 
jitter increasing to 4 ps (Fig.5).  The overall timing jitter 
also depends highly on the laser cavity alignment and 
optimization. Timing jitter values can exceed 1ps in the 
case of poorly aligned cavity.   
    Phase noise measurements were also made downstream 
of the power amplifier section of this laser system.  The 
Master oscillator (MO) seed light from the passively 
mode-locked Nd:YVO4 laser passes through four 
Nd:YVO4 amplifiers, with total output power at 1.064 um 
greater than 50 W.  As expected, the diode-pumped 
amplifiers do not add much noise to the system (Fig.6). 
The added noises are most likely from the environment.  
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Fig.5. GE100 laser phase noise spectral density plots with 
laser cavity length feedback loop open and closed.   
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Fig.6. MOPA laser: GE100 laser and multistage power 
amplifier.  Phase noise spectral density plots comparing 
MO and MOPA signals.   

 
KLM Ti:sapphire Laser 
   Widely used fs-pulse Ti:sapphire lasers rely on self- 
mode-locking (KLM), a passive technique that relies on 
Kerr lensing within the Ti-sapphire crystal and a gain 
aperture effect that provides more gain for shorter pulses.    
These lasers are broadly tunable and can generate 
extremely short pulses because of the exceptionally broad 
gain bandwidth of the lasing medium.   
   Phase noise measurements were carried out using a 
Spectra Physics Kerr mode-locked Ti:sapphire laser 
(Tsunami, 100fs, 1W at 800nm) pumped by a frequency-
doubled and diode pumped Nd:YVO4 laser (Millennia, 
CW 10 W at 532 nm). The laser has a phase-locking unit 
that detects and corrects the laser phase by adjusting the 

cavity length with a pico-motor and PZT attached to the 
high reflector (HR) end mirror. A photodiode picks up the 
laser signal from a beam splitter and the phase is 
compared to the reference RF to create a phase error 
signal. The pulse repetition rate is 74.85 MHz, the same 
as for measurements with other laser systems. Phase noise 
spectral density plots are shown in Fig.7 for 
measurements at two different times.  As with the 
SESAM mode-locked laser, phase noise was closely 
related to cavity alignment and optimization.  The timing 
jitter was observed to jump up and down, but mostly 
values stay within a range between 200 and 400 fs (Fig. 
8).  When the feedback loop was turned OFF, timing jitter 
values surge upward by a factor of ten. 
 

 
Fig.7. Tsunami laser phase noise spectral density plots 
at two different times. 
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Fig.8. Tsunami laser.  Timing jitter versus time.  The 
square and the triangle stand for the data  taken  at  two

 separate times.  
 

The Tsunami laser uses an intracavity AOM to initiate 
and stabilize mode-locking. We investigated the influence 
of the AOM on timing jitter by making phase noise 
measurements with the AOM on and off.  Measurements 
indicate that the AOM does not introduce additional 
instability.  This confirms that AOM only helps to start 
the KLM process and set the fundamental frequency for 
the feedback loop to lock the cavity length. Once the 
cavity is optimized and loop is closed, AOM is not 
needed.  

Gain-switched Diode Laser 
    Gain-switched diode lasers have a number of 
advantages over mode-locked lasers such as simplicity, 
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good stability and low cost. They also provide a wide 
range of pulse repetition rates independent of laser cavity 
length.  While there is no doubt about amplitude stability, 
we did an investigation of phase noise performance. The 
laser system consists of a sub-milli-watt gain-switched 
InGaAs laser at 1.56 um and a fiber amplifier to boost the 
power to a level suitable for the measurement. Gain-
switching at frequencies below 100 MHz produces longer 
optical pulses with tails, so a step-recovery diode (SRD) 
was used to improve the temporal profiles of the laser 
pulses.  There is no cavity length adjustment for this 
system.  
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Fig.9. Phase noise spectral density plot and timing jitters 
of gain-switched diode laser and fiber amplifier at three 
different repetition rates. 
 

   Phase noise spectral density plots for the gain-switched 
diode laser at three pulse repetition rates are shown in 
Figure 9.  The timing jitter increases inversely with the 
pulse frequency. At the lowest frequency 50 MHz, the 
timing jitter is larger than lasers mentioned previously. 
Note for the 50 MHz case, the phase noise at frequencies 
> 1 kHz  is noticeably higher. The RF generator used here 
is the same as the previous lasers. The possible 
contribution to the noise is poor impedance matching at 
the SRD and driving circuits. The signal from the SRD 
shows different waveforms as the RF frequency and 
power changes. It requires a good balance between these 
parameters including the near threshold DC bias. Further 
work is needed to improve the performance before they 
can be adapted into the FELs.  

   

High Power FEL 
So far we have only talked about lasers with cavity 

lengths of 1.5 m or shorter. We also studied the phase 
noise properties of the high power JLab FEL, with output 
power over 1kW (pulse-width about 200 fs and 
wavelength 1.6 um).  The FEL laser cavity is composed 
of two mirrors separated by 32 m.  The mirrors sit inside 
vacuum chambers: the laser cavity length can be tuned 
over 1 cm with resolution sub-micron but there is no 
active cavity length control.  

Phase noise measurements were made under different 
FEL operating conditions.  Results are presented in 
Fig.10, together with the noise spectrum of the Antares 
drive laser.  The FEL timing jitter is on the same level as 
other lasers, even operating without cavity length 

stabilization. The phase noise rises dramatically at all off-
set frequencies, especially at the higher bands. If we look 
at the electron bunches in the wiggler region, they 
actually appear to be very quiet (timing jitter less than 60 
fs). The phase noise actually gets suppressed compared to 
the drive laser. The two curves in Fig.10 for FEL were 
taken at two different times to show the random 
fluctuation during the same machine operation. In view of 
the exceptionally long FEL laser cavity length, the FEL 
output is remarkably stable.  However, this measurement 
suggests that the FEL phase noise could be reduced using 
feedback mentioned in earlier sections.  
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Fig.10. FEL phase noise spectra. The carrier 
frequency is 1.49 GHz. Laser frequency is 9.37 MHz. 
Lasing wavelength is 1.6 um. DL, drive laser. E-
bunch, electron bunches. 
 

SUMMARY 
    We have presented the phase noise characteristics of 
several lasers that can be used to drive GaAs photoguns.   
The performance of each laser depends on the phase 
locking mechanism. Active cavity length adjustment 
remarkably reduces the phase noise. The overall phase 
noise appears unrelated to the optical pulse length. The 
flash-lamp-pumped system does not necessarily have to 
be noisier. Diode-pumped amplifiers present very minor 
noise addition to the seed pulse. The gain-switched laser 
is good for repetition rates over 100 MHz but needs 
improvement to be used at sub-hundred MHz band. 
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A MECHANICAL SHUTTER TO SELECT SINGLE BUNCH TRAINS AT 
THE FLASH FACILITY AT DESY 

Martin Bräuer, now at SIEMENS Medical Solutions,  91052 Erlangen, Germany                                  
Ulrich Hahn, and Sven Toleikis, Deutsches Elektronen-Synchrotron DESY, 22603 Hamburg, 

Germany.  

Abstract
A fast mechanical shutter to select single photon bunch 

trains of the free electron laser FLASH is described. 
FLASH is installed at the Deutsches Elektronen-
Synchrotron DESY in Hamburg and is based on 
superconducting linear accelerator technology. The 
accelerator provides bunch-trains with a repetition rate 
between 5 and 10 Hz. This time interval of down to 100 
ms makes it possible to use a mechanical shutter system 
to select single bunch-trains for sample excitation.  

A programmable logic controller (PLC) is used to steer 
a servo system based on an electronically commutated 
(EC) low-voltage motor. To select a bunch-train, the 
motor is started at the time when one train passes the 
station. During the following 100 ms, the cylinder is 
turned by 180°, leading to a movement of the shutter by 
48 mm to the fully open position, thus allowing the 
passage of the following bunch-train. During the next 100 
ms the rotation is continued to the 360° position, thus 
blocking the next bunch-train by pushing the shutter back 
to the fully closed position. 

INTRODUCTION
Since 2005 the first FEL user facility for soft X-ray 

coherent light experiments FLASH is in operation at 
DESY [1]. The facility consists of a superconducting 
accelerator in combination with a 30 m long undulator 
producing highly intense (~GW) and extremely short 
(~10 fs) photon pulses. The superconducting linear 
accelerator creates and accelerates bunch-trains with up to 
7200 bunches within 800 s (at 10 Hz).  

The experimental hall of the user facility is located 
approximately 30 m behind the last dipole magnet which 
separates the electron and the photon beam. The photon 
beam transport system delivers the FEL radiation under 
ultra high vacuum conditions to the five different end 
stations, which can be used alternatively.  

The photon pulses energies are generated with an 
average energy of 10 J. Solid state samples irradiated in 
normal incidence are easily destroyed when the photons 
are focused to a spot size of ~20 m. To study such 
damage processes it is important for FEL users to control 
the irradiation process. The 5 to 10 Hz repetition rate of 
the bunch trains allows the use of a mechanical shutter to 
select single bunch trains for sample irradiation. 

The fast mechanical shutter is installed in the shared 
part of the first three beamlines. Figure 1 shows the 
shutter installed in the beamline system. 

 The fast shutter consists of a glassy carbon [2] shutter 
blade with a thickness of 4 mm. The blade motion is 
generated by a special linear drive developed for fast wire 
scanners for FEL electron beam diagnostics [3, 4]. The 
shutter covers the beam aperture of 20 mm.  

In this paper, we report on the technical layout of the 
fast shutter, and first experimental results of a time-
resolved damage and ablation measurement are presented. 

TECHNICAL LAYOUT 
Mechanical Set Up 

Figure 2 shows the mechanical design of the fast 
shutter. The central part is the glassy carbon blade 
connected to the linear drive unit. Glassy carbon is chosen 
because of its low density of 1.6 g/cm3 combined with 
high mechanical stability, good reflectivity in the spectral 

range of the FEL and the thermal robustness of carbon. 
The fast shutter has to be operated under ultra high 
vacuum conditions. As linear vacuum feed through a 
welded bellow is used.  An incremental length gauge for 
position detection is connected to the linear drive. The 
essential features of the fast shutter are the stroke of 48 
mm combined with a maximum shutter speed of 1 m/s in 
the linear velocity range of 24 mm. The speed is needed 
to shorten the opening and closing times into the ms 
range. The movement of the shutter blade is based on a 
slot winding cylinder (see Fig. 2 + 3) transforming the 
rotation of the servo motor into a linear motion [3, 4]. 

Figure 1: The fast shutter installed in the FLASH beam-
line system . 

fast shutter

ion pump 
beamshutter 

control cabinet
with PLC

beam 
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 The cam of the slot winding cylinder uses the transfer 
function of a Bestehorn-sinuide (see Fig. 3):  

t2sin21 tsS 0

0 1t

where S is the stroke of the run up and down phase, s0
the maximal stroke of 24 mm and t the normalized 
transmission angle. The region t = 0 until t = 1/2 
represents the run up phase while t = 1/2 until t = 1 
describes the run down phase. The speed and acceleration 
is given by 

t2cos1sS 0

t2sin2sS 2
0

0 1t

At a stroke of 0mm the shutter is totally closed. The start 
up range between 0 and 12 mm accelerates the shutter to 
the opening speed of 0,36m/sec. Between 12 and 36 mm 
the shutter blade releases the photon beam aperture of 
20mm. In the range from 36 to 48 mm the shutter blade 
changes the moving direction. When the blade transfers 
this range the photon bunch train can pass the shutter.  
Figure 3 shows the stroke, speed and acceleration of the 
blade during one turn, assuming that the shaft is rotating 
with constant speed.  

The motor is connected to the slot-winding cylinder 
with a gearing-ratio of 15:1. For 10Hz operation, rotation 

speeds of the shaft of 450rpm and accelerations of 
6750rpm/s are needed. 

Electronic Set Up 
The electrical setup of the fast shutter is shown in Fig. 

4. The central part is a PLC-controller with IO-Modules 
[5]. The controller acts on a servo system via a field-bus 
(CAN open [6]). The servo system consists of the servo 
controller/amplifier, the motor and two integrated 
feedback systems [7]. These components alone allow the 

stroke

[mm]
velocity

acceleration

stroke

[mm]
velocity

acceleration

Figure 3: The transfer functions of the slot winding 
cylinder (Bestehorn sinuide). 
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Figure 2: The mechanical layout of the fast shutter. 
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Figure 4: Layout of the electronic set-up.
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operation of the fast shutter. In addition a PC, housing a 
Profibus-master card, was connected to the PLC. With the 
PC the parameterization and programming can be 
performed. Furthermore a Profibus-interface to read out 
the linear gauge is connected to the Profibus line. The 
linear gauge can only be accessed by the PC and be used 
for an independent feedback of the shutter position for 
diagnostics. All major components are described in the 
following. 

All electronics parts are standard components from the 
general automation market. They are contained in a 
standard compartment, as shown in Fig. 1. Most space is 
occupied by the power supplies and the terminals to route 
the various electrical signals. 

The PLC controller is programmed and parameterised 
from an external PC, but operating in a standalone mode 
afterwards. The cycle time for the SPS program was 
chosen to run at 3ms, which means that the whole 
program is running within 3ms under any condition while 
sampling inputs and setting outputs. The controller acts as 
a client on the Profibus and reactions to Profibus 
commands can be programmed. This allows the control 
from a master PLC in our case running on the PC. The 
connection to the beamline interlock system can be routed 
via this bus. 

For the CANopen subsystem, the controller acts as a 
master. The CANopen subsystem is running with the 
cycle time of the PLC, allowing a fast reaction on events. 
Inputs and outputs are provided by appropriate IO-
modules. Most important inputs are the user commands, 
generated by output cards of the FLASH experimental 
control system, by button states and the bunch signal.  
The bunch signal, derived from the FLASH-timing, 
announces the arrival of a photon bunch. This signal is 
stretched to 10 ms to be detected by the PLC.  

The servo system uses an electronic commutated motor. 
While the controller/amplifier is connected to 48V DC, 
the motor is provided with two sinusoidal voltages to its 
static coils. The rotating permanent magnet follows the 
generated current. In contrast to a stepper-motor, the rotor 
position is measured by hall-elements to determine the 
absolute position of the magnet. To reach the ultimate 
precision for the velocity and position-control loops, an 
additional incremental encoder is attached to the motor 
shaft.

The controller firmware enables the user to work with 
the three nested servo-loops (current, velocity and 
position) in an easy way. Parameters are determined by an 
automatic tool and are stored together with further 
application specific data on the internal flash memory. 
Due to the CANopen standard, devices of various vendors 
can be mixed and exchanged, securing investments over 
the coming years. 

In contrast to stepper-motors, the servo system can use 
a much larger speed-torque parameter space due to the 
active regulation.  

Operational Principle 
The shutter can be opened and closed by electrical 

signals, i.e. generated by buttons. The user commands are 
routed by the FLASH-control system via output-cards to 
5V inputs of the PLC. Status information is transferred 
from the PLC via 5V terminals and input-cards to the 
user.  

The states of the shutter are: ‘open’, ‘close’, ‘single 
shot’, ‘synchronized shot’ and ‘home’.  

The home-mode is needed to orient the controller after 
power up. The shutter is driven to the open position until 
a precision switch mounted close to the open position is 
triggered.  

All other movements are always executed 
synchronously to the bunch-trains.  

After an open or close signal, the next following bunch-
train-clock is waited for. When the PLC detects a rising 
edge on the bunch-signal, the motor is commanded to 
perform a 180ºrotation of the cylinder. This is thus 
changing the state of the shutter from closed to open or 
vice-versa. 

After the detection of a single-shot signal, the 
procedure is executed in the same way but initiating a 
360º turn of the cylinder. The timing of the later 
procedure is depicted in Fig. 5. 

Figure 5: Timing scheme of the synchronous movements. 

The synchronised move allows to trigger a single shot 
on an external 5V or TTL signal, generated by users 
instrumentation. 

Since the bunch-train-frequency of FLASH can be 
adjusted by the operation-crew, a part of the PLC-
software evaluates the frequency of detected bunch 
signals and automatically adjusts the appropriate velocity 
and acceleration values. 

FIRST EXPERIMENTS 
One of the first experiments that used the fast 

mechanical shutter at FLASH was a time-resolved 
damage and ablation measurement [8]. The aim of this 
experiment was to study the interaction of ultra short FEL 
pulses in the VUV wavelength range with solid state 
surfaces at moderate irradiation intensities (I=1011-1014
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W/cm²). The irradiation with ultra short VUV pulses 
permits a high degree of electronic excitation but 
essentially without any non-linearity. In addition, the 
increased absorption depth for some materials helps to 
minimize the influence of transport effects, e.g., carrier 
diffusion and heat conduction. Therefore, ultra short VUV 
pulses allow the preparation of rather well defined 
excitation conditions in relatively large sample volumes 
as compared to femto second optical pulses. To directly 
study the dynamics of ultra fast VUV-induced phase 
transitions and ablation, time-resolved measurements of 
the optical reflectivity have been performed in a VUV 
pump - optical probe configuration. The VUV pulse 
( =32 nm) is used for sample excitation and a delayed 
visible probe pulse ( =532 nm) serves as illumination in 
an optical microscope. This allows to follow the 
reflectivity evolution of the VUV irradiated surfaces with 
both temporal and spatial resolution. 

During the measurement FLASH was running in a 
single bunch operating mode having only one bunch in 
the bunch train. The mechanical shutter allowed the 
irradiation of the samples with exactly one ultra short 
VUV pulse of known intensity which was measured with 
a gas monitor detector system [9]. After irradiation the 
sample is moved to a new non-irradiated position and the 
reflectivity of the optical pulse is then measured at a 
different time delay. Figure 6 shows a sequence of time-
resolved snapshots obtained on a bulk silicon sample for 
an excitation fluence of ~ 1 J/cm². 

At early time (10 ps) a pronounced increase of the 
reflectivity is observed which can be attributed to a solid-
liquid phase transition of the material. Although the 
temporal resolution was limited by the probe pulse 

duration to about 10 ps, this transition is most likely of 
electronic nature and occurs on sub-ps time-scales. 
Already after 10 ps the decrease of the reflectivity in the 
centre of the spot, where the fluence is highest, marks the 
onset of ablation. However, even after 18 ns ablation has 
not come to an end and the irradiated surface has not 
reached its final state. 

The main goal of this measurement at FLASH was to 
establish the experimental technique and to obtain a first 
overview of the dynamics of the induced processes. 
Further measurements with enhanced temporal (<100 fs) 
and spatial resolution will follow which would provide a 
more detailed picture of these processes. Compared with 
femto second optical excitation distinct differences in the 
material response have been observed that are attributed 
to the larger absorption depths of the VUV radiation and 
the absence of non-linearity.   

CONCLUSIONS 
On the basis of existing wire scanner technology a fast 

shutter has been implemented in the FLASH beamline 
system. This allows users to choose single bunch trains 
with a repetition frequency of up to 10 Hz. First 
experimental results show the benefit of the fast shutter. 
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Abstract

The goal of the Photo Injector Test facility in Zeuthen
(PITZ) is to test and optimize high brightness electron
sources suitable for FEL’s like FLASH and the European
XFEL. Such sources are characterized by very low emit-
tance at high bunch charge. The new Emittance Measure-
ment SYstem (EMSY) described in this paper uses YAG
and OTR screens to measure the transverse beam size and
thin Tungsten slits to measure the divergence of the beam.
It has been optimized to measure emittance for a beam of
1 nC in the energy range 5 - 30 MeV. The new EMSY was
developed in a cooperation between DESY Zeuthen and
the Institute for Nuclear Research and Nuclear Energy (IN-
RNE) in Sofia. It was installed in the PITZ tunnel in the
beginning of June and commissioning and first measure-
ments are ongoing.

INTRODUCTION

The Photo Injector Test Facility at DESY in Zeuthen
(PITZ) was built to test and to optimize electron sources
which are capable for SASE FEL operation. The main
PITZ components are a photocathode laser, an L-band RF
gun and space charge compensating solenoids. A major
upgrade on the existing PITZ facility is ongoing since last
year [1]. This upgrade includes the installation of an addi-
tional accelerating RF booster cavity and various diagnos-
tics elements. The laser system was also upgraded in the
last year, by improving the transverse imaging to the photo
cathode (see [2]) and the overall stability. One of the goals
of the facility is to study and optimize the conditions for the
conservation of emittance compensated electron beam with
short pulse length and low transverse emittance [3, 4]. Ex-
tended optimization of the photoinjector with ASTRA [5]
showed that transverse emittance smaller than 1 mm.mrad
at 1 nC charge can be reached (fig. 1). The Emittance Mea-
surement SYstem used at PITZ was upgraded for better
performance in the extended momentum range [6]. Three
of such devices were produced by the HITECH HEP Group
in INRNE Sofia and are already installed in the PITZ tun-
nel. In this paper details about the new EMSY as well as
first experience from the commissioning are given.

∗This work has partly been supported by the European Community,
Contract Number RII3-CT-2004-506008, and by the ’Impuls- und Vernet-
zungsfonds’ of the Helmholtz Association, contract number VH-FZ-005.
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Figure 1: ASTRA simulation of the rms beam size in
mm (blue) and normalized emittance in mm·mrad (red).
The charge is 1 nC; accelerating gradient at the gun is
60 MV/m, phase of maximum energy gain; the focusing
solenoid is at 385 A; the gradient of the booster cavity is
28.9 MV/m, phase of maximum energy gain.

PITZ SETUP

A detailed layout of the current PITZ setup is shown on
Fig. 2. The electrons are produced in the RF gun (on the
right hand side) and transported through the low energy
diagnostic section, further acceleration up to the maximum
of 30 MeV is given in the booster cavity after which the
high energy diagnostic section is installed.

The low and high energy diagnostic sections consist of
different view screens, BPM’s, charge measurement de-
vices and longitudinal phase space diagnostics. The charge
per bunch can be monitored non-destructively at four posi-
tions along the beamline using Integrated Current Trans-
formers (ICT’s). The beam momentum and momentum
spread are measured at two dispersive dipole arms, one in
the low energy section and one after the booster cavity. The
low energy dispersive dipole is also equipped with a streak
camera readout providing full knowledge about the longi-
tudinal phase space distribution (see [7]). Three EMSY’s
are located after the booster cavity in positions 4.3, 6.6 and
9.8 m from the cathode.
For the transverse phase space characterization we rely on
YAG and OTR screens and the so called slit scan technique
[8]. For this technique the uncorrelated local divergence is
estimated by cutting the electron beam into thin slices and
measuring their size on a screen after a drift. The so called
sheared normalized RMS emittance is then calculated us-
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Figure 2: Layout of PITZ.

ing the following definition (1) taken from [8]:

εn = βγ ·
√

〈x2〉 · 〈x′2〉. (1)

Here 〈x2〉 and 〈x′2〉 are the second moments of the distribu-
tion of the electrons in the so called trace phase space where
x′

=

√

〈p2
x
/p2

z
〉 represents the divergence of the beam. The

RMS beam size is measured on an OTR or YAG screen at
the position of the slits along the beam axis. The uncor-
related divergence is obtained by analyzing the profiles of
the beamlets produced from the slits which drift some dis-
tance Ld downstream where the spatial distribution of the
beamlets corresponds to the local uncorrelated divergence,
x′ can be derived from the size of the beamlet using the
formula in Eq. 2.

x′
=

√

〈x2

b
〉

Ld

. (2)

Here xb is the RMS size of the beamlet on the screen
after distance Ld. The βγ is measured using a dispersive
arm after EMSY.

THE NEW EMITTANCE MEASUREMENT
SYSTEM

EMSY consists of two orthogonal actuators (Fig. 3)
which can be inserted separately to penetrate the beam
in order to take images or to cut beamlets in the beam
transverse planes. The actuators are driven into the beam
line with stepper motors and positioned with precision
better than 10 µm, their angular orientation with respect to
the electron beam can be adjusted during the measurement
again using stepper motors. Each actuator is equipped with
an YAG or OTR screen for measurement of the transverse
RMS beam size

√

〈x2〉 and a single slit mask for estimation
of the local divergence, multi slit masks are in production
and will be mounted on the actuators in the next shutdown
period. The design of the system enables us to measure
the beam transverse parameters expected in PITZ with
uncertainty less than 10 % (see [6]).

During the design the following considerations were
taken into account:

z

x

y

rotation stage

CCD camera

goniometric cradle

Figure 3: Layout of EMSY.

• The slit opening must be small enough to produce
emittance and not space charge dominated beamlets,
but still large enough to provide good transmission.

• The contribution of the initial beamlet size to the mea-
sured one at the screen of observation must be as small
as possible.

• The distance betwen the slit mask and the screen must
be big enough to resolve small beam divergence. But
still short enough to prevent the space charge forces to
degrade the beamlet and the overlapping of different
beamlets from the multi slit mask.

• The mask thickness must be large enough to scatter
the residual electrons from the beam in order to pro-
duce an uniform background for the beamlets mea-
surements and still it must be thin enough provide suf-
ficient acceptance angle.

The design of the slits was made using the above con-
siderations, and GEANT4 [9] simulations for transport of
the electrons through the masks and to assess the perfor-
mance of the YAG screens to be used. Slits are made from
1 mm thick Tungsten with 10 µm slit opening, the slits of
the multi slit mask are separated with 0.3 mm. The screens
are made from 0.3 silica waffers coated with YAG powder
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or with Al (for the OTR screens). The YAG screens are
placed at 90 degrees with respect to the electron beam and
an Al coated silicon mirror is used to direct the light to the
CCD chip, the OTR screens are with 45 degrees orienta-
tion. Both the screens are observed with 8 bit CCD cam-
era. It was found from the beam dynamics simulations, that
in some cases 8 bit camera cannot provide the desired sen-
sitivity, therefore 12 bit cameras are ordered and are soon
to be installed. On fig. 4 a scan of the position of the slit
trough the beam is shown, a good signal from the camera
is obtained (blue line), with red the RMS beamlet size is
plotted.
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Figure 4: Scan with the 10 µm slit.

Further optimization of the readout can be made by ad-
justing the angular orientation of the slit, as can be seen in
fig. 5. The slit at position 79 mm in fig. 4 was selected
for the angular optimization, improvement of the intensity
of the signal from the camera is seen (blue dots) as well as
stable reading for the beamlet size (red line) in the angular
range -10 to +8 mrad, for larger angular deviations lower
signal transmission takes place as well as additional effects
such as scattering of the electrons from the inner surface of
the slit, etc.
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Figure 5: Scan of the angular orientation of 10 µm slit.

CONCLUSIONS

The 10 µm slits can provide sufficient signal for beamlet
measurements with proper angular orientation. The emit-
tance measurement system in PITZ is installed and com-
missioned. All the component from the system are tested
and ready for use.
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Abstract 
Thermal distortions in high-average power FEL cavity 

mirrors can alter mode quality and degrade performance.
 We address these issues by developing simulation tools, 

and then benchmarking the simulation against

 observations on the 10 kW-Upgrade experiment at the 
Thomas Jefferson National Accelerator Facility in

 Newport News, VA. The modelling and simulation will
 rely on the MEDUSA code, which is a three-dimensional
 FEL simulation code that is capable of treating both 

amplifiers and oscillators in both the steady-state and
 time-dependent regimes. MEDUSA employs a Gaussian
 modal expansion, and treats oscillators by decomposing
 the modal representation at the exit of the wiggler into the
 vacuum Gaussian modes of the resonator and then 

analytically determining the propagation of these vacuum
 resonator modes through the resonator back to the
 entrance of the wiggler in synchronism with the next
 electron bunch. Knowledge of the power loading on the
 mirrors allows us to model the mode distortions using 

Zernike polynomials, and this technique will be 
incorporated into MEDUSA. 

INTRODUCTION 
Thermal distortions in cavity mirrors in high-average

 power FELs can alter mode quality and negatively impact
 performance; hence, it is important to predict the
 character and magnitude of the distortions and to be able
 to model their effect on FEL performance. To this end, we
 address these key issues by developing modelling and 

simulation tools that can accomplish these goals, and then
 benchmarking the simulation against observations on the
 10 kW-upgrade experiment [1] at the Thomas Jefferson 

national accelerator facility in Newport News, VA
 (henceforth referred to as Jefferson Laboratory). The 

facility is undergoing continual upgrades; in particular, a 
new permanent magnet wiggler has been installed that

 will be used in comparing the experimental and 
simulation results (see Table 1). The modelling and

 simulation will rely on the MEDUSA code [2,3], which is
 a three-dimensional FEL simulation code that is capable
 of treating both amplifiers and oscillators in both the
 steady-state and time-dependent regimes. MEDUSA
 employs a Gaussian modal expansion, and treats
 oscillators by decomposing the modal representation at
 the exit of the wiggler into the vacuum Gaussian modes
 of the resonator and then analytically determining the
 propagation of these vacuum resonator modes through the
 

resonator back to the entrance of the wiggler in 
synchronism with the next electron bunch. Knowledge of 
the power loading on the mirrors allows us to model the 
mode distortions using Zernike polynomials [4], and this 
technique will be incorporated into MEDUSA. 

In this paper, we report on the progress to date in this 
activity. The first step is to compare MEDUSA 
predictions with the observed performance of the 
experiment at low duty factor where mirror distortions are 
unimportant. We then go on to determine the effects of 
the so-called first order properties, which include changes 
in the Rayleigh range and shifts in the position of the 
mode waist. Higher order distortions such as coma, 
astigmatism, and spherical aberration, collectively known 
as third-order aberrations, will be incorporated in the 
future. The organization of the paper is as follows. In the 
second Section we discuss the formulation used in 
MEDUSA. A description of the experiment is given in the 
third Section, and of the numerical results in fourth 
Section. A summary and discussion is given in the fifth 
Section. 

THE NUMERICAL FORMULATION 

The MEDUSA code [2,3] employs a three-dimensional 
formulation that includes the slippage of the radiation 
relative to the electron beam. MEDUSA can model both 
helical and planar wiggler geometry and treats the 
electromagnetic field as a superposition of either Gauss-
Hermite or Gauss-Laguerre modes in the slowly-varying 
amplitude approximation, where 

 

δA x,t =ex el,n x,yΣ
l,n

δAl,n
1 cos ϕ x,t + δAl,n

2 sin ϕ x,t , (1) 

where “l” and “n” are transverse mode numbers, “h” is 
the harmonic number, el,n,h = exp(−r2/wh

2)Hl(√2x/wh) 
Hn(√2y/wh), Hl is the Hermite polynomial of order l, and 
wh is the spot size, ϕh = h(k0z – ω0t) + αhr

2/wh
2 (k0 = ω0/c). 

We assume that δAl,n,h
1,2 , wh, and αh, vary slowly in z and t. 

The dynamical equations are 

      

d
dz

+
wh'
wh

δal,n,h
1

δal,n,h
2

+ Kl,n,h

δal,n,h
2

−δal,n,h
1

=
sl,n,h

1

sl,n,h
2  ,       (2) 

where δal,n,h
1,2 = eδAl,n,h

1,2 /mec2, d/dz = ∂/∂z + c−1∂/∂t,
 

the 
“prime” superscript denotes the total z-derivative, 
 

        
Kl,n,h = l + n + 1 αh

wh'
wh

−
αh'
2

−
1 + αh

2

hk 0wh
2

  ,           (3) 
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sl,n,h
1

sl,n,h
2

=
2ωb

2

hω0c

Fl,n

wh
2

υx

υ z

el,n,h

cos ϕh

− sin ϕh
  ,          (4) 

 
where ωb(z,t)2 = 4πe2nb(z,t)/me for a beam density nb, and 
Fl,n = [2l + nl!n!]−1, and <(…)> describes an average over 
the complete 6-D phase space. The spot size and radius of 
curvature for each harmonic component are given by 

                              
wh

' =
2αh

hk 0wh
− whYh

  ,                          (5) 

                      

αh
'

2
=

1 + αh
2

hk 0wh
2 − Xh + αhYh

  .                    (6) 

 
These equations constitute the source-dependent 
expansion [5], which is a self-consistent adaptive 
eigenmode representation that tracks the optical guiding 
of the mode based upon the interaction with the electron 
beam. The field equations are integrated simultaneously 
with the complete three-dimensional Lorentz force 
equations for an ensemble of electrons. No wiggler-
average orbit approximation is used so that the spatial 
step size must be small enough to resolve the wiggler 
motion. 
 

Table 1: Nominal experimental parameters 

ELECTRON BEAM  

Energy 115 MeV 
Peak Current 310-370 A 
Normalized Emittance 9 mm-mrad/7 mm-mrad 
Energy Spread 0.35% 
Bunch Length 380-420 fsec 
Bunch Charge 79 pC 
Initial Beam Size 257 microns/212 microns 
Twiss-α Parameter 1.25 

WIGGLER  

Amplitude 3.746 kG 
Period 5.5 cm 
Length 30 periods/1.65 m 

OPTICAL MODE  

Wavelength 1.57 microns 
Rayleigh Range 1.5 (±0.30) m 
Mode Waist Position 1.03 (±0.05) m 

THE JEFFERSON LAB EXPERIMENT 

The Jefferson Lab IR-Upgrade FEL operates an energy 
recovery accelerator with a high power FEL wiggler and 
resonator. The electron beam consists of a core 
distribution and a halo distribution. The charge, 
emittance, and peak current are of that core beam. The 
wiggler is very well characterized and is essentially ideal. 
The optical resonator is nearly concentric, and consists of 
a high reflector at the upstream end and a transmissive 
element at the downstream end that out-couples 
approximately 10% of the power.  The Rayleigh range 
can be varied in the experiment by changing the radius of 
curvature of the high reflector. However, the cavity is 

slightly astigmatic and can lead to a difference between 
the Rayleigh range in the two axes.  The uncertainty in 
the Rayleigh range is about 20%. The measured gain and 
efficiency are 70±5% and 1.6±0.1% respectively. 

The nominal parameters for the experiment that are 
used in simulation are given in Table 1. Observe that the 
normalized emittances and beam dimensions shown in the 
table refer to the wiggle-plane and the plane transverse to 
the wiggler-plane respectively. In addition, the Twiss-α 
parameter shown corresponds to a beam that is focused to 
a waist near the center of the wiggler. The estimate of the 
Rayleigh range and the location of the mode waist contain 
some uncertainty, and the values given are the best 
estimate at the present time. In particular, we note that the 
mode waist is located about 15 cm downstream from the 
wiggler center. 

NUMERICAL RESULTS 

As we mentioned previously, our first goal is to 
determine whether MEDUSA is in substantial agreement 
with the experiment when distortion is absent or minimal. 
This is the case when the experiment operates at low 
average powers (i.e., low duty factors), where a single 
pass gain of the order of 65-75% is measured for a peak 
current of 310 A and a bunch length of 380 fsec.  

The parameters shown in Table 1 are the nominal 
experimental parameters, and we note that the optical 
waist is located about 15 cm downstream from the 
wiggler center. The experiment was optimized by 
focusing the electron beam to a waist near the center of 
the wiggler, which provides an optimal match to the 
resonator mode. This was also found in simulation, and is 
obtained for a Twiss-α parameter of 1.25 in simulation. 
The single pass gain found using MEDUSA operating in 
steady-state mode for these parameters is of the order of 
400%. However, the slippage time through the wiggler 
for this experiment is of the order of 160 fsec, which is a 
substantial fraction of the bunch length. Hence, slippage 
is important and can be expected to substantially reduce 
the single pass gain with respect to steady-state 
predictions. 
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Figure 1: Plot of the power versus time through the pulse 
at the wiggler entrance and exit. 
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The slippage of the electromagnetic pulse through the 
wiggler is illustrated in Fig. 1 where we plot the pulse 
shapes at the entrance and exit from the wiggler. It is 
evident from the figure that while the pulse is assumed 
symmetric at the entrance to the wiggler, it has slipped by 
at least half the total pulse length over the course of the 
wiggler. Amplification of the peak power over the pulse 
has shrunk from the value of 400% found in steady-state 
simulation to just over 100% when slippage is included. 
However, in the time-dependent simulation, gain must be 
calculated based on the overall energy of the pulse, not 
the peak power. To this end, we plot the amplification of 
the total pulse energy through the wiggler in Fig. 2. The 
incident energy is 2.53 nJ and the energy at the output is 
4.68 nJ yielding a single pass gain of about 84%. Given 
the uncertainties in the measured parameters, this 
represents reasonable agreement with the experiment. For 
example, there is a 20% uncertainty in the measurement 
of the Rayleigh range that would result in a reduction of 
the predicted gain to 73%. 
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Figure 2: Plot of the amplification of the total pulse 
energy through the wiggler. 

 
The lowest order mirror distortions involve variations 

in both the location of the optical waist and the Rayleigh 
range. In order to study the effects of these distortions, we 
(1) varied the position of the optical waist while holding 
the Rayleigh range fixed at 1.5 m, and (2) varied the 
Rayleigh range for an optical waist that is located at the 
wiggler center optical and 30 cm downstream from the 
wiggler center. These results are shown in Figs. 3 and 4 
respectively. Figure 3 indicates that, for these parameters, 
the FEL gain is maximized when the optical waist is 
located about 20 cm upstream from the wiggler center, in 
contrast to the actual location that is 15 cm downstream 
from the wiggler center. Observe that we show the gain 
variation with Rayleigh range in Fig. 4 for an optical 
waist that is wiggler-centered and shifted downstream 
from the wiggler center by 30 cm. However, the optical 
waist is located 15 cm downstream from the wiggler 
center, and the actual location was used in the simulations 
shown in Figs. 1-3. We chose to use the larger 

displacement in Fig. 4 to better illustrate the performance 
sensitivity to these parameters, and the actual variation 
with Rayleigh range in the experiment is between these 
two lines.  It is clear from Fig. 4 that the single pass gain 
would be larger if the Rayleigh range were smaller, and 
the optimal Rayleigh range found in simulation varies 
from about 0.5 m for a wiggler-centered resonator mode 
to 0.6 m when the mode waist is located 30 cm 
downstream from the wiggler center. The advantages that 
accrue from using a short Rayleigh range resonator were 
first pointed out by W. Colson and his collaborators [6]. 
The results shown in Figs. 3 and 4 indicate that were 
mirror distortions to either decrease the Rayleigh range or 
shift the mode waist upstream, then the single pass gain 
and FEL performance may actually be enhanced. Whether 
such an effect can actually be allowed for in the design of 
a high power FEL oscillator is currently under 
consideration. 
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Figure 3: Variation of the single pass gain with the 
position of the optical waist. 
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Figure 4: Variation of the single pass gain with the 
Rayleigh range. 
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SUMMARY AND DISCUSSION 

In this paper we report on the initial work involved in a 
study of the effect of mirror distortions on the 
performance of a high power FEL oscillator using the 
MEDUSA simulation code. To this end, we first 
undertook to validate MEDUSA for low power (and duty 
factor) operation where mirror distortion was small. In 
this case MEDUSA predicted a single pass gain of 84%, 
which is in reasonable agreement with the measured 
range of 65-75% given the experimental uncertainties in 
the Rayleigh range, location of the optical waist, 
astigmatism in the resonator, and uncertainties related to 
the electron beam distribution. Experimentally, one 
derives the mode waist and position from the radii of 
curvatures (ROC) of the cavity mirrors. Repeated 
measurements set this uncertainty at ±5 cm. In turn, this 
creates a 20% uncertainty in the value of the Rayleigh 
range, but a relatively small (±5 cm) change in the waist 
position. There are also uncertainties associated with the 
electron beam parameters, especially those associated 
with the longitudinal distribution. Simulations indicate 
that the predicted gain is very sensitive to uncertainties of 
this magnitude. For example, a 20% uncertainty in the 
Rayleigh range and a ±5 cm uncertainty in the optical 
waist position can lead to a variation in the predicted gain 
of between 71% - 96%. As a consequence, the simulation 
is in substantial agreement with the experiment. Given the 
agreement between the simulation and experiment, we 
then undertook to investigate the variation in performance 

versus the Rayleigh range and the location of the optical 
waist. We found that the small signal gain would be 
substantially larger for much smaller Rayleigh ranges and 
for an optical waist located upstream from the wiggler 
center. 

Future work will involve the inclusion of higher order 
mirror perturbations mentioned earlier, as well as 
validation of the harmonic generation predictions of 
MEDUSA. 
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Abstract 

The recent results include formation and measurement 
of the micro bunch structures of the different time scales. 
Double beam structure produced and characterized at 100 
fs – 0.5 ps range using beam splitting during compression 
in the magnetic chicane – “dog leg” arrangement. 
Arbitrary number of 10-50 femtoseconds micro bunches 
are sliced out of 5 ps long beam using wire mesh. CSR 
interferometer is used for detailed characterization of the 
beams in the two techniques above. 0.3 fs bunches are 
produced by IFEL and characterized by spectral 
measurements of the multiple harmonics. Presentation 
covers experimental results at Brookhaven Accelerator 
Test Facility. 

INTRODUCTION 
Three distinct experimental methods are discussed in 

this paper in the following 3 chapters. The first one 
discusses measurements of micro bunched beams 
generated with CO2 laser in the IFEL wiggler. 
Comparison of the coherent transition radiation CTR 
power in multiple harmonic leads to much more precise 
information about micro bunch length. The second part of 
the paper discuses generation of micro bunched beams 
that are not seeded with laser. Wire mesh targets were 
shaping the beam in the dispersive region and converting 
correlation between energy and time into current time 
modulation. Tunable spacing is the result of this 
technique. We used an interferometer to characterize these 
beams. The last chapter of this paper discusses 
controllable beam break up into two beam structure. The 
two beam formation happens during its compression in 
the magnetic chicane – dog-leg combination. Effects of 
the space charge and CTR are very important and stabilize 
the process contrarily to initial expectations. We used 
interferometer and plasma wakefield capillary to 
characterize two 100 fs bunches formed in this process. 

CHARACTERIZATION OF SUBMICRON 
MICROBUNCHES PRODUCED BY IFEL 
WITH CTR IN MULTIPLE HARMONICS 

We collect the coherent transition radiation (CTR) emitted 
when the microbunches traverse two 1μm thin titanium 
metal foils in order to diagnose the quality of the 
microbunching of the IFEL modulated electron beam. 
CTR is emitted because the electric fields of the electrons 

in the beam displace violently the free electrons in the 
metal surfaces, which in turn radiate due to the 
acceleration they suffer.  

The first metal foil is placed perpendicularly to the 
beam direction of propagation and serves the purpose of 
blocking the CO2 radiation previously used at the IFEL 
interaction that could interfere with the CTR signal. The 
second foil is placed at 45o with respect to the direction of 
propagation and emits radiation out of the beamline. The 
sum of the radiation emitted from both foils is collected. 

The spectrum of the CTR radiation contains 
information about the geometry of the electron beam. The 
on axis spectrum is proportional to the amplitude squared 
of the Fourier transform of the beam and shown on figure 
1. 

 

Figure 1.  The spectrum of the CTR emitted when the 
microbunched electron beam passes through a metal foil. 

The geometry of the electron beam is uniquely mapped 
into its CTR spectrum. The low frequency (long 
wavelength) radiation on the right corresponds to the 
envelope of the beam. In other wavelengths the radiation 
in general adds out of phase except at the harmonics of 
the separation wavelength λ0=10.6μm between the 
microbunches. 

Finally and most importantly, the amplitudes of these 
harmonics are modulated by the Fourier transform of each 
microbunch. The existence of radiation at each harmonic 
is a strong indication for the periodicity of the microbunch 
train. Also, the energy radiated at each harmonic depends 
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on the shape of each microbunch, hence it provides a 
direct way of estimating its width, which is assumed to be 
Gaussian in this case. 

 
Figure 2.  The ratios of the energies radiated at each of the 
harmonics as a function of microbunch width. The 3 data 
sets agree at the region around σz=0.7μm . 

In order to collect the CTR, a cold detector sensitive 
between 3μm-20μm wavelengths is used. Furthermore, 
narrow Gaussian bandpass filters with roughly 5% 
FWHM transmission bandwidth were used to isolate the 
radiation of the first, second and third harmonic, in 
successive measurements. After recording about 100 
events at a roughly constant IFEL laser pulse energy 
(within a factor of 2) at all three harmonics, we calculated 
the three possible ratios of the harmonics signals. The 
data range for each ratio is shown on the vertical axis on 
figure 2. 

Using prediction for small angles and after accounting 
for the response of the detector and the filters calibrated 
with the black body source, we calculated the expected 
theoretical ratio between the energy radiated under each 
of the harmonics as a function of the microbunches’ 
widths.  These three predicted ratios also are plotted in 
figure 2. It shows that the measured rations indicate a 
width of σz=0.7μm for each microbunch. Although the 
microbunch width was inferred using CTR [1] and staged 
laser accelerator [2] before, this is its first direct 
measurement that also utilizes information from different 
harmonics. 

In order to confirm the 10.6μm separation between the 
microbunches the IFEL laser was tuned at 10.2μm, while 
still using the same narrow 10.6μm filter to detect the 
CTR. In that case the signal recorded was at least 100 
times less than when the IFEL was driven at 10.6μm and 
very close to the noise level of the detector, thus 
confirming the periodicity of the bunching at the laser’s 
wavelength only. 

TUNABLE MICROBUNCH TRAIN  

The microbunched beam described above offers stable, 
well defined by spacing the laser. It is a disadvantage if 
the laser in not easily available in the range that is needed. 
We attempted to use a periodic wire mask installed at the 

dispersive region of the beam transport to generate 
microbunches with the spacing that is determined by the 
target period. The idea is very simple: a beam is chirped 
in the linac and therefore energy-time correlation is 
introduced. The target is installed in the location where 
dispersion is large while betatron size in the plane of the 
dispersion is smaller then target period. This effectively 
creates time-current modulation. We use 125-500μm 
diameter wire to make targets. Low emittance 50 MeV 
beam is effectively scattered by this wire.  The 
photograph of the taget is shown on figure 3.   

 

 
 

Figure 3.  Photograph of the wire target for adjustable 
microbunch beam generation. 

One can clearly see modulation in of current vs energy 
on the electron beam energy spectrometer. It is even 
possible to see unintentional defect of the target “double 
wire” approximately in the middle of the beam.  

 

  
 

Figure 4.  Image from the beam energy spectrometer. It 
shows 15 microbunches stretched over ~1% energy chirp 
induced on the beam. 

The translation of the microbunch spacing from target 
period naturally depends on the chirp and dispersion value 
at the target location. We operated with a set of 
parameters where it is adjustable 10: target with 250 μm 
period will generate microbunches spaced by 25 μm. We 
use a pair of installed before target sextupole magnets to 
linearize or chirp the spacing between micro bunches.  
High energy slit opening that controls energy spread 
envelope of the beam can be used to select arbitrary 
number of microbunches. The demagnification can be 

ΔE/E~1% 
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adjusted by change of dispersion, beam chirp or  target 
rotation. 

CTR interferometer [4] was used to measure 
modulation in time.  Our attempt to measure individual 
microbunches with the period of ~25-30 μm did not 
produce the expected result due to cutoff of the window 
transmission around 30 μm. The signal strength on the 
detector increased considerably for the modulated beam. 
The interference showed expected envelope of the beam 
Interference curve was triangular that translates to the 
“square’ beam envelope. (Tails of the beam were cat by 
high energy slip.) 

We detected individual bunches with correct periodicity 
after switching to the 1mm target and retuning transport 
line for 1:5 demagnification. Interferogram is shown on 
figure 5.  

 
Figure 5. Interferogram of the microbunched beam 
generated with the periodic wire target. 

SUBPICOSECOND DOUBLE ELECTRON 
BUNCH GENERATION 

  As part of these efforts towards improving beam for 
various experiments related to advanced accelerator 
research, a chicane, designed and built by UCLA [1], was 
installed on the linac downstream of the RF accelerating 
structures.  The chicane was designed to provide 
approximately 30 times compression of the incoming 
electron bunch.  Figure 6 is a diagram of the chicane. 

 
Figure 6.  Diagram of ATF chicane. 

 
It was discovered that when compressing the electron 

bunch from the linac that the beam breaks up into two 
distinct bunches with subpicosecond compressed bunch 
lengths.  It does this in a consistent and reliable manner.  
Unlike most of other facilities that are utilizing a chicane 
for pulse compression, the ATF does not have a 

subsequent RF acceleration section downstream of the 
chicane, which can be used to compensate for residual 
energy chirp on the electron beam (e-beam) exiting the 
chicane.  Not being able to use a downstream acceleration 
section was one reason the double-bunch formation 
process was possible.  
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Figure 7. Energy spectrums of double-bunch e-beam. 
Three spectrums taken many minutes apart demonstrating 
stability of the double-bunch formation process 

Figure 7 shows energy spectrums of the double-bunch 
beam.  It shows two bunches separated in energy by 1.8 
MeV.  It is an overlay of three shots taken many minutes 
apart.  The good reproducibility of the spectrums indicates 
the energy distribution and positions are very stable. 

A coherent transition radiation (CTR) interferometer 
was used to characterize the compressed e-beam. The 
CTR emission is in the THz range.  An autocorrelation of 
the CTR signal is obtained by scanning the translation 
mirror shown in Figure 8   

Analysis of this autocorrelation signal yields 
information about the e-beam bunch characteristics [4].   

Figure 8: Example of raw data from CTR interferometer 
(circles) and the curve fits to the data (solid line) 
calculated from the autocorrelation integral [2].  “Bumps” 
around +- 0.5 ps indicate double bunch spacing. 

For a single bunch, the curve fit of the autocorrelation 
integral with the data requires selecting values for the 
bunch length and the cut-off frequency of the detection 
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system, where we have assumed a Gaussian bunch shape.  
In particular, the width of the central peak of the 
autocorrelation signal is primarily affected by the bunch 
length.  The shape of the curve on either side of the peak 
is mostly affected by the cut-off frequency.    

For a double e-beam bunch, there are five free 
parameters in the autocorrelation integral. We were able to 
characterize each bunch individually using CTR and beam 
charge monitor. Single bunch data was obtained by using 
the high-energy slit located downstream of the chicane to 
block one of the bunches (either the low-E or high-E 
bunch). Individual bunch data for each bunch of the 
double bunches permits reducing the number of free 
parameters to one, i.e., the time delay between the two 
bunches.  For the example shown in Figure 8, the single-
bunch CTR data indicates the lengths of the two bunches 
is 144 and 90 fs, the cut-off frequency is 1.7 THz,  and the 
second bunch has 60% of the charge in the first bunch.  
Hence, for the curve fit shown in Figure 8, we find the 
time delay between the bunches is 500 fs. 

Results of simulations with Elegant [5] confirmed our 
hypothesis that double beam structure is cased by the 
combination of nonlinear energy chirp and different sign 
of compression in the chicane and dog leg. Self induced 
beam wakes narrowed energy spread in the beam and let 
to complete separation. 
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DESIGN OF A LONG WAVELENGTH FEL FOR EXPERIMENTS UNDER 
HIGH MAGNETIC FIELDS 

Wim J. van der Zande#, Th. Rasing, J.C. Maan, A.P.M. Kentgens and F.J.M. Harren,  
Institute for Molecules and Materials, Radboud University Nijmegen, PO Box  9010, 6500 GL 

Nijmegen, The Netherlands.

Abstract 
At the University of Nijmegen, a novel collaboration 

has been established that combines a number of 
spectroscopic laboratories. These laboratories form  a 
centre for advanced spectroscopy and constitute the 
spectroscopic department of the (Research) Institute for 
Molecules and Materials combining physical and 
chemical techniques. As part of the spectroscopic centre, 
a long-wavelength far-infrared free electron laser (FIR-
FEL) operating between 100 μm/3 THz and 1.5 mm/200 
GHz will be designed and constucted in the coming years. 
The FIR-light should facilitate new experiments in the 
existing high field magnet  laboratory (HFML), a large 
European Rerearch Infrastructure and in the NMR 
pavillion equipped with NMR instrumentation operating 
up to 800 MHz, especially for dynamic nuclear 
polarization technology. 

 

THE NIJMEGEN CENTRE FOR 
ADVANCED SPECTROSCOPY 

The Insitute of Molecules and Materials at the 
University of Nijmegen houses a number of spectroscopic 
laboratories. These laboratories combine laser 
spectroscopy in the European Trace Gas Facility [1], 
scanning probe technology, employing various forms of 
scanning tunneling and atomic force microscopic 
techniques [2], nucelar magnetic resonance (NMR) 
laboratory [3] and the high field magnet laboratory 
(HFML) [4]. Existing collaborations between the various 
laboratories have resulted in experimetns ranging from a 
1.277 GHz NMR spectrometer built in a 30 Tesla Bittter 
magnet to NMR on a chip employing force microscopy to 
detect the radiofrequency absorption, and experiments 
exploiting diamagnetism to neutralize gravity in near-
zero-gravity experiments inside strong magnetic fields. 

In respons to a call from the Netherlands Government 
named the National Programme for Investments in Large 
Scale Facilities [5], we have proposed to strengthen 
existing facilities and to develop two novel instuments, a 
45 Tesla Hybrid magnet and a Free Electron Laser 
operating in the far infrared (FIR). 

The frequency window between the microwave region 
on the low photon-energy side and the infrared radiation 
on the high photon-energy side is called Far Infrared or 
THz regime. This energy regime knows many 
applications and radiation sources with different 

characteristics are rapidly developed. We believe that at 
present the most powerful and versatile THz radiation 
source is a free electron laser.  We have proposed the 
construction of a THz-FEL optimized for the demands of 
advanced material research in combination with high 
magnetic fields and for advanced studies of molecular and 
macromolecular systems. The design  aims at generating 
light between 100 μm and 1.5 mm with a spectral 
bandwidth of Δλ/λ<510-5 while maintaining intensities of 
the order of 100 Watt during pulses of minimum duration 
10 μs and maintaining the possibility of pump-probe 
experiments at a 10 to 30 picoseconds time resolution. 
The science driver that resulted in the success of our 
proposal has been the ambition to bring material research 
a significant step forward by performing saturation 
experiments and pulse-echo experiments in magnetic 
fields above 30 Tesla. In these fields, the relatively high-
energy excitations reduce the interference of thermal 
effects while studying material properties. The total 
proposal encompassing a 40-45 Tesla hybrid magnet, the 
FEL and received about 26 M€ (excluding building costs, 
including some exploitation funds).  As the FEL will be a 
part of an operational large scale facility, and as 
experience in free electron lasers is still small in 
Nijmegen, some design specifications will be made 
conservatively. 

 

SCIENCE DRIVERS AND 
EXPERIMENTAL LIMITATIONS. 

The science call carried the intention to fortify in the 
Netherlands the number of large scale facilities. It was 
realized that the Netherlands could not play a sufficiently 
large role as host country for important international 
facilities and international researchers. In many other 
countries the relative number of facilities was found to be 
significantly larger. In our proposal, we express the 
ambition that the University of Nijmegen may host many 
scientific guests using scanning probe techniques, the 
laser laboratory, and the high field magnets (using the 
THz radiation source), NMR or the FEL in its own right 
as versatile spectroscopic light source. The specifications 
defined above have been formed in collaboration with the 
FOM Institute Rijnhuizen, which hosts FELIX (free 
electron laser for infrared experiments).  The FELIX staff 
will not only provide a lot of experience and advice but 
also forms an example for the management of a highly 
successful FEL facility. The spectral range chosen for the 
proposed FIR-FEL complements that of FELIX _________________  
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purposefully to optimize the collaboration between the 
two facilities.  

 
An ideal laser source is easily tuneable in the THz 

regime, has a flexible pulse structure allowing pump-
probe experiments, as well as bandwidth limited in the 
case of long macro-pulses, and is (quasi-) continuous with 
an average power of about 1 kWatt. Although the physics 
does not pose fundamental restrictions, the relative 
inefficiency of the FEL principle, without energy 
recovery, and more importantly, technological limitations 
in the creation of high intensity, relativistic electron 
beams requires choices optimizing specific aspects. 

.  

Science Drivers 
In the following three of the science drivers are 

identified.  An important group of experiments study the 
spectroscopy and dynamics in solid state materials by 
observing pulse-echo’s following electron spin excitations 
or cyclotron resonances in magnetic fields. Depending on 
the effective mass of the electron, FIR-radiation near 1 
THz is required in a magnetic field around 35 T. 
Saturation of these transitions in the form of excitation by 
a π/2 pulse within about 100 ns requires powers of about 
100 Watt with a bandwidth of  Δλ/λ≈2 10-5.  Pulse-echo 
experiments further require the possibility to shape pulses 
and delay pulses.  Atypical experiment requires three of 
even more of these pulses within a few μs separated at 
arbitrary time delays ranging from tens of nanoseconds to 
one microsecond. Hence, we require laser pulses with 
about 10 μs duration that can be transformed by fast 
mirrors into the requested pulse train.  

A second group of experiments is the use of FIR 
radiation to saturate electron spin transitions within an 
NMR instrument. By exploiting the coupling between the 
electron spin with nearby nuclear spin, the saturation of 
the electron spin population may be transferred to the 
nuclear spin. This process is called dynamic nuclear 
polarization (DNP). Although in principle DNP can 
enhance the sensitivity of NMR by a factor of more than 
104, technological and system specific hurdles are 
enormous for a realization with a wide scope of 
applications. For DNP, the need for a high absolute duty 
cycle for FIR radiation may establish the largest obstacle 
for FEL technology to be optimally applicable.   

In the first two examples, large magnetic fields play an 
important role. A third science driver makes optimal use 
of the flexibility to change the wavelength of a FEL 
continuously. A research program is anticipated on 
molecular spectroscopy of bio-organic molecules, 
biomemetics (analogues of bio molecules), and smart 
organic molecules often inspired on biological systems.  
Characterization of the THz response may not only 
provide spectroscopic information on the structure of 
these molecules but also on slow intra- and intermolecular 
motions related to their functionality. 

 
 

Technological Choices. 
 
The anticipated design for the FIR-FEL is based on 

experiments performed with the FELIX instrument in The 
Netherlands. FELIX is a short-pulse Free-Electron Laser 
operating in the IR from 5 to 250 μm. The spectral width 
of the output ranges from 0.5 to 7% depending on the 
frequency. The overall duty cycle is small with a 
repetition rate up to 10 macro-pulses per second of a 
maximum duration of 10 μs each. Each individual macro-
pulse consists of up to a few thousand micro-pulses each 
consisting of tens of optical cycles, implying duration of a 
few picoseconds for each micro-pulse.  

In terms of the macro-pulse structure, the duty cycle of 
FELIX is about 5 10-5 with an average output power of 
about 1 Watt, implying an average power of 20 kWatt 
during the macro-pulse. The maximum power in the 
picoseconds micro-pulses is another three orders higher. 
From here, we will describe the design for the Nijmegen 
FIR-FEL.  The pulse structure will be similar to the one of 
FELIX and has the form of a low repetition rate 10 – 15 
μs macro pulse structure. The macro pulse will consist of 
micro pulses with a fixed repetition rate in the range from 
1 to 3 GHz. The special property that we aim for is that 
all micropulses have a very well defined phase relation. It 
is of interest to note that a narrow bandwidth using this 
mechanism has been one of the original design ambitions 
of FELIX. Oepts and Colson [6] presented the initial 
ideas of phase locking otherwise independent 
micropulses. Also Madey and coworkers started around 
this time [7,8]. Initial measurements at FELIX were 
performed by Bakker, Oepts van der Meer and co-
workers [9,10], followed by Weits, Oepts and coworkers 
[11,12]. This research resulted in an experimental scheme 
to create a pulse train of phase locked light pulses. These 
authors observed significant phase stability between the 
micropulses and drew favourable conclusions regarding 
the bandwidth that may be achieved using external 
filtering using interferometers.  

It is required to have a large number of optical pulses 
circulating simultaneously in the normally very large FEL 
cavity (more than 40 pulses in a cavity with an effective 
length of about 10 meter). As the optical pulses are 
generated from electron pulses moving at nearly the speed 
of light, an extra (optical) system has to couple the optical 
phases in this train of light pulses. An interferometer 
inside the cavity ensures that photons from a single 
electron bunch will affect the coherence of the light 
generated from many electron bunches injected later.  The 
resulting pulse train of coherent and phase coupled 
micropulses constitutes a frequency comb with narrow 
FIR lines spaced with the repetition rate of the electron 
pulses (by the 1 to 3 GHz rf frequency) . These narrow 
lines have a width that is determined by the quality of the 
interferometer and by the magnitude of the interpulse 
phase-coherence. Each line in the frequency comb further 
consists of one or more longitudinal modes of the large 
FEL laser cavity, separated by 0.001 cm-1 for a 10 m 
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cavity. To achieve really a single longitudinal frequency 
output, filtering of one interferometer mode outside of the 
laser cavity is required. This filtering reduces the average 
power of the macro pulse by factor of at least 50 
depending on the quality of the filtering process. 

At FELIX experiments have been performed at a fixed 
wavelength near λ=69 μm, achieving a spectral resolution 
of 2 10-5  using a Fox-Smith type interferometer. Other 
groups have simulated and employed Michelson type 
interferometers in the FEL cavity for the same purpose. 
[9,10] The above specifications have resulted in the 
expectation that a dedicated design for a FIR-FEL could 
provide near single mode lasing at the average power of 
100 Watt during a macro pulse even when starting with a 
short pulse FEL instrument. It is realized that it will 
require a careful design to establish continuous tuning in 
such a FEL as the timing structure of the RF electron 
accelerator system and the RF frequency generates 
strongly preferred absolute frequencies.  

 

DISCUSSION 
Many of the specifications related to the science drivers 

discussed above suggest designing a quasi CW-FEL such 
as the high quality UCSB FIR FEL operating at the 
University of Santa Barbara. This long-wavelength output 
of the FIR-FEL in Santa Barbara combines many of the 
characteristics required for the experiments planned at 
high magnetic fields. In fact, the power output of a CW–
FEL can be of the order of 1 – 6 kWatt during the macro 
pulse clearly exceeding the expectations of a pulsed 
frequency comb FIR FEL as suggested above. The 
ambition of the Israeli FEL project to improve on the 
UCSB FEL design such that an average power of kWatt 
may become feasible implying a near CW operation with 
very high duty cycle while maintaining a large 
wavelength range seems to bring very difficult 
experiments such as DNP in NMR experiments more 
feasible.  

At this moment, the extra possibilities to use a pulsed 
FEL for strongly non-linear experiments employing the 
very high micro pulse peak powers and to use the FEL for 
time resolved experiments with 10- 30 picoseconds time-
resolution has resulted in the decision to study the 

possibilities of a pulsed frequency comb type FIR-FEL.  
The planning of the project involves in the upcoming 18 
months design studies and detailed planning of the 
construction phase of the FEL. Lasing and the opening of 
a user facility along the lines of the present very 
successful FELIX facility are foreseen in about five and a 
half years from now. 
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THE ROSSENDORF IR-FEL ELBE  

P. Michel,  H. Buettig,  F. Gabriel,  M. Helm,  U. Lehnert,  Ch. Schneider,  R. Schurig, W. Seidel, 
D. Stehr, J. Teichert, S. Winnerl, R. Wuensch  

Forschungszentrum Rossendorf, Germany.

Abstract 
    The radiation source ELBE is the central research 
facility in the Forschungszentrum Rossendorf. The 
machine is based on a 40 MeV superconducting RF Linac 
which can be operated up to 1 mA in cw mode. After 
commissioning the Bremsstrahlung and the X-ray 
facilities in 2002 and 2003, respectively, and the first 
lasing of the mid-IR FEL (3-22 µm) in 2004 about 7000 
hours user beamtime have been provided. At present a 
second FEL for long IR waves (20-150 µm) using a 
partial waveguide is under commissioning. First lasing 
was demonstrated on August 21-st, 2006.  Besides in-
house users particularly the IR beam is available to 
external users in the FELBE (FEL@ELBE) program 
which is a part of the EU funded integrated activity on 
synchrotron and free electron laser science. In this 
contribution the fundamental features of the ELBE IR 
FEL’s and the operational experiences which were 
collected during two years of FEL user operation are 
described. Future projects like the combination of the new 
High Magnetic Field lab with the ELBE-IR beams will 
open up unique experimental possibilities.  

INTRODUCTION 
  In the Forschungszentrum Rossendorf in Dresden, 
Germany, the superconducting electron accelerator ELBE 
(Electron Linac with high Brilliance and low Emittance) 
has come into user operation in 2002. ELBE accelerates 
electrons to energies up to 40  MeV with an average beam 
current of 1 mA in quasi continuous wave (cw) mode. 
The electron linac [1] serves as a driver to generate 
several kinds of secondary radiation and particle beams, 
which are FEL-Infrared Radiation for a very large field of 
applications reaching from semiconductor physics to 
biology, MeV Bremsstrahlung for nuclear (astro) physics, 
monochromatic hard-X-ray channelling radiation for 
radiobiological experiments, and in near future also 
neutrons and positrons for studies in nuclear reactor 
science and materials research. The kind and 
characteristics of the produced secondary beams at ELBE 
are in accordance with the scientific profile and the 
experimental requirements of the Forschungszentrum 
Rossendorf. For a layout of the ELBE building see Fig. 1. 

 
ELECTRON LINAC 

 
  A driver for these different kinds of secondary radiation 
must be characterized by a high average beam current and 
a small transverse and longitudinal emittance. For this 
reason only a superconducting high frequency accelerator 

was taken into consideration. Low energy electron 
bunches are produced in a grid-pulsed thermionic gun 
operating at 250 keV DC voltage. It delivers pulses with a 
bunch charge up to 77 pC at 13 MHz repetition rate and 
about 450 ps length. The transverse emittance in this case 
is about 10 mm mrad caused by the electric-field 
deformation close to the grid [2]. To generate beams with 
smaller emittance values the grid can be pulsed with 260 
MHz at drastically reduced bunch charge. In combination 
with phase space cutting  using apertures, emittance 
values below 2 mm mrad can be achieved in this regime. 
For reduced average power, macro bunching is possible 
as well, yielding 100 µs or longer macro pulses at a < 25 
Hz repetition rate. Pulse compression down to 10 ps 
which is necessary for injection into the 1.3 GHz RF 
accelerator  is done by a two-stage RF bunch compressor 
operating at 260 MHz and 1.3 GHz, respectively.  

The two main accelerator stages are based on two 9-cell 
RF cavities which were developed for the TESLA project 
at DESY [3] and are kept at 2 K using superfluid helium 
delivered by a commercial helium liquefier (Linde). The 
cavities are individually driven by 10 kW CPI klystron 
amplifiers. The RF couplers consist of a double-window 
arrangement and a door-knob shaped adapter for RF 
transmission from rectangular waveguides to co-axial 
cavity coupler antenna. The vacuum windows are 
rectangular plastic windows at room-temperature level 
and  circular ceramic windows cooled by liquid nitrogen. 
The maximum acceleration field gradients of the cavities 
exceed 10 MV/m. In practice only 9-9.5 MV/m are 
accomplished limited by cavity heat loading and field 
emission. Taking into account that the total acceleration 
energy is reduced by nearly two MeV due to the capture 
of low-beta electrons in the first accelerator stage, the 
maximum total energy is about 36 MeV in practice. To 
achieve higher acceleration field the RF can be pulsed up 
to a duty cycle of  1:2. Maximum energy of about 50 
MeV can be obtained at a duty cycle of 1:10. A magnetic 
bunch compressor with adjustable R56 < 500 mm is 
located between the acceleration modules and serves, 
together with the RF phase of the accelerator cavities, to 
modify the longitudinal phase space configuration. The 
electron beam parameters at ELBE will be considerably 
improved  by replacing the thermionic DC gun by a 
superconducting RF photo gun [4] which is planned for 
2007.       

FREE ELECTRON LASERS 
 

  To cover the required wavelength range two FELs are 
required. The calculated ranges for both FELs are shown 
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Fig.2: Wavelength ranges of the U27 and the U100 
FELs at ELBE as a function of the electron kinetic 
energy calculated for the indicated values of the 
undulator parameter Krms. 

in Fig. 2. The U27 FEL consists of two 34-pole sections 
with individually adjustable gaps. The undulator period is 
27.3 mm and the magnet material is NdFeB (hybrid type). 
The distance between the two sections is adjustable for 
phase matching. The gaps can be varied independently 
from 13.8 mm to 21 mm corresponding to Krms= 0.7 to 
0.3. To optimize the extraction ratio over the whole 
wavelength range mirrors with different outcoupling hole 
sizes (1.5, 2, 3, and 4 mm in diameter) are used. The 
mirrors are made of gold coated copper.  
The U100 FEL for the far infrared range is based on a 
SmCo hybrid undulator which consists of 38 magnet 
periods each 100 mm long. The Krms can be adjusted from 

0.3 to 2.7 which corresponds to gaps of 85 to 24 mm. It is 
also equipped with interchangeable outcoupling mirrors 
(hole diameter 2, 4.5 and 7 mm). To obtain high enough 
magnetic fields in the undulator the gap and consequently 
the optical mode has to be sufficiently small. To fulfill 
this requirement the U100 FEL is equipped with a partial 
parallel-plate waveguide 10 mm wide. The horizontal size 
is wide enough to allow free propagation. The waveguide 
spans from the undulator entrance to the downstream 
mirror. In the remaining part of the optical cavity the 
optical mode propagates freely. Mirrors are toroidal on 
the free propagation side (6.33 m and 3.61 m curvature) 
and cylindrical  (6.33 m  curvature) on the waveguide 
side. They are also made of copper with gold coating. 
 

OPTICAL USER LABS 
 

  Experiments are performed in the IR user labs, that are 
shown in the upper left corner of the sketch of Fig. 1. A 
lot of ancillary equipment is provided, most importantly a 
number of table-top optical sources like femtosecond 
Ti:sapphire lasers and a ps Nd:YAG laser which can be 
synchronized with the FEL to better than a picosecond. 
The labs are specially equipped for imaging of thin films 
on surfaces by polarization-modulation IR reflection-
absorption spectroscopy and time resolved femtosecond 
(pump-probe) experiments. Scattering scanning-near-field 
optical microscopy (SNOM) has been performed as well, 
There is one user lab with permission for handling of 
radioactive substances which allows IR spectroscopy on 
radioactive samples. 
The IR beams coming from U27 or U100 both enter a 
common beam path at the diagnostic station shown in 
Fig. 3. Most of its components are designed for remotely 
controlled operation. A scraper mirror is used to 
outcouple a certain fraction of the main beam for 

Figure 1: Layout of the Radiation Source ELBE 
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Fig 3. Layout of the diagnostic station for the IR beam. 

 
 
Fig 4. Transient transmission change measured with the 
pump-probe technique in accelerator macro pulsed mode 
(left)  and in cw mode (right). Both pulses (15.8 µm) are 
generated by the FEL.  
 

diagnostic purposes. It can be directed either to an MCT 
detector which is used to monitor the start up of the laser 
and its temporal structure and which also acts as a 
reference detector for experiments or to one out of two 
power meters. Several MCT detectors are available with 
preamplifier bandwidth ranging up to 20 MHz enabling 
us to detect individual micro pulses. For very long 
wavelengths or measurements with extremely high 
sensitivity a Ge-Ga detector can be set up. Via a beam 
splitter part of the diagnostic beam can be sent through a 
wide-range spectrometer. To cope with CW operation of 
the FEL a chopper is included in the diagnostic beam path 
which is synchronized to the macro pulse in pulsed-mode 
operation. The main beam path to the user laboratories 
first contains a remotely controlled attenuator. A non-
collinear background-free autocorrelator can be used to 
characterize the optical pulse duration. For experiments 
requiring lower repetition rates than the 13 MHz round-
trip time of the optical resonators a semiconductor plasma 
switch driven by a Nd:YAG laser amplifier at 1 kHz rate 
can be used as pulse picker. The optical beamline to the 

user laboratories is designed for less that 15% 
transmission loss between 3 and 150 µm wavelength. The 
typical horizontal polarization is conserved but can be 
switched if necessary. 
Proposals for FEL experiments are evaluated and selected 
in a peer-review system. Under the name FELBE the 
facility is a member of the EC funded “Integrating 
Activity on Synchrotron and Free Electron Laser Science 
(IA-SFS)” which comprises most synchrotron and FEL 
facilities in Europe and provides financial support to users 
from the EC and associated states. Up to now 12 
experiments have been running at the ELBE FEL facility.  
 

OPERATIONAL EXPERIENCES 
 

First lasing of the U27 FEL was achieved in May 2004 
[5]. Immediately after commissioning routine user 
operation was started. Up to now more than 1300 hours 
for user FEL experiments were delivered. The availability 
of the machine in 2006 has been higher than 90 %. The 
following parameters are achieved in practice: Laser 
radiation from 3.4 to 22 µm was generated. The 
outcoupled beam power depends strongly on the 
wavelength range. Low average power (<5 W) was 
observed in the ranges shorter than 5 and longer than 13 
µm. In the range in between up to 25 W power could be 
extracted. In the region above 20 µm the outcoupled 
power is smaller than 1 W and finding stable conditions 
for lasing is difficult due to the high diffraction and 
aperture losses in the undulator vacuum chamber. The IR 
pulse duration can be varied by detuning the optical 
cavity. At 11 µm, which was an often required 
wavelength for user experiments, it could be adjusted  
from 0.9 to 3.4 ps. It could be shown by comparing 
autocorrelation traces with optical spectra that the pulses 
are bandwidth limited.  By many of the FEL users high 
average power implying cw operation is required. Apart 
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from the higher measuring rate and the associated better 
signal to noise ratio a clearly higher stability of the laser 
at cw operation was observed.  Reasons for this 
observation are the continuous loading of the 
superconducting RF cavities and the continuous laser 
operation. Fluctuations due to build up of the laser into 
saturation can be avoided. Fig. 3 demonstrates the 
improved quality of the experimental data in cw mode. It 
shows a typical time resolved transmission traces 
measured by the pump-probe-technique in macro pulse 
mode (left) and cw mode (right). The measurements were 
done in the framework of an experiment to study electron 
dynamics in superlattices [6]. 

 
OUTLOOK 

 
    First lasing of the U100 FEL was demonstrated on 
August, 21-st, a few days before the FEL2006 conference. 
Now the actually available wavelength range and the 
parameters of the IR beam have to be determined. Then 
the extended wavelength range will immediately be made 
available to the user experiments. 
In the near future the beams of the two FELs will be 
delivered into the new High Magnetic Field Lab Dresden 
(HLD) [7] which was built recently in immediate vicinity 
to the ELBE building. The HLD will provide magnetic-
field pulses in the 60-100 Tesla range with 1000-10 ms 
pulse duration, thus opening the way for many new 
spectroscopic investigations, in particular in solid state 
and semiconductor physics. For these investigations also 
time resolved experiments are envisaged. The challenge 
here is to obtain a complete time-delay scan during the 
time of one magnetic field pulse. Recently we have 
demonstrated the measurement of an FEL interferometric 

autocorrelation trace within 25 ms [8]. In general, no 
synchronization of the FEL with magnetic field pulses is 
needed, since the FEL runs continuously at 13 MHz in cw 
mode which means that about 105 FEL pulses overlap 
with one 10 ms-magnetic field pulse. This should provide 
excellent measurement conditions.     
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STATUS OF THE NOVOSIBIRSK HIGH POWER TERAHERTZ FEL* 
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G.N. Kulipanov, A.N. Matveenko, L.E. Medvedev, S.V. Miginsky, L.A. Mironenko, A.D. 
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Shevchenko,  A.N. Skrinsky, V.G. Tcheskidov, Budker INP, Novosibirsk, Russia 

Abstract 

The first stage of Novosibirsk high power free electron 

laser (FEL) was commissioned in 2003. It is based on the 

normal conducting CW energy recovery linac (ERL). 

Now the FEL provides electromagnetic radiation in the 

wavelength range 120 - 230 micron. The maximum 

average power is 400 W. The minimum measured 

linewidth is 0.3%, which is close to the Fourier-transform 

limit. Four user stations are in operation now. 

Manufacturing of the second stage of the FEL (based on 

the four-turn ERL) is in progress. 

INTRODUCTION 

A new source of terahertz radiation was commissioned 

recently in Novosibirsk. [1]. It is CW FEL based on an 

accelerator–recuperator, or an energy recovery linac 

(ERL). It differs from other ERL-based FELs [2, 3] in the 

low frequency non-superconducting RF cavities and 

longer wavelength operation range. Full-scale 

Novosibirsk free electron laser is to be based on the four-

orbit 40 MeV electron accelerator-recuperator (see Fig. 

1). It is to generate radiation in the range from 5 

micrometer to 0.24 mm [4, 5]. 

 

Figure 1: Scheme of the accelerator-recuperator based 

FEL. 1 - injector, 2 - accelerating RF structure, 3 - 180-

degree bends, 4 – undulator, 5 – beam dump, 6 – mirrors 

of the optical resonator. 

ACCELERATOR-RECUPERATOR 

The first stage of the machine contains a full-scale RF 

system, but has only one orbit. Layout of the accelerator–

recuperator is shown in Fig. 2. The 2 MeV electron beam 

from an injector passes through the accelerating structure,  

acquiring the 12 MeV energy, and comes to the FEL, 

installed in the straight section. After interaction with 

radiation in the FEL the beam passes once more through  

the accelerating structure, returning the power, and comes 

to the beam dump at the injection energy. Main 

parameters of the accelerator are listed in Table 1. 

 

Table 1: Accelerator parameters (first stage) 

RF frequency, MHz 180 

Number of RF cavities 16 

Amplitude of accelerating voltage at one 

cavity, MV 
0.7 

Injection energy, MeV 2 

Final electron energy, MeV 12 

Maximum bunch repetition rate, MHz 22.5 

Maximum average current, mA 20 

Beam emitance, mm·mrad 2 

Final electron energy spread, FWHM, % 0.2 

Final electron bunch length, ns 0.1 

Final peak electron current, A 10 

 

The electron source is the 300 keV DC gun with gridded 

cathode. Maximum charge per bunch is 1.7 nC.  

FEL 

The FEL is installed in a long straight section of a 

single-orbit accelerator-recuperator. It consists of two 

undulators, a magnetic buncher, and optical resonator. 

Both electromagnetic planar undulators are identical. The 

length of an undulator is 4 m, period is 120 mm, the gap 

is 80 mm, and deflection parameter K is up to 1.2. The 

buncher is simply a three-pole electromagnetic wiggler. It 

is necessary to optimize the relative phasing of undulators 

and is used now at low longitudinal dispersion Nd < 1. 

Both laser resonator mirrors are spherical, 15 m curvature 

radius, made of the gold-plated copper, and water-cooled 

[6]. In the center of each mirror there is a hole. It serves 

for mirror alignment (using the He-Ne laser beam) and 

output of small amount of radiation. The distance 

between mirrors is 26.6 m. The forward mirror has the 

hole with the diameter 3.5 mm, and the rear one - with the 

diameter 8 mm (See Fig.3). The calculated transparency 

of the mirror with the 8-mm hole, at the wavelength 150 

micron, is 1.5%. At this wavelength the measured round-

trip loss are near 7%. The output radiation passes through 

two windows, which separated the FEL and accelerator 

vacuum from the atmosphere. After the forward mirror 

the additional iris and the normal-incidence quartz 

window are installed. After the rear one there is a 

diamond window, tilted at the Brewster angle.  
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RADIATION STUDY 

The first measurements of radiation parameters were 

reported before [1].  

Instead of the fine tuning of the optical resonator length 

we tuned the RF frequency. The tuning curve is shown in 

Fig. 4. The preliminary simulation results [7] 

demonstrated a reasonable agreement with measured data. 

The experimental curve is wider, which may be explained 

by the shortening of the optical resonator due to mirror 

heating.  

The average radiation power, passed through the hole at 

the rear mirror, was about 400 W. Taking into account the 

7% loss, one get approximately 2 kW of power, extracted 

from the electron beam. The electron beam power was 

200 kW. Therefore an electron efficiency is about 1%. 

The radiation parameters are listed in Table 2. 

 
  

 

Table 2: The radiation parameters 
 

Wavelength, mm 0.12...0.23 

Minimum relative linewidth, FWHM 0.003 

Pulse length, FWHM, ns 0.05 

Peak power, MW 1 

Repetition rate, MHz 11.2 

Maximum average power, kW 0.4 

 

�� �

Figure 2: Scheme of the first stage of the Novosibirsk terahertz FEL. The loop lies in the vertical. 

Figure 3: Scheme of the optical resonator.  
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Figure 4: Dependence of the average power on the RF 

frequency detuning. 

 

BEAMLINE AND USER STATIONS 

To transmit the radiation from the rear mirror hole to 

user stations, the beamline from the accelerator hall to the 

user hall was built. As the diffractional angular 

divergence 1.22·�/D = 0.03 (for 200 micron) is high, the 

spherical mirror is used to transform the radiation beam to 

almost parallel one. The incidence angle is only 7 

degrees, therefore astigmatism is negligible (see Fig. 5).  

0 5 10 15 20 25
0

50

100

 Figure 5: Calculated size of equivalent Gaussian beam 

(mm) vs. distance along the beamline (m). 

 

Other 5 mirrors are flat. The beamline is filled by dry 

nitrogen. It is separated from the accelerator vacuum by 

the diamond window, and from the air by the 

polyethylene window. After installation of nitrogen dryer 

we obtained almost complete transparency of the 

beamline. 

Now radiation may be delivered to 5 stations. Two of 

them are used for measurement of radiation spectrum, and 

other three – for users. In particular, the terahertz ablation 

of DNA and other biologically relevant molecules was 

performed [8]. It was shown, that transfer from surface 

occurred without molecular destruction.  

FURTHER DEVELOPMENTS 

We plan to increase further the output power. The 

electron gun upgrade for the increase of the average 

Figure 6: Scheme of the second stage of the Novosibirsk terahertz FEL. The terahertz FEL orbit lies in the vertical 

plain. Other four orbits lie in the horizontal one. 
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current up to 0.1 A is in progress.  

The design and manufacturing of the full-scale four-

turn ERL is underway. An artistic view of the machine is 

shown in Fig. 6. The existing orbit with the terahertz FEL 

lies in the vertical plane. The new four turns are in the 

horizontal one. One FEL is installed at the fourth orbit 

(40 MeV energy), and the second one at the bypass of the 

second orbit (20 MeV energy).  
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Abstract 

We are building a Compact Ultrafast TErahertz Free-

Electron Laser (CUTE-FEL), designed to lase from 50 – 

100 µm. The FEL will be driven by a 10-15 MeV electron 

beam from a Plane-Wave Transformer (PWT) linac. The 

undulator is a 5 cm period, 2.5 m long PPM planar 

undulator. We present details of the FEL design and the 

present status of activities. We also present very 

preliminary plans for a short-wavelength SASE FEL in 

India. 

INTRODUCTION 

FEL activity in India is presently restricted to the Raja 

Ramanna Centre for Advanced Technology, Indore, where 

a terahertz FEL is under construction. Earlier, however, 

there was some activity at Pune University, where a 26 

mm period, 39 cm long pure permanent magnet undulator 

was built and characterized [1]. At the Institute for Plasma 

Research, Ahmedabad, there was interest in FELs for 

plasma heating and diagnostics. A 50 period 

electromagnet undulator was developed, a 300 keV sheet 

electron beam from a Tesla transformer was transmitted 

through this undulator, and spontaneous emission was 

observed [2].  

In this paper we focus on ongoing activities at RRCAT, 

and present briefly our plans for the future. 

THE CUTE-FEL PROJECT 

The terahertz is a relatively unexplored part of the 

electromagnetic spectrum, and there is presently 

substantial interest in terahertz sources. For an FEL the 

terahertz is attractive because the long wavelength allows 

for higher gain, and reduces the requirements on the beam 

current and quality. A THz FEL is therefore a good green-

field FEL project.  

The Compact Ultrafast TErahertz FEL (CUTE-FEL) 

project aims to lase between 50-100 µm. The layout of the 

beamline is shown in Figure 1. The main parameters of 

the FEL are given in Table 1.  

The electron source is a thermionic electron gun, that 

will provide 90 kV, 1 nC, 1 ns (FWHM) electron pulses at 

36.62 MHz. The design normalized rms beam emittance 

is 5π mm-mrad, and the rms energy spread will be better 

than 1%. This gun is under procurement. In the meantime 

we continue experiments with a 40 kV, 2 µs, triode gun 

that was built by another group in RRCAT [3]. 
___________________________________________  

*skrishna@cat.ernet.in 

Figure 1: Beam-transport line for the CUTE-FEL. 

. 
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The electrons from the gun will be bunched in a 476 

MHz pre-buncher, which has been designed by us and is 

presently being fabricated. The design is a standard re-

entrant pillbox cavity, and will compress the beam by a 

factor of around 18. 

The buncher at 2856 MHz will be a 4-cell Plane Wave 

Transformer (PWT) structure, and the linac itself will 

comprise up to two 8-cell structures to go to a maximum 

energy of 15 MeV. More details on the PWT structure, 

which we have developed ourselves, are given in a later 

section.  

Table 1: Main parameters of the CUTE-FEL 

Parameter Value Unit 

Energy 10-15 MeV 

Peak current 20 A 

Micro-pulse 20 @ 36.62 ps @ MHz 

Macro-pulse 8 @ 10 µs @ Hz 

Und. period 5 cm 

Und. length 2.5 m 

Und. param. 0.8  

Wavelength 50-100 µm 

 

The undulator is a standard Halbach configuration, 

planar PPM undulator, using NdFeB magnets. It has a 

period of 5 cm and a total length of 2.5 m. We have 

performed detailed design simulations using the code 

TDAOSC [4] AND GENESIS 1.3 [5]. In order to make the FEL 

compact, we have tried to keep the optical cavity as short 

as possible – it is only 4.1 m long. The resonator is near-

concentric, to provide good mode stability. 

Figure 2: Optimisation curve for the size of the out-

coupling hole.  

Radiation is out-coupled through a hole at the centre of 

one of the gold-plated copper mirrors. The optimal hole 

radius, to maximize the out-coupled power while 

maintaining a good mode profile, was determined to be 2 

mm (see Fig. 2). For our design we get a peak out-

coupled power of around 0.5 MW. The small-signal gain 

is 88%, while the round-trip loss is 15%. 

Figure 3 shows the variation of the FEL beam size 

down the undulator. At the entrance and exit of the 

undulator the maximum 1/e beam radius is around 5 mm. 

Note that the matched rms vertical beam size of the 

electron beam within the undulator is 0.8 mm.  
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Figure 3: Size of the radiation beam as a function of 

distance down the undulator. 

UNDULATOR 

The 5 cm period, 2.5 m long PPM undulator has been 

constructed [6] in two equal segments of 25 periods each 

(Fig. 4). The undulator gap can be varied from 20-100 

mm. The magnets are made of NdFeB, each 12.5 x 12.5 x 

50 mm
3
 in size. Individual magnets were characterized, 

and their arrangement in the undulator determined using a 

global optimisation (simulated annealing) algorithm. 

Field measurement of the assembled undulator segments 

was done using a three-axis Hall probe (Senis GmbH), 

with a spatial resolution of 0.1 mm.  

 

Figure 4: A view of the two undulator segments, each 

of length 1.25 m.  
 

A summary of the measurements is given in Table 2. It 

can be seen that almost all the parameters are within the 

design specification. Our initial measurements showed 

that the beam trajectory through U25.2 had a degree of 

drift. To correct this we built a corrector coil that gives a 
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small, 0.77 G, vertical field. With this correction the 

trajectory straightens out to within acceptable limits (Fig. 

5). Further improvements can be done by shimming the 

magnets.  

 

Table 2: Design and measured parameters of the two 

undulator segments  

Parameter Design 

value 

U25.1 

measured 

U25.2 

measured 

Error in 

peak field 

< 1% 0.9% 0.7% 

Error in 

period 
< 100 µm 82 µm 85 µm 

rms phase-

shake 
< 5° 2°  2°  

Beam 

wander 

< 1  1.14 0.33 
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Figure 5: Electron beam trajectory through the 

undulator, with and without the corrector coil.  

 PWT LINAC 

A major challenge has been the indigenous 

development of the linear accelerator technology. We also 

chose to build a rather unconventional structure – the 

plane wave transformer (PWT) linac [6]. This is a much 

more open structure, with strong coupling between the 

cells – and consequently with reduced fabrication 

tolerances. The only PWT linac working in the world is at 

UCLA [7], where it is routinely used, mainly for FEL 

applications.  

After building a number of prototypes and ascending a 

steep learning curve, we now have a four-cell, 21 cm long 

structure, PWT3 (Fig. 6) that has been fabricated to the 

required tolerances (30 µm) and surface finish (0.2 µm 

CLA), which can hold UHV (1x10
–8

 torr), resonates at the 

desired frequency of 2856 MHz, and has a loaded Q of 

8,000.  

 

Figure 6: Components of the 4-cell PWT linac 

structure. 
 

We have injected beam from a 40 kV thermionic 

electron gun into this structure, and have accelerated it to 

an energy of 3.5 MeV, corresponding to an accelerating 

gradient of around 25 MV/m. We also have ready a 

second 4-cell structure, PWT4, and are presently in the 

midst of fabricating an 8-cell PWT structure.  

S-BAND PHOTOINJECTOR 

Independent of the CUTE-FEL project, we have also 

been developing an S-band photoinjector, keeping in 

mind the requirements of short-wavelength FELs [8]. Our 

gun is based on the standard BNL/SLAC/UCLA Gun 4 

design. We have performed extensive electromagnetic 

and beam dynamics design simulations using SUPERFISH, 

GDFIDL and PARMELA. We have also studied the injection 

of beam from the gun into a PWT linac structure.  

 

Figure 7: Components of the ETP Cu prototypes of the 

photocathode RF gun. 

 

We have built a number of prototypes, of ETP and OFE 

copper, to qualify machining and brazing issues (Fig. 7). 

We have also built a number of aluminium prototypes for 

cold tests and for tuning the gun. We have developed a 

two-step tuning procedure to get the desired gun 

parameters – resonant frequency of the π-mode at 2856 
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MHz, β = 1 and field balance of unity, directly, without 

empirical tuning of the gun during cold-tests (Fig. 8). We 

have now given an order to an Indian vendor for 

fabricating four photocathode guns.  

 

Figure 8: Bead-pull of a tuned Al prototype 

photocathode gun. 

FUTURE PLANS 

While we are presently focused on getting the CUTE-

FEL lasing, some thought is also being given to future 

FEL activities in the country.  
 

Table 3: Preliminary proposal of a 3-stage roadmap for 
the FEL programme in India  

 Stage 

I 

Stage 

II 

Stage 

III 

Wavelength (nm) 1,000 10 0.1 

Energy (GeV) 0.1 1 10 

Norm. emitt. (mm-mrad) 5 3 1 

Undulator period (mm) 50 30 30 

Undulator length (m) 5 30 100 

Undulator param. ‘K’ 1 1.5 3 

Peak current (A) 0.1 2 4 

Pulse structure  

(fs @ Hz) 

1,500 

@ 50 

150 @  

50 

75 @  

?? 

Accel. Tech. Norm. 

cond. 

Norm. 

cond. 

??? 

 
A joint Indo-French Workshop on FELs, was held in 

Goa, India, in March 2006. The consensus that emerged 

from this Workshop, especially from the Indian users who 

participated, was that a phased approach towards short-

wavelength FELs, perhaps ultimately culminating in an 

XFEL, was highly desirable. To this end a preliminary 

three-stage roadmap has been proposed, summarized in 

Table 3.  

There is already substantial interest amongst the user 

community in the country, particularly in materials 

science, for an IR-FEL facility (Stage I of the proposed 

roadmap). Another user workshop is planned to be held 

later this year. 

CONCLUSIONS 

A terahertz FEL, the CUTE-FEL, is in an advanced 

stage of construction at RRCAT. We have developed a 

PWT linac injector for the FEL, and have accelerated 

beam to 3.5 MeV in a 4-cell structure. We have built a 5 

cm period, 2.5 m long PPM undulator. We are also in the 

final stages of development of an S-band photoinjector. 

Based on this foundation, and on interest shown by the 

user community, we expect a rapid expansion in the FEL 

activities in India in the coming years, starting with an IR-

FEL facility, and perhaps continuing towards an XFEL in 

the future.  
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