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Abstract

In this paper we review several techniques being pursued
at SLAC National Accelerator Laborary with the goal of
improving the longitudinal coherence and increasing the
output power of x-ray FELs. They include echo enabled
harmonic generation (EEHG), hard x-ray self-seeding, us-
ing undulator tapering to increase the FEL power, and noise
suppression in the electron beam.

INTRODUCTION

Free electron lasers (FELs) can provide tunable high-
power coherent radiation which is enabling forefront sci-
ence in various areas. At x-ray wavelengths, most of the
FELs operate in the self-amplified spontaneous emission
(SASE) mode [1,2]. The Linac Coherent Light Source
(LCLS) at SLAC working in the SASE mode at hard x-
ray wavelengths [3] marked the beginning of a new era of
x-ray science [4-6]. However, since SASE FEL radiation
starts from beam shot noise, the FEL output has limited
temporal coherence (i.e. noisy in both temporal profile and
spectrum). FELs with improved temporal coherence (i.e. a
well-controlled pulse shape and a bandwidth close to trans-
form limit) should benefit many applications and enable
new capabilities in many disciplines.

Various techniques [7—13] have been proposed to im-
prove the FEL temporal coherence. In the self-seeding
scheme, a monochromator is used to purify the spectrum
of a SASE FEL and an additional undulator is employed to
amplify the quasi-monochromatic radiation to GW level.
Alternatively, seeding with an external source generated
from an external laser may provide a fully coherent output
having well-defined timing with respect to the laser. One
way to directly seed an FEL is to use the high harmonic
generation (HHG) source generated when a high power
laser is injected to a noble gas.

EEHG SEEDING

To circumvent the need for a high power laser at short
wavelength, frequency up-conversion techniques [10-14]
have been envisioned to convert the external seed to shorter
wavelengths. In the classic high-gain harmonic genera-
tion (HGHG), a single modulator-chicane system is used
to bunch the beam at a harmonic frequency of the seed
laser [10].
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The frequency multiplication efficiency can be greatly
improved with the recently proposed echo-enabled har-
monic generation (EEHG) technique [12, 13]. In this
scheme, an electron beam is first energy modulated by a
laser with wave number %, and then sent through a chicane
with strong momentum compaction after which the mod-
ulation is macroscopically smeared. Simultaneously, sep-
arated energy bands with a spread much smaller than the
initial energy spread are introduced into the beam phase
space. It turns out that if a second laser with wave number
ko (ko can equal k1) is further used to modulate the beam,
after passing through a second chicane, density modulation
at the wave number

kg = nki1 + mko (1)

can be generated (n and m are integers). The key advan-
tage of EEHG is that by trading the large energy modula-
tion from a laser with a large momentum compaction from
a chicane, high harmonics can be generated from those sep-
arated energy bands with a relatively small energy modula-
tion. Thus it promises both bunching and gain at very high
harmonics, allowing the generation of coherent soft x-rays
directly from a UV seed laser in a single stage.

The advanced frequency up-conversion efficiency has
stimulated a broad interest in using the EEHG scheme to
seed x-ray FELs [15-18]. In recent proof-of-principle ex-
periments performed at SLAC’s Next Linear Collider Test
Accelerator (NLCTA) [14] and the SDUV-FEL at SINAP
[19], the 4th and 3rd harmonics from EEHG have been ob-
served. They demonstrated that a long-term memory of the
beam phase space correlations could be properly controlled
and preserved in the experiment. The latest results from the
NLCTA presented the first evidence of 7th harmonics from
the EEHG technique [20].

The novelty of the experiment [20] is that an rf trans-
verse cavity (TCAV) was used to increase the slice energy
spread by one order of magnitude such that the ratio of en-
ergy modulation to energy spread is similar to that in real
seeded x-ray FELs. In this experiment, the 7th harmonic of
the second laser at 227 nm was generated when the energy
modulation is approximately 2 ~ 3 times the slice energy
spread.

The parameters of the experiment [20] are listed in Ta-
ble 1.

Representative spectra of beam radiation after the seed-
ing for various TCAV voltage are shown in Fig. 1. Fig. 1(a)
through Fig. 1(d) show the HGHG spectra obtained with
only the 1590 nm laser on, and Fig. 1(e) was obtained with
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Table 1: Parameters of the ECHO-7 NLCTA experiment.

Electron beam energy 120 MeV
Bunch length 0.5-2.5ps
Bunch charge 20-40pC
Normalized emittance ~ 8 um

Slice energy spread ~ 1keV
First laser wavelength 795 nm

Second laser wavelength 1590 nm
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Figure 1: Spectrum of the radiation for various TCAV1
voltage:(a) V=0; (b) V=85 kV; (c) V=170 kV; (d) V=255
kV. The beam slice energy spread increases as we increase
TCAV1 voltage. (a)-(d) are the HGHG signals when only
the 1590 nm laser is on and (e) is EEHG signal at V=255
kV with both lasers on.

both lasers on. The spectrum of the coherent radiation is
broadened due to the relatively large residual energy cur-
vature from the varying rf phase along the bunch. As can
be seen from Fig. 1, the harmonic radiation intensity de-
creases as TCAV voltage is increased. When the TCAV
voltage was increased to 255 kV, the 4th to 7th harmonics
were all suppressed and only the incoherent radiation was
observed (Fig. 1(d)). When the first seed laser at 795 nm
was turned on, the 7th harmonic was brought back.

The experiment [20] has presented the first evidence
of high harmonics from the EEHG technique which over-
comes the limit arising from the beam slice energy spread.
It showed a clear signature that by splitting the phase space
with a large momentum compaction chicane, high harmon-
ics can be generated with relatively small energy modula-
tion.
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HARD X-RAY SELF SEEDING
EXPERIMENT AT LCLS

While external laser-based seeding looks promising in
the UV range and for soft x-rays, its usage for hard x-
ray FELs creates extraordinary challenges and is not en-
visioned in the nearest future. Because of the difficulties
of the direct seeding, the idea of self-seeding was proposed
at DESY [7,21]. It uses the SASE radiation generated in
the first half of the undulator operating in a linear regime.
An x-ray monochromator is installed between the first and
the second halves of the undulators with a bypass for the
electron beam. At the exit of the monochromator a narrow-
band x-ray beam is combined with the electron beam and
serves as a seed for the second half of the undulator.

The problem with this setup is that a typical monochro-
mator delays the x-rays by several picoseconds. The elec-
tron beam has to be similarly delayed, requiring strong
dipole magnets in the chicane of the bypass line. Inco-
herent synchrotron radiation and associated with it energy
diffusion generate large energy spread in the beam which
can suppress the FEL gain in the second half of the un-
dulator. One of the approaches to overcome this difficulty
was proposed in Refs. [22,23]: it uses two bunches with
the seed generated by the first one synchronized with the
second bunch.

In another paper [24], the authors proposed to use a sin-
gle diamond crystal in forward Bragg diffraction (FBD)
geometry. They observed that due to the reflection of a
narrow-band spectral line by the crystal, the transmitted x-
ray pulses have a monochromatic tail (wake). While dura-
tion of the wake is relatively short (typically in the range
of tens of femtoseconds) operation in a low-charge mode
with extremely short bunches allows for the overlapping of
the delayed bunch with the wake, which serves as a seed in
the second part of the undulator. A detailed theory of the
monochromatic wake formation is developed in [25].

Experimental demonstration of the crystal-based self
seeding has been recently demonstrated at LCLS [26].
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Figure 2: Layout of the LCLS undulator with a self-seeding
chicane, diamond monochromator, gas detector and hard-
X-ray spectrometer (from [26]).

In the experiment, a 110-um thick diamond crystal, with
a (004) lattice orientation, provided by the Technologi-
cal Institute for Superhard and Novel Carbon Materials
(Troitsk, Russia), was installed in place of one of the un-
dulators. A new 3.2-m long magnetic chicane was added
to the system to displace electrons transversely in order
to bypass the diamond. The experiment demonstrated a
dramatic narrowing of the spectrum from 20-eV FWHM
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bandwidth to about 0.4-0.5 eV. The detailed account of the
experiment can be found in Ref. [26].

TOWARD TERAWATT FEL

Using a crystal monochromator in the self-seeding
scheme in combination with undulator tapering allows one
to considerably increase the FEL output power. The un-
derlying method is due to Kroll, Rosenbluth, and Morton
(KLM) [27]. It relies on the increase of the energy trans-
fer from the electrons to radiation by adjusting the undu-
lator magnetic field to compensate for the electron energy
losses, a tapered undulator. Note that LCLS routinely uses
the tapered undulators not only to compensate for the en-
ergy loss of electrons due to the incoherent radiation in the
undulator, but to double its output power to about 70 GW
using its available tapering range of order of 0.8%.

Application of the KLM method for the upgrade LCLS-
IT was recently studied in [28]. The LCLS-II undulators
will have variable gaps and in principle are tunable in a
wide range of values of the undulator parameter K. Itisim-
portant that quasi-monochromatic radiation produced with
self-seeding allows a much better control of the trapping
and deceleration of the electrons in the electromagnetic
field of the radiation. The simulation studies suggest that
it is feasible, with LCLS-like electron beam parameters, to
generate coherent, TW-level, hard x-ray pulses within a ~
200m long, tapered undulator system. Together with output
at the fundamental resonant wavelength, there will also be
strong 3rd harmonic emission (P3 > 100 GW) for planar-
polarized undulators. To further improve the performance
and shorten the undulator length, one can adopt a helical
undulator for the FEL.

NOISE SUPPRESSION IN SEEDING

In free electron lasers, shot noise provides the startup ra-
diation for Self-Amplified Spontaneous Emission (SASE),
but also drives hazardous instabilities that might impede
coherent processes. For example, the microbunching insta-
bility incapacitates diagnostics of the beam and can lead to
degradation of the FEL performance [29-34]. In seeded
FELs shot noise competes with external modulations of
the beam being amplified in the process of the seeding
[29,35,36]. Suppressing shot noise could have numerous
accelerator applications, including controlling instabilities,
reducing laser power requirements for seeding FELs, and
increasing efficiency in cooling relativistic beams [37,38].

Suppression of long wavelength shot noise was observed
in microwave tubes as early as the 1950s, [39], and more re-
cently similar effects (though from different physics) have
emerged in semiconductor devices [40]. In the last few
years, several groups have independently proposed sup-
pressing shot noise at short wavelengths in relativistic elec-
tron beams [38,41-43].

The quantify that defines the density fluctuations at a
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wave vector k is
1 -
F(k) = Nze’k(zrm, 2)
gl

where the sum is over all IV electrons in the beam and z;
is the longitudinal position along the bunch of the jth elec-
tron. If the positions of electrons in the bunch are uncor-
related (shot noise), the N(NN — 1) random phases in (2)
corresponding to j # [ cancel each other, and we find the
expected noise factor is F'(k) = 1. If instead the electrons
are grouped into microbunches spaced by A (e.g. in an FEL
at saturation), then all N(/N — 1) terms add in phase and
the noise factor reaches a maximum value of F'(k) ~ N.
One can also arrange correlations between the particles in
such a way that F'(k) < 1. We refer to the last case as the
noise suppression.

Correlations between the particle positions in the beam
that can lead to the noise suppression arise from the particle
interactions followed by their longitudinal motion along z.
Due to the relativistic nature of the beam, the longitudinal
velocity is very close to the speed of light, and the relative
displacements of the particles in free motion is typically
too small. A setup in which the noise suppression can oc-
cur was considered in [43]: it consists of an interaction re-
gion of length L,, where space charge forces change parti-
cle energies, followed by a magnetic chicane characterized
by the dispersive strength R5g which shifts the longitudi-
nal particle positions. In a simplified model of [43] it was
assumed that the particles are longitudinally frozen in the
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Figure 3: Schematic of the LCLS beam line used in the
experiment for shot noise suppression, including the QB
quadrupole, L1S and L1X accelerator sections, and bunch
compressor chicane BC1. Radiation from the OTR foil
served as the diagnostic.

interaction region, and there is negligible energy change
through the dispersive region (i.e. the velocity bunching is
small compared to the effect of the chicane strength). It
was shown that in this case, for a beam with uniform den-
sity in the transverse cross section, the noise factor at the
exit from the chicane can be written as

Fk)~(1-1)2, (3)

where

4rre L,

T = n0R56A and A = s
Sy

“

with ng the longitudinal particles density (number of par-
ticle per unit length), r. the classical electron radius, ~
the relativistic factor, and S the transverse beam area. By
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choosing Rs6 to set Y1p = 1, we find that the minimal
value of Fp(k) is zero. For a transverse Gaussian distri-
bution of rms size o, the transversely integrated noise factor
has the form F(k) = 1 — 27 + 3Y%, where in Eq. 4 one
has to replace a by 20. For the Gaussian case, optimal shot
noise suppression occurs at ¥ = 3/4, giving F'(k) = 1/4.

Paper [44] presented the first experimental evidence of
shot noise suppression in relativistic electrons. Using the
scheme of Ref. [43] it was demonstrated that matching the
beam’s collective space charge forces to dispersion expe-
rienced by the particles in a subsequent magnetic system
reduces broad-bandwidth shot noise current fluctuations as
observed through a reduction in Optical Transition Radia-
tion (OTR) of the beam.

For an experimental demonstration of shot noise sup-
pression the first linac and bunch compressor sections of
the Linac Coherent Light Source (LCLS) was used. The
experiment included four components shown in Fig. 3:
an initial shot noise distribution system consysting of two
dipole magnets and the “QB” quadrupole which reset the
beam to an initial shot noise distribution, an interaction re-
gion which includes the S-band (L1S) and X-band (L1X)
accelerator sections, a dispersive region (magnetic chicane
BCl1), and a diagnostic station. Table 2 gives main beam
and accelerator parameters.

Table 2: Parameter list for experimental conditions.

Beam energy 135-220 MeV
Beam charge 5-20 pC
Norm. Emittance (X,y) 0.2 pm
BC1 Dispersion (Rs56) 0.1-2.5 mm
QB strength 10.3 kG
Interact. Beam Size (opt) 30-200 pum
OTR Beam Size (coTR) 25 pm
Camera Bandwidth () 400-750 nm
Camera Aperture (0car,) 75 mrad

OTR emitted by the beam from a 1 pm thick aluminum
foil inserted into the beam following BC1 was measured
and compared with simulations and the analytical model.
Fig. 4 shows that both simulations and the analytical model
agree reasonably well with experimental results. The OTR
intensity was suppressed by as much as 35% of the shot
noise level.

SUMMARY

In this paper we reviewed several approaches, currently
pursued at SLAC, to one of the main challenges for modern
x-ray free electron lasers—an essential improvement of the
temporal coherence of their output radiation. For soft x-ray
FELs, seeding with an external laser, via harmonic multi-
plication, looks as a promising candidate. During the last
3 years extensive research work at SLAC, both theoretical
and experimental, has been carried out to demonstrate the
capabilities of the EEHG method.

ISBN 978-3-95450-125-0
134

Proceedings of RUPAC2012, Saintl-[Petersburg, Russia

3 I .. Measured OTR { SpC
2 08 ;
04 " g e
= LS
2 0.6 Simulated OTR]
[0
8 04t
©
c e
o 0.2 i
< Simulated b(k)
0

0 0.5 1 L5 2 25
BC1 Rgg(mm)

Figure 4: Simulation results compared to the experimental
data for the bunch charge of 5 pC. The simulation predicts
slightly stronger OTR suppression, perhaps due to the ab-
sence of transverse damping in the code. The shiftin R5¢ in
the OTR minimum is likely due to higher electron density
in the experiment.

Hard x-ray self-seeding based on usage of Bragg for-
ward reflection, was recently successfully demonstrated at
LCLS. It opens a new road toward FELs with the output
power on the terawatt scale.

The noise suppression technique, previously known for
RF frequencies, has been experimentally achieved in the
optical frequency range using a relativistic beam with typ-
ical for the FEL parameters.
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