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Abstract

R.F.Linac basec FEL has the features of broad spectral
range, pico-sccond pulses, lugh peak power etc. Therefore
linacs are widely adopted as the accelerated electron sources to
drive TEL in the optical wavelength range for various
applications.

In Cluna, there are thiree Institutes working, on FEL with
hnacs  as dnvers. The Beymg, IR-FEL s the foremost
development which had aclieved saturated lasing in December,
1993, In Shanghat Institutc of Nuclear Studics, a 2.5--800
micron broad-band  user faclhty is i
constriction. At Institute of Atomic Energy, Beyng, a ©-band

linac Far-IR FEL facility is being pursued and the mjector of

that linac has being completed and its characterristics measured.

Besides, there are quite a few lustitutes working on the
R&D of components of linac based FEL. At the China
Academy of Eingmeenng Physics, Chengdu, a 1-1/2 cavity
thermionic-cathode  microwave clectron gun had been
manufactured and measured. It is also cooperating, with Beijing
Uiversity 1 the study of  photo-cathode  malenals.
Superconducting rt cavity and undulator of diflereut types arc
also bewng studied at different Institutes.

Introduction

The developments of FEL in China started in carly cighties.
Different types of accclerators were cmiployed Lo provide the
accelerated clectrons. Among them, R, linacs aud laduction
lmac are uscd for Compton regime FEL and pulsed high voltage

gencrators arc used Lor Raman regime FEL. As s the trend of

FEL developments  worldwild, RF linacs are most often used.
Thus FEL  opens another direction of the application of Linacs
besides those for high gradient | high power | hugh reliability ,
high duty factor cte. Tlus area of applications of linacs
emphasizes maialy on the high quality of the electron beam i.c.
low emittance, low cnergy spread, high intensity and fugh
stability. The diverseness of the application ol linacs explains
clearly the importance of linac developments. From FEL point
of view, the linacs have the advantages of wide cuiergy (uning,
range  and hence laser wavelength tuning range,  cnergy
chirping to provide pico-second lascr pulse, the un-used cnergy
of the clectron beam can be recovred, possibie high peak and
average power ete. These properties are desirable as FEL dniver.
In this report, three  rf linac based FEL facilities in China
will be discribed, with  emphasis on the linac technologies
rather than full treatment of the FLL systems. Among them,
the Beijing IR-FEL facility of the Institute of Iligh Energy

s carly  stage of

Physics, which had lased to  saturation at the end of 1993 will
be discussed in more details.

(1) Beijing IR- FEL Facility [1]

‘The schematic diagram of Beyjing FEL (BFEL) 1s shown
i Fig.1 and its operational parameters are given in Table 1.TTus
facility uses a microwave clectron gun as the cleciron source
and an Alpha magnet o compress the beam. The bunched beam
is wyjecied into a S-band constant gradicut, wnt refative phasce
velocity linac section and acceleraied to about 30 Mev. Afler
passing through  an achromatic and nearly isochronous beam
transport line, clectrons are injected into a Ndteld permancut
magnet undulator, and then, aflera 180 degree isochronous
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Fig.1 Schematic layout diagram of BIEL

and achromatic bend, the cnergy of the spent beam is analyzed
by a macro-pulse time resolved spectrometer. The optical
resonator is composed of a Zi/Se irror coated with multipic-
laycr dielectrics.

Some features of BFEL arc as lollows: (1) The linac used 15
a modificd Slac constant gradient wave guide with four circular
holes on some disks of the section which create a separation of
the dispersion curves of EHj; mode but produce little
purterbation of the dominant TMg mode.[2] Thus the BBU
threshold value should be increased with practical no  cffect
on the dominant mode. Experimentally, no apparent beam loss
or emiltance growth were observed at 200ma without any
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magnetic focussing.  To  faciliatate  the  alignment  of the
accclerated beam (the exit diameters of the couplers were
reduced to Lo by inserting plugs. The temperature fluctuation

of the linac section was controlled to a high degree of

0
constancy (4510.03 ) by a special feedback circuit.

Table 1. BFEL system parameters

Electron bcz;iil

Macropulse length A5 us
Macropulse repetition ratc 3.125Hz
Micropulsc length 3-4ps
Micropulse repetition rate 2856MHz
Beam cnergy 24-28Mcev
Lnergy spread (I'WIIM) 0.7%

1 S0-200mA
20 mnm-wrad

Macropulse current
Normaized enuttance al 7f gna exat
Undulator 11

Priod 3em
Number of pertods 50
Gap I.15cm
K value 1.17
Electron trajectory devaation 50 4
Harmonic contents 1%
Optical cavity
Cawvity length 215.9cmn
Operating wavelength 9-11um
Mirror radit, upstream 174cn
down strean 170cm
Mirror reflectance, upstream 99.5%
down strcam 99.0%
LRaylcigh length 76.5cm o i

(2) The themniome cathode microwave clectron gun which
generate an electron beamm with confinmous energy distribution
from zero up to 1.2 Mev.over a phase spread of about 120
degrees. Because of the encrgy difercuce, this beam de-
bunches from the gun to the Alpha magnet and from the Alpha
magnet to the linac entrance. The Alpha magnet is used (o over-
bunch the beam so that a net bunch width of about 4 ps is
obtained at the linac entrance. The bunch width will practically
be maintained during acceleration i the linac. This bunch
compression scheme s the key element of the suceess of FIELL
operation. I our gun, LABG erystal with <100> cut is used as
the cathode matenal which gives both comparatively lhigh
current density and cimission stabihity.

However, the  thermionie cathode  mucrowave clectron
oun has the inhented problem of back-bombardment which
causes cnergy and intensity variation of the acropulse beam
current due to beam loading eftect in the gun cavily. After
passing throtheugh the energy defunng sht of the alpha magnet,
these vanations are converted into varation of the charge
distnbution n the nmucropulse. This has tmportnt effect on the
performance of the FEL. The back-bombardment can be
reduced by a transverse magnetic field to deflect the returned

cectrons away from the cathode surface. The location and
strength of this transverse deflecting magnctic ficld are cntical
issues for the reduction of back-bombardment.{3]  The
arrangement with one magunet ncar the cathode and onc at the
exil of the gun is adopted. Fig. 2 shows how the accelerating
ficld of the gun cavity varies with the defllecting inagnetic field
as a consequence of beam loading cflect. The current ramp at
the exit of the gun as rcad by a BCT reduces from 40% to
25%with the application of the deflecting field while the
cmittance of the beam is only slightly allected. Under the
present arrangements, BFEL can run at a macro-pulse length of
4.5micro-secind at 3.125 repetition rate.
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Fig. 2 Cavity ficld vs. time at diffenert deflecting Field.

(3) With the energy defining slit in the alpha magnet sct for the
maximum encergy of the gun , the injection time of the clectrons
to the linac is determined by the time constant of the gun cavity
which sets the gowth rate of the beamn energy . This is gencrally
shorter than the filling time of the linac and thercfore, the
system is operated in an carly njection mode.

(4) The rf phase jitter between the clectron bunches and the
accelerating field in the linac is another critical issuc for the
I'EL operation. Because ol the dillerences in the time constants
of rf gun and the linac section, it is vital to have {lat amplitude
and phase pulse wave forms from the modulator and the high
power klystron. With much eflorts, we succeeded in achieving a
modulator high voltage pulse ripple of 1 0.3% and pulse to
pulse fluctuation of 1:0.1%. The corresponding amplitude and
phase variations of the klystron rf power output arce about
V1% and - 1. 5 degree respectively.
The FEL output is shown in l'ig.3 where Fig.3 (a) and

(L) give the wave forms before and afler all the opcrating
paraimcters arc optimized. The profile intensity distribution is
shown in Fig.4 which demonstrate the situation that the

and the optical beam quality is
peak

system is operated as TMoo
nearly diffraction limited. The
power 1s 20MW and the

laser intra-resonator
small signal gain s 32%.
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Fig. 3 Laser output waveforms (1) before saturation,
( upper trace, clectrom beam; lower trace, laser output.) ()
afler saturation. ( upper trace. laser output: lower trace,
clectron beam.)
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Fig. 4 Spatial distobution of the laser beam

Though BFEL has already lased to saturation, there are still
much room for wmprovement of its performance. In the
following. some contemplated up-grading programs arc listed.

(1) A special adaptive feed-forward system | 4] [or both the gun
and the linac to improve the homogeniety of clectron bunches
as well as to control the long tune dnfl o the operating, points
of the system will be incorporated. Therefore, one low power
klvstron ampllifier has to be added. The necessary compoucents
are being ordered.

(2) Scveral measurcs have been taken to lurther reduce the
back-bombardment eficet in order to run the gun at longer

macropulse width.  First, a magnetron rf guu fest stand and a
Yag laser have been set up to test the idea of using laser with
decreasing power during the macropulse (o assist in heating the
cathode to compensate the increase of temperature caused by
the back-bombardment.

(3) As another approach, in cooporation Qinghua
University — a 3.5 cavity rf gun as shown in Iig.5 is being
developed. This isa pi mode coupled cavity chain with four

with

@

®)

Fig. 5 3.5 cavity rf gun, (a) schematic diagram
(b) clectron orbits

accelerating cavities and three coupled cavitics. The design
philosophy is fo minmze  the back-bombardment power by
using the vanous cavity lengths as vanable parameters. The
first two arc short cavitics with adequate ficld strength to
cuhance capture of the emitted clectrons from the cathode while
al the same time not to afTect the emittance too much. The last
two cavitics are mainly for the purpose of acceleration. The
perforinance of (lus design is: at 1.3 MW mput f power, the
clectron beam generated has an cnergy of 1.4 Mev. with 900
ma current and normalized emittance of 2 pi mm mr. Fig.5 (b)
shows the cleclron orbits along the cavity chain. Assuming
operated at 6 micro-sec. pulse length and with the repetition
rate of 50 Hz. and cathode diameter of 3mm, the back-
bombardment power is only 10 W. in comparison of about 80
wall under similar opcration conditions for one cavily gun
presently used. This represents a significant improvemecut. The
code used for this desigh includes Schottky cflect, space-charge
cifect and beam loading effect.[5]

(2) Shanghai Wide-band FEL User Facility [6]
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The general layout of the  Shanghai FEL ( SFEL) is given in

Fig.6. The ijector of SFEL consists of sub-harmonic buncher
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Fig.6 Schematic layofY diagram ol SFEL

high gradient buncher and Slac type accelerating sections. 1t
can be seen that the whole facility consists of three difterent
undulators driven by three different encrgy clectron beams. The
first beam is from the njector itscll, with cnergy of 2-3 Mev.
and produces FIR radiation with wavelength Irom 200-800
fem. The second beam is produced afler the injected beam is
accelerated by one aceclerator section to an enetgy of about 30
Mcev. This beam, aller passing through the sccond undulator,
produces Mid-IR radiation from 10 ~ 25 zm. The third beam,
being accelerated by two accelerator sections to an cnergy ol 40
~ 50 Mev,, produces Mid-IR radiation of 2.5 ~8m. It s
believed that these wavelength range will cover the applications
of FEL in life science, matenal science, and bio-medical science
that are the major intended fields of applications of SFEL. The
use of rf grid controlled triode electron gun and buncher
combinations allow easy control of the micro-pulse peak
energy, scparation between micro-pulses and width of macro-
pulse. These parameters are ot concerns to the users in doing
experiments.

The above mentioned scheme s the begmumng, stage ol the
To further extend the wavelength range to ncar-IR,

project.
three more accelerator sections and a storage

visible and UV |
nng, will be added in the [uture.

The present status of SFEEL is that the accelerator sections
arc alrcady available. RF ns gnid controlled triode clectron gun,
high power, long pulse klystron modulator, high gradient
buncher and sub-harmonic buncher are under construction.

(3) L-band High Brightness Injector for a FIR-FEL |7]

At China Institutc of Atomic Energy, a l.-band high
brightness injector has been built and tested. This injector is
intended to be used in connection with a 3 7z/4 mode high
gradient accelerating section with 34 coved cavities to
accclerate to 20 Mev. for FIR-FEL rescarch.

The injector consists of a 100kv, 3 ns triode clectron gun,
one quarter wavelength reentrant  coaxial resonater  sub-
harmonic buncher of 108 Mhz and onc TW 3 7/4 mode
buncher of 1300 Mhz. composed of 7 cavities. 3 7z/4 mode
structure are used for both the buncher and the accelerator
sechion for the purpose  of avoiding  regenerative BBU
associaled with the igh current operation of the system.

At the present stage of development, the performance of
the injector is: clectron energy 1.8 Mev.; pulse current, >50 A;
micropulse width, -40 ps; notmalized emittance,0.02-0.03 cm-

rad.
Summary

Three 1f linac based FEL facilities are described above. In
fact, there are other activities related to rf linac based FEL
Leing carried out in China. There is a theoretical group at
Institute of Applied Physics and Computational Mathematics
working on FEL theories. A group of China Academy of
Engineering Physics in cooperation with Beijing University are
working on the cathode material study for the photo-cathode rf
gun. Beyjing Universty also had started the super-conducting
cavity rescarch with the purpose of building high duty factor
FEL. in the future. At Qinghua University, an emitlance
measurement device is being developed to give more precise
value of emittance measurcments which is of inferest to FEL
rescarch.  Undulators  of various  Lypes, hybrid, circular
polarized and optical klystron, arc also being developed at
vanous Institutes.
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