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Four important and strategic areas are emphasized as the Underlying
Technology of Nuclear Research: the research and development of nuclear
materials, the application of Artificial Intelligence (Al), the applica-
tion of laser for nuclear energy, and the assessment and reduction of
radiation risks. To promote effectively the research and development on
these areas, the research potential of industrial, academic and govern-
mental organizations must be employed and the collaboration among these
organizations should be enhanced. To attain this objective, the system
of Cross-Over Research on Underlying Technology of Nuclear Energy was
organized in September 1989 under the collaboration agreement among the
Japan Atomic Energy Research Institute, the Power Reactor and Nuclear
Fuel Development Corporation, and the Institute of Physical and Chemical
Research.

The organization system consists of four Specialist Committees which
correspond to the four technological areas under the Promotion Committee
on Nuclear Cross-Over Research.

' Concerning about the research and development of new lasers for nu-
clear energy applications (free electron laser), the Specialist Committee
on Laser Technology was organized under the system.

The Specialist Committee on Laser Technology has decided to promote

positively the R&D of FEL and to hold the Tokye International Symposium
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'90 on Free Electron Lasers to report and discuss the activities and
successful results on the research and development of FEL.

The symposium was held from January 29 through 30, at lotel Pastoral,
Tokyo, organized and programmed by '"Promotion Committee on Nuclear Cross-
Over Research" and "Specialist Committee on Laser Technology" and spon-
sored by Science and Technology Agency.

Nine persons were invited from foreign countries (7 from U.S.A., 2
from Europe) including Professor John M.J. Madey, and 8 invited talks
were performed. From domestic participants were over 170 and 19 papers
were reported.

These proceedings consist ef the newly revised papers by lectures of
the Symposium which were administrated by Department of Physics, Japan

Atomic Energy Research Institute.

Keywords: Proceedings, Free Electron Lasers
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PREFACE

The Tokyo International Symposium 'S0 on Free Electron Lasers was
timely held from January 29 through 30, at Hotel Pastoral, Toranomon,
sponsored by "Promotion Committee on Nuclear Cross-Over Research” and
"Specialist Committee on Laser Technology" and supported by Science and
Technology Agency of the Japanese Government.

Totally around two hundred persons, nine persons from outside (7
from U.S.A., 2 from Europe), including Professor John M. J. Madey, the
inventor of freec-electron laser (FEL:) and worldwide well known experts in
FElL's, accelerator's and laser's research communities, participated and
discussed in somewhat exciting atmosphere on the very new technologies
together with historical and perspective views.

After the new Japanese guideline for nuclear energy research has
been issued in 1987, following The Maekawa Report, the four innovative
R&D subjects; new materials, artificial intelligence, new lasers and method
for risk assessment in the nuclear energy research field, have first been
settled.

The promotion committee on Nuclear Cross-Over Research
administrates the whole four subjects, while the four Specialist Committees
manage the specific ones. The Specialist Committee on Laser Technology of
Nuclear Cross-Over Research has decided to positively promote the R&D of
FEL as a new laser in a more close and effective cooperation among
industrial, academic and governmental organizations.

The FEL's technology, at the first step in particular, depends strongly
on that of accelerator's. Radio-Frequency (RF) accelerators convert the
RF-power to kinetic energy of a charged particle beam, while in FEL's the
beam power is inversely again transformed to electromagnetic waves but
with much shorter wavelengths. Accelerators are further expected to play
an important role in the nuclear energy field; as high intensity neutron
sources for material testing, high-energy proton-beam scurces for
incineration of long-lived radioactive wastes and vy-ray sources. Only
electromagnetic force in our usual world can be applied to compete with
strong force in nuclel

The symposiums thus been programmed by the acting members, the
same as the editors, from the Specialist committee.

X fif
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Finally, I would like sincerely to express my gratitude to all
participants and also to hope and expect the further progress of FEL R&Ds,
including the applications to the nuclear energy research field.

Professor Yoichi Fujiie

(Tokyo Institute of Technology)
Chairman, Promotion Committee on
Nuclear Cross-Qver Research

Xiv
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PREFACE

The Tokyo International Symposium on Free Electron Lasers was
held in success with having over two hundreds active participants.

As mentioned in the preface given by Prof. Fujiie, the promotion
committee on Nuclear- Cross-Over Research decided to promote the
research of superior laser for an atomic energy application.

Along this line, Special Committee on Laser Technology was
organized to promote and support the related program.

As a results, in Japan, studies of FEL based on superconducting
LINAGC, relativistic electron beam and synchrotron radiations are
started and it seems that rapid growth is shown in their activities.

Therefore it was-:quite timely that we had a special international
meeting to look around the present status and look for future pros-
pect of FEL and to see what kinds of effort are being devoted in
Japan and also other countries.

In this sense, this meeting was successful by gathering the results
due to various kinds of effort such as well known LINAC, synchrotron
and also new system designing.

One of the strong impression given by some contributors of this
meeting is that FEL is growing rapidly to be an exact laser as are
solid state lasers and does no more stay in just a demonstrative level.

This meeting was started by the talk given by J.Madey titled as
"The birth and future of the FEL", where he summarized his well
known pioneer work. Together with historical overview, near future
FEL technology as an ideal laser was proposed including the undula-
tor technology in XUV regions.

A more precise talk was given by S.Benson and gave strong
impressions to the audience that FEL is under changing to the new
generation.

In his talk emphasis was paid to a new theory, a new system and
an advanced technology. Harmonic generated light, single mode
operation. MOPA System (oscillator plus amplifier), cavity dumping
and loss modulation are one of these examples.

XV



JAERTI—M 91—141

A new technology based on a photocathode injector was
presented by S.Schriber. This will be soon proved as the key technol-
ogy to support a compact advanced LINAC equipped with high
current and high brightness.

Future application of the advanced FEL was cleaning summarized
by C.Brau. Together with possible near future application presented
by C.Brau, actually going on program in medical and biomedical
application of FEL using 2-8um was reported by R.Straight.

Beautiful results of FEL work given by Y.Petroff using synchro-
tron ring was very impressive. Wide variety of effort being devoted in
Europe was also summarized by Y.Petroff.

Activities of many organizations in Japan was reported by
K.Mima including a new conceptual designing of the advanced FEL.
Among them, advanced X-ray undulators presented by H.Kitamura
was very attractive. As understood from the titles of the program,
various kinds of approach are taken to extend the field of FEL. Super-
conducting LINAC promoted in JAERI is worth watching.

Anyhow, through the meeting, the advantage of FEL as an
electron-photon energy converter and its potential capability become

very clear.

Finally as a chairman of the Specialist Committee, I would like to
express my sincere thanks to all participants and am looking forward
to seeing them again in the next meeting which are now on planning.

Professor Hiroto Kuroda (Univ. of Tokyo)
Chairman, Specialist Committee
on Laser Technology

X Vi
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1. THE BIRTH AND FUTURE OF THE FEL

John M. J. Madey
Duke FEL Laboratory
Duke University
Durham NC 27706 USA

It is a great pleasure to give a talk here on the
FEL in general. I am going to talk about the princi-
ple of the FEL, its main features, its history, its appli-

cations, and problems to be solved to make FEL per--

fect.

When a relativistic electron beam, proceeding
along with a photon beam, makes an oscillatory
transverse motion in a “wiggler magnet”, the elec-
trons interact with the photons and can give part of
their energy to the photons. Because of the bunching
process during the course of the interaction, the pho-
ton beam becomes coherent, which is.called the "free
electron laser" or the FEL. A couceptual arrange-
ment of the FEL is illustrated in Fig.l The main
ingredients of a FEL is a wiggler. magnet, electron-
beam source {accelerator), and optical-cavity mirrors.
Also needed are electron "optics" to keep the good
beam quality, structural support, and radiation shield-
ng.

The periodic magnetic field of the wiggler is seen
from the relativistic electron as a radiation, and then
the electron is scattered by the radiation. Both the
emission and absorption of photons are possible as
shown in the level scheme in Fig.2. Note that the

Wiggler Magnet

(_’——/\_-_“
[~ At~

Mirraxr
’-Nwﬂ/w

B\

Electron Beam

AN e

Beam

Accelerator
Dump

Figure 1  Conceptual arrangement of the FEL

difference in level spacings for absorption and emis-
sion.

The most salient feature of the FEL is its tuna-
bility. FEL operation is possible at all wavelengths
longer than about 10nm, and individual FEL can
oscillate within 2 wavelength range usually of factor 2
to 4. The mechanism of tunability is schematically
illustrated in Fig.3. Electrons always travel at
slightly less velocity than the light velocity because of
the wiggling motion. The optical wavelength is equal
to the spacing of the wave-fronts. Then, the
wavelengths can be changed by altering either the
wiggler period or longitudinal electron velocity.

The FEL can convert the electron kinetic energy
directly into light. This means that there is no waste
heat, in contrast to conventional lasers. Moreover,
high peak and average power can be generated. No
laser action occurs if no electrons are present, and so

Electron l —
Beam
A

Perliodic Magnet Array
(Wiggler or Undulator)

-

Inrfinites number
of levels Dossil-—
ble, depending
on incident
slsctron enersgy

Uupward transitio
(aboorpticon} rTeg
more eonerpgy than
released in down

Aanasftidion (amisn

Figure 2 Energy levels of an electron in a periodic
magnetic field
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Direct
of Mot

Figure 3  Mechanism of tunability

the pulse structure of the laser output resembles the
electron beam structure. In the case of RF accelera-
tors, the electron beam 1s bunched typically in
1~10mm, and the bunch spacing is 0.1~1m, as shown
in Fig.4, and thus short-pulse laser can be obtained.
High efficiency is achieved in the FEL because the
deterioration of the laser medium, which is usual in
conventional lasers, does not occur. Finally, the mode
quality of the FEL is very good because the off-axis
light is not amplified, as shown in Fig.5.

Tab.I shows typical examples of FEL characteris-
tics in three wavelength regions. The FEL is a highly
effective means to convert electrical energy into light,
with the unique capability to operate at high power
and high efficiency and with flexible, precise control of
wavelength and pulse structure.

Tab.IT shows the historical sequence of the con-
ceptual and technological development before the
"Birth of the FEL". The efforts to develop and extend
the electron-beam technology ceased around 1960. At

Actual Elesctron Beam From Rmdio—

Fregquency Acceolermtors:

1—-10 mm

10-100 em

N e KA t = - § no electrons =
20 uat £ esembles slect
atructure

;

Penlkx powerxr mAbout 1D00x overage poWer

Figure 4 Pulse structure

Incident

At mm Wavelengths: ELF (LLL)
A ~8mm
P ~ 109 watts

Efficiency ~ 40%

At IR Wavelengths: MKIII FEL (Duke)
A ~ 8microns
P ~ 107 watts

Pulse length ~ 2 picoseconds

At UV Wavelengths: Novosibirsk
A ~ 2500 A
P ~ 104 watts

Pulse length ~ 200 picoseconds

Typical examples of FEL characteristics in
three wavelength regions

Tabel 1

- T

off—axis light inm

’J./J not samplified

Undulating "
light beam

Amplified
dight

Figure 5 Optical mode formation

the time, there were many conceptual and technologi-
cal limitations. There were limitations of slow-wave
model. Especially there were no general guidance for
selection of candidate radiations. As to the models
for propagating electromagnetic fields, Fabry- Perot
modes were not appreciated as means to couple elec-
tromagnetic energy to amplifying medium. The mir-
ror reflectivity was low, and there were problems of
optical damage. The iron-free permanent-magnet sys-
tems were not fully appreciated. There were no high-
remanence magnetic materials, and the current den-
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1900 1925 1950
Elecfmn Beam Spark gap Negative grid Klystrons,
Devices transmitters triode magnetrons
ampiifiers

La
SETS maser

Atomic/Molecular {

Historical sequence of the conceptual and
technological development before the

"Birth of the FEL"

Tabel II

sity of superconductors was low. The low-gain amplif-
iers were not appreciated useful for high-power amplif-
iers. The relativistic e¢lectron-beam devices were not
appreciated as useful, because the energy spread and
emittance were large and the peak current was low.

The "Birth" of the FEL was made possible after
many key developments. The conceptual develop-
ment came from the development of atomic and
molecular lasers. The concept of stimulated emission
provided general guidance for selection of amplifying
media. The "free-space” Fabry-Perot modes were
successfully used for coupling, and useful oscillators
based on "low-gain" amplifiers were realized. The
technical developments came from availability of
stable high-current relativistic electron accelerators,
high-field superconductors, high-remanence magnetic
materials, and laser-grade mirrors, The first measure-
ment of FEL gain was performed at Stanford Univer-
sity superconducting linac by the use of a CO, laser,
and a superconducting helical wiggler, and the oscilla-
tion was successfully achieved at 3.47um.

The FEL is one of the energy-conversion techno-
logies which have broad impact on many fields such
as research, management, production, transportation,
and health care. Current (or proposed) applications of
FELs are listed in Tab.Ill. Further conceptual
developments may be required in the fields of poten-
tial use.

Although the FEL technology has been demon-
strated, further incremental engineering developments
may be required to produce commercially functional
high-power and shert- wavelength sources. The FEL
interaction must be optimized for higher gain, effec-
tive extraction, smaller linewidth, and so on. The
supporting technologies should be refined and
extended, such as electron gun and accelerators, mag-
netic undulators, and optics. As to the accelerator

Ammonia

I_n

1
]
]
1
i
1
]
[
L
3
1

1
Apparent limit
of e- beam
technology

1

Gas, dye, and
solid state
lasers

Beginning of
intensive laser
development

technology, the brightness, peak current, and diagnos-
tics and control should be impreved. The size and
cost should be minimized. The undulator geometry
should be optimized to match the laser operating
requirements and accelerator specifications. The ther-
mal and UV damage of the optical cavity is another
serious problem to be solved. The thermal distortion
of the mirrors should be minimized. In the shorter-
wavelength region (UV and XUV), the reflectivity of
the mirrors should be improved. The intracavity opti-
cal elements should be developed for output coupling,
narrower bandwidth, and so on.

Electron-beam characteristics affect remarkably
the FEL performance. The spatial distributions of the
light produced by high-gain FELs is determined by
the current, emittance, and energy spread of the elec-
tron beam rather than the configuration of the input
optical mode. The radii of the propagating eigen-
modes remain constant during the interaction (optical
guiding). The small-signal growth rates of the
propagating eigenmodes are monotonically increasing
functions of electron-beam brightness. The radii of
the propagating eigenmodes are monotonically
decreasing function of the electron-beam brightness.
Thus, the high- brightness electron beam is quite
important for FELs. The microwave gun was
developed to improve the brightness. As an example,
Fig.6 shows the effect on the FEL gain of the energy
spread and the emittance of electron beam for the
proposed XUV FEL at Duke University.

Short-pulse FELs are quite useful for some kinds
of applications. A pulse compression is possible using
the energy chirping and a grating pair or a prism. A
mode- control technique with a Michelson interferom-
eter cavity is being developed.

Initial applications of low-power FELs as
research instruments in chemistry, biology, and
material science have already begun. The possibility
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of exploiting the high peak power and short-pulse
capabilities of existing FELs have been proven. The
upgraded high-power and short-wavelength FELs are
expected to be useful for specialized industrial applica-
tions such as isotope separation, XUV lithography,
and machining of refractory materials. Refinement of
conceptual models for materials processing will lead to
mote extensive photochemical and processing applica-
tions. Finally, the refinement of conceptual models for
fusion will lead to proof-of-principle applications in
energy production. :

200

150
=
a
o

= 100
=
o
[+

50

Q

Figure

950 A
FIXED CURRENT

6

EMITTANCE {units of €qip)

Effect on the FEL gain of the energy
spread and the emittance of electron beam
for the proposed XUV FEL at Duke

University

Research:
Chemistry: *  Study of electronic structure and
correlations in isolated atoms and ions
N Analysis of electronic, vibrational, and
rotational energy absorption, transfer
and dissipation
* Analysis of the conformation of complex
and disordered molecules
* Synthesis of novel compounds
Materials: * Properties of electronic and optical
materiais
* Properties of surfaces and interfaces
* Nonlinear effects
* Synthesis of new materials
Devices: * Evaluation of high speed electronic and

optical devices
Medicine and Biology:
* Genetics
* Immunclogy

* Cellular Metabolism

Energy: * Diagnostics for magnetic confinement
fusion
Management:
* Data collection (remote atmo$pheric sensing)

Production and Setvices:
* Isotope separation
*  Laser machining of refractory materials-

* XUV /Soft X-ray lithography

Transportation:

{None to date)

Medical Care:
* Orthopedic Surgery
* Neurosurgery
. Neoplastic Surgery

*  Photodynamic Therapy/Blood Purification

Tabel 111
FELs

Current (or proposed) applications of



JAERI—M 91-—141

2. Present Status of Free Electron Laser Research in Japan

K.Mima

Institute of Laser Engineering Oszaka University

2-6, Yamada-oka, Suita, Osaka, Japan

(06)877-5111

§1. Introduction

FEL researches are going on at several
universities and national laboratories in Japan.
They are listed in Table 1.1~6) So far, oscillation and
amplification experiments in the optical regime
have not been successful, although at ETL and
Institute of Molecular Science, an optical klystron, a
conventional wiggler and a resonator cavity have
been installed to the storage rings.

In the miilimeter and submillimeter regimes, the
amplification and oscillation of FEL have been
demonstrated at ILE /ILT Osaka University and the

Institute for Physical and Chemical Research.

Institurte Accelerators

Paramete

s

Tokyo University RF linac

~ 10 Mev

Pulsed power Acc

“~ 1 MeV
~ 100 A
Cylindri

cal

Nippeon Universitcy Hicrotron

~ 30 Mevw
5 turn

Kanazawa Univevrsity Pulsed Power Acc

~ 0.5 Me

v

Osaka Univeraity FPulsed Power Acc

0.5 MeV ~ 2 MeV

MW, Spectyum Narrowing,

(ILE-ILT & IIS) 3 kA ASE output
100 ns DFB FEL
co laser interaction,
vigible light emission
Induction Linac 3 ~ 9 MeV 100 kW Oscillation
1 ~ 10 kA Amplification
0,5 v 2 mm wavelength
RF Linac 6 MeV Photo cathode + RF Gun Exp.
30 MeV } —
120 MeV
Electrotechnical SR 230 MeV Gain Measurement
Lab ~ 10 maA Optical Klystron
Naticonal Nigh Induccion Linac ~ 1 MeV -
Energy Lab
JAERI RF Linac 23 MeV
Induction Il.inac 1 Mev ™ 2 MeV -
3 kA
Inscicute of SR 280 MeV Gain Messurement
HMolecular Science 10 mA
The Instictute for Puleed Power Acc 0.6 MeV Maode lock FEL
Phyaical & Chemical 1 ka 100 kW output
Research
Table 1. FEL Facilities in Japan.
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Fig.l Induction linac at Institute of Laser

gineering

En

Fig.2 Permanent magnet wiggler at ILE, Osaka

iversity

Un
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§2, Long Wavelength FEL Experiments.

At ILE / ILT Osaka University, an induction
linac has been constructed (see Fig. 1).1.2 The beam
energy increases up to 6 MeV. So far, amplified
spontaneous emisgion and distributed feed back
oscillation experiments have been done by the
electron beam with 1.5~3.0 MeV, When an electron
beam of 200A and 3MeV is injected into a 6cm
period planer wiggler shown in Fig.2, the
spontaneous emission intensity increases with
wifgler length as shown in Fig. 3. This result
indicates that the one path gain is 30 dB. The mean
wavelength of the spontaneous emission is
approximately 1 mm. Recently, a new wiggler with
a period 2 cm was installed. Asshown in Fig. 4, this
wiggler has a horizontal focusing force. An example
of the particle orbit is shown in Fig. 5.

100 + Gain=30dB/pass

5 .
@
2
o
48
S 10}
=3 3
]
(&) L
1 1 - - i
0 1000 2000

interaction Length {mm)
Fig.3 Small signal gain of the induction linac FEL
atILE, Osaka University
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In the distributed feed back FEL experiment?),
we used a corrugated waveguide shown in Fig. 6.
‘When the Brag’s reflection condition,

pkd=k +kb 0=1,2,3, - {1}

f
is satisfied, the radiations emitted by the electron
beam are confined in the wave-guide to buid up.
Here,ks=2r / 14, Aq is the corrugation period, krand
ky are the forward and backward wave
wavenumbers. In the present experiment, 3=
1mm and the FEL resonance occurs approximately
at A=1mm. The Broag’s condition is satisfied for
p=2 in this case. A typical radiation spectrum is
shown in Fig. 7. As usual for the DFB lasger, the
observed spectrum has two peaks (See Fig.7-(b)). In
order to clarity the effect of DFB, we compare the
spectrum without DFB (Fig.7-(a)) with that with
DFB (Fig.7-(b)). The spectral peaks at A=1.1 mm
and 1.35 mm are significantly higher in Fig.7-(b)
than in Fig,7-(a).?)

20mme |f

Fig.6 Configuration of DFB inside the waveguide
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WITHOUT DFB
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{a) )

Fig.7 Output pulse waveform witheut a) and with

DFB ).

Zn photo-cathode
===

At the Institute of Physical and Chemical
Research, an electrostatic accelerator is used to
produce 1 kA, 0.6 MeV beam. As shown in Fig. 8,a
cold electron beam generated with a photo-cathode
is injected into a wiggler with a period 4 cm.5) The
radiation is confined in a cavity which has tapered
waveguide reflectors. The electron pulse length is
about 200 ns. The optical pulse consists of a
periodical short pulse train (see Fig.9). The period of
the pulse train is 23 ns which coincides with the
round trip time of a radiation in the cavity. Similar
phenomena have been observed at MIT and
University of California, Santa Babara.9) This ma
be related to the bistability of a laser oscillator.10)
Such out-put power intensity fluctuation will be a
serious problem in the FEL applications.

: L]E wiggler magnetic field
[
L.
L
| RPE

[
R =g
e

Ka-WGz—]
3

GO

S —
o 20cm

Fig.8 Experimental Facility at LP.C.R.
(by Kawamura, Toyoda)

a)

Fig.9 Oscillation

output pulse for Bw=0.54 kG and Bg=2.6 kG a)

pericdical short pulse train. T=24 ns ,T=4.8 + 0.3 ns b) random pulse

50 ns/div

Mode locking < Mode Calculation



JAERT—M 91-141

3, Short wavelength FEL
: At Electrote%mical Laboratory (ETL),4)
Institute of Molecular Science (IMS), Institute of
High Energy Physics (KEK), Japan Atomic Energy
Research Institute (JAERT)), 6} and Osaka project
planned by Foundation of Osaka Science and
" Technology Center, the plannings, constructions
and experiments of FEL driven by high energy
electron accelerators are going.

At ETL, a 200MeV~500MeV storage ring
(TERAS) is used to achieve FEL oscillation at the
wavelength 570nm. In this FEL, a 1.47m optical
klystron(O.K.) is installed in the 1.8m siraight
section of TERAS, The total FEL system was
completed on August 1989, The total circumstance
of the ring is 30m and the optical cavity length is
approximately 5m, Three bunch operation at
240MeV is the operation mode for the FEL
experiment. The minimum round trip cavity loss is
less than 1X10-4 and the achieved one path gain is
also 1X10-4 for 2 mA stored current. Since 1989,
they try to increase the gain up to 1X10-3 by
improving beam quality. In the same experimental
group, a new storage ring (NIJI-IV) is under
construction. One of the main objectives of this ring
is the ultra violet FEL oscillation. Therefore, the
shape of the ring is race track whose.straight section
is 7 m as shown in the schematic layout of Fig.10. In
this straight section, a 6.2 m long optical klystron
will be installed within a few years, The designed
0O.K. has a 43 period modulator (301em), 21cm
dispersive section and a 43 period emission section
{(301cm). One path gain is expected to be higher
ic)han 2.35% at 350 nm for 20 mA, 500MeV electron

eam.

SEPTUM
e MAGHET

Ry 0y

O T “”O%m
|

(.

o~ Psl—;mumamon PN
T T S N
Uiy

OPTICAL KLYSTROM (- 62m)}

HUII-TV (ETL-KBL) €= 236m
Fig.10Schematic layout of NIJITV.

At JAERI, a super conducting RF-linac is under
construction., The whole period of the project is
divided into three phases. The phase-I is basically
devoted to the fundamental R&D for 10.6um
wavelength lasing. In the second phase, by adding
one more sc-linac and recirculating the electron
beam, the beam energy will increase to be 100 MeV
to achieve lasing of a visible light. Finally, a beam
energy recovery system will be installed in phase-
TII. The main purpose of this project is the
application of FEL to the laser isotope separation.

In the Osaka project planned by FOSTEC, 250
MeV RF linac will be buit for & UV FEL. This
project is supported by various industries as well as
Japanese government. The term period of the
project will be seven years. The high power FEL
will be completed within 5 years. After the
completion of FEL, the various applications will be
investigated.

FEL System for Fundamental Research

Accelerator
Energy 250 MeV

RF Linac

(= 100MeV: Energy Dispersion Cavity)

Wiggler Magnet

Field 03~ 05T
Pitch 2cmn ~~ 6cm
Length 5m~--8m
Lager out put
Wavelength 1000 ~5000A(3Wavelength Qut put)

Peak power 0w
Average power kW

(c. Table 2. Parameters of FEL Project proposed by
Committee of FEL studies at Osaka Science and
Technology Center.)

§4. Summary

In Japan, it is a very urgent target to achieve
lasing in the optical regime FEL, although Raman
regime FELs have been operated successfully. At
present, many projects are going on to construct
visible FELs at national laboratories and
universities. Within a few years, those FELs will
achieve lasing and are used for application
researches.
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3. Recent Developments in FEL Physics in the USA

Stephen Benson
Physics Department
Duke University
Durham NC 27706 USA

Developments in free-electron laser theory and
technology fall into four basic categories—DBasic FEL
theory, systems demonstration, new accelerator
technologies, and new laser technologies. This paper
covers developments in these areas, concentrating on
research carried out in the U.S.

1. FEL Theory

Three topics in the theory of FELs have been of
great interest lately—FEL harmonic output, single
mode operation, and laser chacs. New developments
have been generated in each of these fields.

Harmonic lasing was achieved at both Stanford
and Los Alamos, fulfilling a prediction of theory made
by Madey in 1879, The Mark 1II lased at 4.8um at
the fundamental and 1.6pm at the third harmonic.

o
c
; THIRD
3] HARMONIC
E
@
— FUNDAMENTAL
o N
w
2
O
o
| I [ |
a5 86 87 88 89 90 g1
CAVITY LENGTH (.001 inches)
Figure 1 FEL power as a function of the laser cav-

ity length

Figure 1 shows the FEL power as a function of the
laser cavity length. The fundamental and third
harmonic power are separated due to the dispersion
introduced by an intracavity Brewster plate. This
allows the laser to operate with either the
fundamental or the harmonic with no interference of
the two. The ratio of the third harmonic gain to the
fundamental gain is seen to be 0.55 from figure 2.
This is in quite good agreement with the theoretical
prediction of 0.60. The theoretical prediction is
actually more uncertain than the experimental
number due to the lack of precision in the
measurement of the energy spread of the beam.
Figure 3 shows the power spectrum of the
fundamental and third harmonic. Note that the third
harmonic output is not quite at the third harmonic of
the fundamental. The discrepancy is partially
explained by detuning effects and saturation effects
but about a third of the discrepancy is unexplained by
one-dimensional theory and may be explained by
guiding effects.

The characteristics of the generated harmonics
have been studied both theoretically at Los Alamos as
well as experimentally at Los Alamos and Stanford
{by Deacon Research). In figure 4 we show the power
of the generated coherent harmonics measured on the
Mark III accelerator and the Los Alamos theory. The
agreement is rather good. In figure 5 we show the
spectral linewidth as a function of the harmonic
number. A simple theory predicts that the linewidth
should vary as I/A where h is the harmonic number.
This is clearly not the case in the data. The
discrepancy is believed to be in the model. The
harmonic power is probably not generated uniformly
in the microbunch, so it has a much larger spectral
bandwidth than expected.
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There has been some speculation that single
mode operation in a free-electron laser is possible with
no exiernal mode selection. Recently single
longitudinal operation of an FEL was demonstrated at
UCSB. This is still not completely understood on the
theory side. It dose not occur on every laser shot and
the discrepancy is not that it occurs at all but that it
occurs so often. Only about a third of the pulses are
single mode. To be useful, external mode selection is
needed.

Finally, a Stanford/TRW collaboration observed
chaotic operation at zero cavity length detuning as
predicted in FEL simulations. This is shown in figure
6. In figure 6a the power vs. time during a
macropulse is shown. For more cavity lengths the
power is quite stable. At the synchronous power the
power becomes quite unstable and the power is
maximized. The spectrum also becomes unstable and
the wavelength varies randomly. This behavior is
quite similar to prediction of one dimensional
simulations with noise added. It is not certain if this
is the same behavior however since experimental
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Figure 6

6a Power vs. time during a macropulse
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Schematic view of an all FEL MOPA
demonsirated at Stanford using the Mark
III laser as the master oscillator and the
Rockwell laser as the power amplifier.

Figure 7

causes such as frequency jitter have not been ruled
out,

2. New System

Several new systems have seen operation or are
under development. An all FEL MOPA has been
demonstrated at Stanford using the Mark III laser as
the master oscillator and the Rockwell laser as the
power amplifier. This is shown schematically in figure
7. The purpose of this experiment was to study the
physics of such a system and to develop related
technologies, The design has the advantage of using a
single electron beam and if the amplifier is a high gain
high extraction device, offers the possibility of high
extraction without optical damage problems. The
MOPA system has proven to be a very powerful
diagnostic. Figure 8 shows the gain vs. delay with
theoretical fits assuming a Gaussian and a top hat
electron pulse. Obviously the top hat pulse is almost

or o Data
GAUSSIAN &0 - Simtlalien -
ELECTRON EaNY ]
BEAM £ e ]
o o P
wh ]
0 b
‘Opiical:2ps ot L : I
Eleciron: 2ps -0 0.5 0o 55 1.0
Displacement belwaan Optlcal and Eleciron pulse (mm}
= Data
TOPHAT 0 - Simulalion
ELECTRON %
BEAM g
£
5
F-1
Optical:2ps
Electron: 2ps o .
-1.6 04 o0 .5 10

Displacement balwaan Oplical and Electron pulsa (mm)
Gain vs. delay with theoretical fits assum-
ing a Gaussian and a top hat electron
pulse

Figure 8
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perfect. Note that this is the best measurement to
date of the electron pulse length in the accelerator.
This experiment also demonstrated a very asymmetric
gaim curve vs. wavelength tuning. This has been
shown by simulation to be due to might gain three
dimensional effects. It is a clear violation of the
Madey gain-spread theorem, which assumes a omne-
dimensional  system. The system has also
demonstrated some new technologies with the first
demonstration of a intracavity loss-modulator and
cavity dumper on a free-electron laser. This is
discussed in section 3.

A FEL driven by electrons from a laser-irradiated
photocathode was demonstrated for the first time at
Stanford in a collaboration between Stanford and
Rockwell. The timing sequence for the system is
shown in figure 9. A mode locked Nd:YAG laser
operating at 95.2MHz is amplified and frequency
tripled. The light is then directed onto the LaBj
cathode surface producing a very bright electron
beam. The FEL lased easily with such a high quality
beam. The optical microstructure in the laser beam
was now evident . The parameters of the system with
thermionic and photocathode operation’ are shown in
table 1. Although the beam is of very high quality,
further development is needed in the realm of laser
stability. Fluctuations in the drive laser caused very
large fluctnations in the FEL power as shown in figure
10.

FEL studies are continuing at UCSB with the
introduction of a new short period undulator with a
tuning range of 130um to 500um. Two new systems
are soon to come on line elsewhere. Los Alamos has
most components of their HIBAF (High Brightness
Accelerator Facility) system installed. This system
will use a photocathode gun with high conversion
efficiency to produce a 45MeV beam with a brightness
100 times better than their previous accelerator.

Te Unag

Kysiron
Fripler >
2856 Ghr Phaso

Dicde
Swilch
T Shillae
Windlh Glock Doy
2.5 WHz

AD Amplifier and
Modslalor Quanironix 416 Fulse Slicar
95.2 Mz

Triggerh
W Modeiocked NUYAG senng

1.084 pm
4 - - -
1

Masler Osc. Pawsr
952.27TMMz Splitar

\— —+—{ Ampiilier 2 —_ --m THE l_.,
Figure 9 Timing sequence for the system driven by

clectrons from a laser-irradiated photo-
cathode at Stanford

Thermionie * Photocathode
Parameter QOperation Cperation
typical typical Maximom

Small signal gain (per pass) 60% 100% 150%
Micropulse charge (pCoul) 70 170 250
Micropulse current (A) 35 60 85
Normalized emittanee (mm-mrad)

e, 101 B

ey in 4n
Peak brighmess (A/m2) 1.8x 101! 38x10 s4x 1l

Parameters of the system with thermionic
and photocathode operation

Tabel 1

Au - Ge detector

Figure 10 Fluctuations in the FEL power caused by
‘ fluctuations in the drive laser

Vanderbilt University is installing an infrared FEL
system. This laser will be a user facility and is
nearing completion. It is the first commercial FEL
system to be built to date.

The other interesting development was the
operation of a Van de Graaf accelerator with a
continuous 100mA beam at Argonne National lab.
This opens the possibility of a CW FEL if the current
can be raised by a factor of 20.

3. FEL technology

Most  interesting  developments in FEL
technology relate to the optical cavity. At Los
Alamos researchers have successfully suppressed the
sideband instability using an intracavity Littrow
grating. Used in conjunction with a high extraction
efficiency laser this can increase the extraction
efficiency by a factor of two to three by preventing
detrapping of electrons.
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Cavity dumping and loss modulation was tested
with a CdTe electro-optical cell in a configuration
illustrated in figure 11. The loss-modulated and
cavity dumped power output vs. time is shown in
figure 12. Only 5 or 6 bunches out of a possible 60
lased and the cavity was dumped in 5 round trips.
Insertion losses were quite acceptable initially but
gradually increased to over 58% per round trip. This
is believed to be be due to some contaminant which
migrated from the electrodes or surrounding ceramic
to the cell. Though technical problems must be

BEAM EXPANDER

CdTe OPTICAL FUSE

CdTe POCKELS CELL

WIGGLER

//// BREWST;‘R PLATE

’ f_.__*___ﬂ .
/

47,5" KICKER MIRRCR

Figure 11 Configuration of cavity dumping and loss
modulation test with a CdTe electro-
optical cell
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Figure 12 Loss-modulated and cavity dumped power
output vs. time

overcome to make this approach work, it dose look
promising.

UCSB has also demonstrated cavity dumping
using an intracavity silicon Brewster plate which is
switched to a mirror using a visible laser to produce
charge carriers. That group has also demonstrated
injection locking which seems to give stable single
mode operation at the injected frequency.

Simulations by both the Dutch group FELIX and
at Duke have demonstrated the feasibility of using a
Michelson or Fox-Smith resonator to phase lock
multiple bunches in a FEL driven by a RF linac.
Figure 13 shows the {wo cavity configurations which
allow missing between adjacent microbunches in the
optical cavity. Figure 14 shows simulations of the
evolution of the spectral power in the laser as the
laser turns on. One can select one of the longitudinal
modes using a Fabry-Perot interferometer in order to
get a very high resolution tunable laser in the
infrared. This could be used for spectroscopy in the
infrared.

Finally, the push to shorter wavelengths has been
aided by the characterization of UV mirror
degradation by Deacon Research. In figure 15 we
show the losses induced on a mirror by synchrotron
radiation from the Brookhaven storage ring. The
losses reach a maximum and then disappear. This
must be done slowly enough that thermal damage is
not sustained on the mirror surface.

The possibility of operating in the VUV has been
raised by the demonstration of high reflectivity in a
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Figure 13 Two cavity configurations which allow
missing between adjacent microbunches in
the optical cavity.
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whispering gallery mode mirror at 85nm by Newnam 30000
at Los Alamos. That group demonstrated 89% ]
reflectivity at 85nm using a sequence of 9 mirrors E ]
each bending the beam by 20%. The high reflectivity -
was attained using in vacuo deposited aluminum in a & ]
UHV environment. 200600
In the future, optical cavity developments should 73 ]
dominate advancements in the field of free-electron g -
lasers since the gain medium is more or less 1 -
understood. 1
10000
Oﬁ|l||||r-irin:rr-u|ui.|-1t-|”-‘”"”l
0 S0 100 150 200
Fluence, mA-hr
Figure 15 Losses induced on a mirror by synchrotron
radiation from the Brookhaven storage
ring
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4. PHOTON STORAGE RING:POSSIBLE NEW SCHEME FOR A FREE-ELECTRON LASER

Hironari Yamada

Quantum Equipment R & D Department,
Sumitomo Heavy Industries, Ltd.
7-1-1 Yato-cho, Tanashi-city, Tokyo 188, JAPAN

1. Introduction

The photon storage ring(PhSR) is
the name given to a newly proposed
instrument, which accumulates synchro-
tron radiation, functions like an undu-
lator, and thus has the potential to be
a new type free—electron laser.[1l] 1In
this scheme relativistic electrons move
in a circular orbit instead of in an
undulating trajectory. Radiaticn from
the circulating electrons‘is reflected
,back to the same orbit by a cylindrical
mirror surrounding the electreon orbit,
and interacts with the electrons leading
to modulation of the electron density.
In this paper we only discuss the elec-—
tron storage ring which has an exzactly
circular orbit, with the mirror posi-
tioned concentric te the electron orbit.
The PhSR may be feasible when the elec-
tron storage ring having an orbit diame-

ter less than 1 meter is used. Such a
machine, which is called AURORA , is now
available.[2] The cylindrical mirror

curvature is made so that the reflected
radiation always coincides with the
electron bunch when it contacts the
orbit. This apparatus possesses the
best features of the undulator([3].
advantages of using the PhSR for an FEL
are the following. 1)The radiation power
is fully extracted through a simple exit
opening in the mirror surface. 2)0ff-
tangentially emitted radiations are
focused at the electron orbit by the
cylindrical mirror regardless of the
magnetic field strength. 3)The mode of
the generated light wave in the cylin-
drical mirror cavity has a strong azimu-
thal electric field component collinear
to the electron velocity. This azimuthal

electric field has the same phase veloc-
ity as that of the electrons.

In the next section we discuss the
principle for generating spontanecus
coherent radiation in the PhSR. Sectiocn
3 is devoted to the mechanism and fea-
tures of FEL emission. We give some
idea on the maximum power and the mini-
mum wavelength obtainable from the PhSR
in section 4.

2. Principle for spontaneous coherent
generation in the PhSR

The PhSR is composed of a number of
bending magnets producing synchrotron
radiations from relativistic electrons
and mirrors surrounding the electron
orbit. One can imagine it to be like an
electron storage ring(ESR) placed in the
middle of a ring of wall mirrors or a
large cylindrical mirror. The schematic
configuration of such a PhSR is given in
Fig.l, where the electron orbit is an
exact circle. The mirror is shown just
for convenience as a single solid unit
having cne photen beam exit channel.

The exit channel, which can be several,
is just a simple opening in the mirror
surface. The importance of this simple
opening is that in the case of a conven-
tional FEL the photons between cavity

‘mirrors are extracted through either a

half-mirror or a Q-switch, thus limiting
the efficiency of photen-beam extrac-
tion. In the case of the PhSR 100% of
the photons are extracted through this
simple opening. The vertical profile of
the mirror is designed to focus the
photon beam onto the electron orbit. The
mirror is placed under high vacuum .Co
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between the pcles of the magnet on the
same plane as the electron orbit. The
position of the mirror is arranged to
ensure that the electron orbit and the
mirror curvature are exactly concentric.
If the electron orbit and the mirror
curvature are concentric, it is apparent
geometrically that any synchrotron
radiation emitted in a tangential direc-
tion from the electron crbit will be
reflected back tangentially intoc the
same orbit by the cylindrical.mirror.

As a conseguence all radiation is gath-
ered by the cylindrical mirror and
follows the determined paths, finally
leading to the exit opening. Because of
this fact the instrument was named the
photon storage ring. The synchrotron
radiations nermally wasted onto the
chamber wall are all utilized by the
help of the cylindrical mirror.

If the mirror radius is set at an
arbitrary value, a series of photon
bunches will be observed at the exit
channel at almost random time intervals.
It is, however, possible to combine
photons originating from different elec-
tron bunches by adjusting either the
mirrcr radius or the electron corbit
radius. Specific setting makes it
possible that at the moment the reflect~

i

%

Q
F Electron Orbit

Magnetic Fieid

Photon Exit Opening

ed photon bunch contacts with the elec-
tron orbit, one of the electron bunches
will reach the same point. Assuming
that the ESR is in operation with two
electron bunches, the condition that any
reflected photon bunch coincides with
another electron bunch is simply calcu-
lated. According to the configuration
in Fig. 2, photons are emitted at peoint
A by the electron bunch x. These pho-
tons recontact the electron orbit at
point C after reflection at point B,
within time T_,, shown by T.,= 2o

tan( ¢ )/c, wh8re p is the radius of the
electron orbit, and c¢ the speed of
light. The angle 0 1is defined as AOB,
where 0 1s the center of curvature. The
electron bunch y takes time T, to arrive
at point C, shown by Tg=(20 + =)

o/ v 8 where v is the angular speed
of the relativistic electrons. 1If
T7,=Tg, the electron and photon bunches
meet together with exact timing. The
relationship between the electron orbit
radius and the mirror radius R is given
by the equation: R=p /cos( 0 ). For
instance taking the electron orbkit
radius to be 0.5m, we have a soluticn to
the above ceoincidence condition giving R
as approximately 1.485846m.

It is apparent that since the two

Circular Mirror

Cross Section of Mirror

)

Fig. 1. A schematic view of the proposed photon sterage ring.
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electron bunches are symmetrically
located, the meeting of the photons with
one electron bunch is followed by the
meeting with the other electron bunch.
Also note that the above condition is
satisfied at any point on the electron
orbit. As a consequence any reflected
photon bunch always meet with one of the
electreon bunches as they contact with
the electron orbit. In other word
electrons are always asscciated with the
reflected radiation.

The above discussion is based on a
condition that photons are bounced only
once before intersecting electrons,
however photons might be bounced more
than once, and also the electron bunch
is not necessarily the one immediately
following the bunch which first emitted
the photons under consideration but
could be any later bunch including the
original bunch. A general form of the
condition for the meeting of electrons
and photons can then be written taking
into account the number of reflections,
q, and the number n, indicating the n'th
electron bunch following ‘the last one.
Additionally the harmonic number, k, is
not necessarily two. Thus the equation
becomes:

Fig.2 Diagram explaining
synchronous relatienship
between the electron bunch and
the light pulse.

Electron Orhit

0 = 2g o tan( & )/c-
(2q8 +2n= /K)o /v 4. (1)

Set the mirror radius accerding to

Eg. {1}, then the reflected photon bunch-
es are superimposed and appears in the
same time interval as the electron
bunches when g=1. It is well known that
synchrotron radiation is incoherent
light, and the simple superpositicn
generally produces incoherent radia-
tions.

The spontanecus coherent radiation
is, however, possibly generated in the
PhSR, when the mirror radius is precise-
ly set to an appropriate value, as a
result of interference of radiations.
This mechanism is better understood from
Fig.3. 1In this figure the circulating
electron beam is viewed from the
stretched photon path representing the
z—axis, which finally leads to the exit
channel. 1In reality, the mirror is
assumed tc be placed between the arcs of
the electron orbits. In the previous
paragraph we discussed the capability of
adjustment of the timing between photons
and electrons to cause them to coilncide
at the peak of each electron orbit in
the fiqure. This implies that even a
phase between one electron and cne light

Mirror

[—— Electron Bunch

Photan Beam Path
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pulse can be precisely adjustable.
Radiaticn is emitted from the tops of
the orbit at the desired perieodicity so
as to interac¢t ccherently. One can see
here the similarity of configuration
between the PhSR and the undulator,
except that only part of the periods of
"wiggle" is present. The wavelength 4
of the spontanecus ccherent radiation is
given by the following equation:

mi/fc = (2q8+2n=x/K} o/ v
~gq(2ptan{ 8}t u 2)/c, (2)

where m, an integer is a higher harmonic
number of the wave. It is important to
note that # is necessary to take into
account the progress of the phase when ~
the photon is reflected by the mirror.
The minimum wavelength A of the gener-
ated coherent radiation depends roughly
on the size of the electron bunch. Also
we cah say that it depends on the extent
of the electron density modulation under
the laser oscillation.

Equation (2) actually represents
three different operation modes which
can be selected by the mirror radius.
The first mode appears when the mirror
radius is set so that the radiatiocons
from different electron bunches inter-
feres with each other. In this case
the minimum cbtainable wavelength of the
coherent radiation is longer than the
electron bunch size which is a couple of
cm in the case of AURORA[Ll], or the
extent of the electron density modula-
tion. On the other hand, when only one
electron bunch is made to be invelved in
the interference, a fundamental wave-—

length shorter than the bunch size is
possible, since the radiations from the
same individual electron interfere
coherently. This second mode 1s ob-
tained for n/k=1 in Eq.(2). The third
mode is selected when the mirror surface
is set close to the electron orbit. The
radiations from the same electron always
interfere. This specific mode, which is
more like the undulator, is given for
n=20and g=1in Eg.(2). For instance
set the mirrer radiug,to b% S.EOlm with
an electron corbit radius o© .5m, then a
fundamental wavelength of 84 u»m is
obtained. A smaller mirror radius
gencrates a shorter fundamental wave-
length, although the minimum mirror
radius is limited by the electron beam
size. When the electron beam path is
too close te the mirror surface, the
effect of the wake field to the electron
beam may become serious. In the section
4 the problem of beam size is again
discussed in more detail.

one advantage of the PhSR 1s the
focussing power of the radiation due to
the cylindrical mirror. The radiation
emitted off-tangentially is again fo-
cused at the electron orbit after each
reflection. This compares favorably
with the undulator in which the radia-
tions emitted off-axially simply di-
verge. This likely feature is explained
in Fig.4. The radiation emitted at
peint A at an angle o with regard to
the tangential line merges again at
point A' on the electron orpit, while
the radiation emitted in the tangential
direction contacts the orbit at point
A". Separation of the points A' and A"

L
hﬂiﬁror
- ' ros2 l Exit Opening
f v
! ,/&u | ;h%on 1
—_— i at 1 )
-— } R s z
_____ Afi { \\\ i /// I\] z
|
\cx of .| ___ t T |
. Electron Bunch ‘ Central Axis
4]
Electron Orbit
Fig.3 The electron trajectory is viewed from the stretched photon path as

z—axis.

Equivalence of the PhSR to the undulator is demonstrated.
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increases as this emission angle, «
increases. However the timing between
the light pulse and the electron is
almost unchanged by e, since both the
light pulse and the electron bunch take
an equally greater time to arrive at
point A'. Taking into account the
emission angle o, Eg.(2) is modified as
shown:

mi = (2g0+2nx/k) p/ B 4
—gq(2 pcosl altan{ ¢ Y+ u A ). (3)

The radius r shown in Fig.4 1is of the
circle to which the off-tangentially
emitted radiation contacts tangentially,
and is related to the emission angle e
as given: r=pcos(e). On the other
hand, the angle 2 6 through which the
radiation travels from the point of
emission to the point of the next con-
tact(one period of the PhSR), is corre-
lated to a. The shift of & is, here,
expressed as a function of e for small
values where a << 0 :

0-04 = cos(a)tan{e)—Fan(Bo)
= w2/(2tan( 6 5)), (4)
where 0 g ig the value of & at « = 0.

Substituting Eg. (4} in (3), ¢ne can see
that Eq.(3) is independent of o, and is

Fig.4 Focussing mechanism of
radiation in the photon stor-
age ring. The radiaticn
emitted off-tangentially is
always focused at the electron
orbit. The laser emission is
expected to propagate along
the cff-tangential line such
as path a.

identical to Eg.(2). So the wavelength
shift is negligibly small for small
values of «. 1In fact e is as small as
i/ v, where y is the Lorentz factor and
is of the crder of milliradian. It is
concluded that if the electron orbit is
an exact circle and the mirror is made
ideally, there are, in principle, no
factors which deteriorate the interfer-
ence effect.

3. Mechanism for cocherent generation

amplification of the radiation in
the PhSR results from coupling the
coherent light wave and the electrons,
which leads to modulation of the elec-
tron density at a spacing of the reso-
nating wavelength. ©Only when this
modulation is generated, does the sum of
the radiations become ccherent and gain
is expected. The PhSR should function
as an FEL, since it fellows the same
principle as the undulator as discussed
in the previous section. However, two
major differences must be recognized;

first, that the correspondi singl
per?oé o? the PrERTISSPIR thE Rormat

sense, incomplete and second, that_the
interaction between the wave and elec-

trons occurs contipuously alon
eiectron orgi Eso ?ty

the
t. A 1s 1mgortant to

ELECTRON
ORBIT

Photon
Path a
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note that the electron energy is re-
freshed at every revolution. In the
following, we will focus our discussions
to these particular aspects of the PhSR.

Let's suppose that ccherent radia-
tion is generated in the PhSR, this
radiation should propagate along an
off-tangential line such as path a in
Fig.4 to prepare for the deceleration of
the electrons. Only when the radiation
path acrosses the electron orbit, the
electric field component of the radia-
tion appears in a directicn of the
electron velocity. Furthermore, once
the interaction occurs at point A in the
mode decelerating electrons, the inter-
action should occur again at point B in’
the same mode for a successive coherent
generation. To accomplish this scheme,
the phase of the coherent light wave
must be shifted by 180 degrees as the
beam progresses from point A to B. This
resonance scheme is essentially the same
as that for the undulator-based FEL.
Then the resonating wavelengths( A p?
must satisfy the relationship:

(1/2+m') A =20 e/ B a—sin(a)),(S)

where m', an integer is a higher harmon-
ic number, p is the electron orbit
radius, o indicates the emission angle
of the radiation path from the tangen-
tial line as shown in Fig.4, and B 5 1is
the electron angular velocity relative
to the speed of light. The resonance
condition for the undulator-based FEL is
obtained in the same fashion as de-
scribed above, although the formula is
slightly different from Eg.(3), due to
the difference in the shape of the
electron beam trajectory which is not
exactly a circular path. It must be,
however, stressed that in the case of
the undulator the resonance wavelength
is uniquely determined by this sort of
equation, but it is not the case for the
PhSR, since the photon path under con-
sideration is selected arbitrarily. If
the angle o is appropriately selected
any wavelength satisfies the abcve
equation. For this reason the reso-
nance wavelength must be determined
either by external or by other internal
means. When the wavelength is selected,
the coherent radiation must follow the
particular radiation path which is
subjected by Eg.(5). The modulation
develops from the spontaneous coherent
radiations stored in the PhSR due tc the
mechanism discussed in the previous

section. So the wavelength is deter-
mined by the mirror radius setting
relative to the electron orbit radius
following Eqg.(3), and the gain appears
for the radiations propagating the
particular path which satisfies Eq.(5).
Selection of the wavelength is achieved
more effectively by the help of gratings
partly replaced with the mirror. The
grating is made so that the selected
coherent wave follews the radiation path
determined by Egs.(5) and (3). The
value m = 0 in Eg.3 may be chosen,
because it is no lcnger necessary to
select the wavelength through Eg.(3).
The cylindrical mirror may be partly
replaced by the gratings so as to mini-
mise resultant radiation power losses.
An alternate methed to select the wave-
length is to inject a powerful laser
beam along a selected radiation path,
again determined by Egs. (5} and (3). In
this case the PhSR is used as an ampli-
fier.

. The mechanism of coherent genera-
ticn In the PhSE fpllows the same

principle as that of the undulator, but
the_electric féel? com oneni ig differ-
alo e

ently generate ng the electron
orbit. The coherent radiations emitted
with either + or - ¢ with regard to the

tangential line add ccherently at the
electron orbit, since both light pulses
tgavel exactlg the_ same distance until
they contact the electron orbit again.
The interference of these two c¢oherent
light pulses generats a strong electric
field collinear to the direction of the
electron velocity. In fact this azimu-
thal electric field must be strongest at
the electron orbit because of the fo-
cussing power. It is also noted that
the phase velocity of this azimuthal
electric field at the electron orbit is
almost same as the angular speed of the
electrons. So the electrons experience
the deceleration or acceleration force
continuously until the electrcns and the
wave go to totally out of the phase due
to their enerqgy loss.

The azimuthal electric field (E ;)
discussed above may be analyzed as a
problem of waves in a circular cylindri-
cal cavity with short height. The eigen
functions for this problem are given by
Bessel's function, and the transverse
elctric field component is expressed by
the derivative of Bessel's function
J{kr) as shown:
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E, = AJ'(kr)cos(n0)sintkzzlel ®*® (&)

The frequency of the transverse electric
mode (TE mode) is determined by the fact
that J'{(kr) must be zero at the circular
cylindrical mirror surface. There is an
infinite discrete set of modes. 1In the
case of the PhSR, the modes are, in
practice, selected either by the proc-
esses discussed earlier; internal means,
or by external means such as a grating,
or injection of a laser beam. Tt is
worthwhile to mention that such trans-
verse electric modes have actually been
observed in a circular cylindrical ruby
laser when particular modes were select-
ed externallyl[4]. Sc the dynamical
analysis of the electron motion should
take this transverse electric mode
generated along the beam trajectory inte
account.

4. Wavelength and cutput power

In the previous section, we dis-
cussed the static nature of the PhSR
leading to the coherent generation, and
examined the necessary fundamental
conditions. In order to calculate the
gain of the PhSR-FEL, a dynamical analy-
sis of the electron motion under the
dipcle magnetic field and the transverse
electric field discussed above has to be
carried out along the beam trajectory.
The size of the electron beam and the
accuracy of the mirror surface also have
toc be taken into account for a realistic
simulation. The guantitative analysis
of the electron motion and the gain is
now under progress.[5] In this section
we discuss the required mirror surface
accuracy, and the possible minimum ob-
tainable wavelength. The saturation
power is also calculated without con-
cerning the details of the beam dynam-
ics.

The accuracy of the mirror curva-
ture is an important factor in a discus-
sion of the monochromaticity and the
minimum wavelength. The inaccuracy AR
of the mirror curvature causes a devia-
tion of the phase A ¢ as given by the
following equation,

AP =8z -5in( 0 )- ARVE/ A, (73

where N is the number cf bounces.
Within the present limit of technology
the achievable accuracy can be within a
few nanometers. Thus the minimum ob-
tainable wavelength is limited to the

order of hundreds of na omet%rs on
assumption that the numper of the

bounces is around 1000. As long as
visible light is concerned the mirror
might not limit the wave length.

For a more realistic estimate, it
is necessary to take into account the
size of the electron beam, the amplitude
of the betatron oscillation, and the
synchrotron oscillation. It is noted
that one period of the PhSR, which is
2 ¢ is comparable to or longer than its
betatron oscillation period, when the
first and second modes of the wavelength
selection mechanism in section 3 are
chosen. This is compared with the
pericd of the undulator, which is much
shorter than its betatron oscillaticn.
If the electron position is displaced in
the radial direction by the betatron
oscillation from its previous value at
the successive meeting, the phase be-
tween electrons and photons will be
changed. Since the period of the PhSR
is comparable with that cf the betatron
oscillation, the displacement can be
substantial. In order to cancel out
this effect the betatron number might be
chosen to be as close as (g6 + n=z}/
(px), where p is a positive integer, gq
is the number of reflections. In this
way we can set photons to always meet
electrons at the same phase of the
betatron oscillation. If the third mede
of the wavelength selection mechanism is
concerned, we need not worry about this
problem, since the period of the PhSR is
very short compared t¢ the betatron
oscillation.

The synchrotron oscillation is
another problem, as it periodically
varies the electron energy. The shift
in electron energy changes the electron
orbit radius, which causes a phase shift
between electrons and the coherent
radiation. The energy shift, AR, of
the relativistic electron corresponds to
the variation in electron orbit radius,
A p, according to the relationship
n AE/E = A p/p, where n 1s the
momentum compaction factor. Usually the
synchrotron oscillation has a much
longer period than that of the electron
revolution. In the case of AURCRA which
has 0.5m orbit radius, 650 MeV electron
energy, and about 100 keV synchrotron
oscillation amplitude, since the syn-
chrotron oscillation pericd is 100 times
longer than the revolution time, the
energy shift per reveolution is less than
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10 keV on average. This value corre-
sponds tc a radial displacement of about
7 zm. This amount is considerable, but
it should be remembered that the energy
of the major portion of the beam remains
unchanged by the synchrotron oscilla-—
tion. The energy loss due to the syn-
chrotron radiation itself is rather
congiderable, which is 3lkeV per revolu-
tion under the present scheme of AURORA,
even though the energy is refreshed at
each revolution. The shift in the
wavelength A i is calculated according
to the following equation:

A A=(2q9 +2n=/k})n AE/E. {7

Thirty-one keV ccrresponds to a varia-
tion of 0.lmm, which is apparently tooc
large for short wavelengths. An appro-
priate design for the electron storage
ring is quite impeortant for the con-
struction of the PhSR. For instance 300
MeV might be a reasonable electron
energy to be chousen. The energy losse
due to synchrotron radiation is only 1.4
keV, which results in only 15 xm of the

shift in wavelength. It should, howev-
er, be remembered that the low energy
electron beam must be selected at the
expense of lower synchrotron radiation
yield per unit orbit length. In summa-
rizing sub-milimeter wavelengths seem
not too difficult to generate within the
present scheme of AURCRA and the mirror
fabrication technology. To improve the
performance of the PhSR to a wavelength
less than 1 u«m, we may require a reduc-—
tion in the electron orbit radius and in
the electron beam size. The operation
of the electron storage ring at higher
harmonics may help the situation, as is
known from Eg.(2). The increased rf-
cavity number will also improve the
matching condition, since it reduces the
amplitude of the synchrotren oscilla-
tion.

The intensity(dI{w }/dQ) of the
spontaneous coherent radiation is simply
calculated as a superposition of the
normal synchrotron radiations coherently
as shown by:

2
dl( o) e w p 1
= —s— 120 —5 o+ ¥y
dQ 3x“C C y
2
v
(K2 (£) + ——5—s K2(EIT(EEN 5 (— - m»? (8)
2/3 v+ ¥ 1/3 N ® g

where the definitions of the synchrotron
radiation intensity are taken from
Chapter 2.2 of ref.[6]. The above
equaticn is valid for all integer har-
monic number m, because the electron
beam experiences the deviation only in
the one direction as shown in Fig. 3 and
the radiation emitted off-tangentially
focuse at the electron orbit. The
reflection coefficient, £, of the mirror
and the number cf reflections, N, is
also taken intec account. If the elec-
tron orbit is a perfect circle and the
electron beam size is negligibly small,
the intensity of the specific wave-
lengths is enhanced by a factor of

( ¥ fN)2 over that of the normal synchro-
tron radiation. Since the number of
bounces N is effectively infinite, this
factor becomes 1/(1-f)2.

The maximum power of the FEL emis-
sion obtainable from the PhSR is calcu-
lated in a sophisticated manner as shown
in the following. The maximum power 1s
limited by the amount of the phase shift
due to the total energy loss of the
electrons in one revolution(or in one
aceleration period if the number of rf-
cavities is more than two). When the
electrons lose their energy continucusly
in the PhSR due to the spontaneocus.
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emission as well as the stimulated
emission, the electron position will be
shifted to an inside orbit, and then
appears to be advanced azimuthally.

This phenomena, called a negative mass
effect, is totally different from that
of the undulator, in which the electron
position is shifted relatively backward
due to the energy loss. The laser
power saturates when the phase shirft due
to the shift in the orbit radius, 4 »
reaches; A p a < A/2=. Then the
corresponding total energy loss (A E) of
one electren in one revolution is given
by the follewing eguation:

A
bE = B y2/3, (9)
where 7 1% the momentum compaction
factor, E is the electron energy. Note
that the enerqgy loss due to stimulated
emissions is equal to the amount being
subtracted for the total energy of the
synchrotron radiation, given by & FE-
E(SR). It is concluded from Eq.(B) that
a lenger wavelength and a shorter elec-—
tron orbit radius produces more output
power from the PhSR. Give an example
for 100 um wavelength, the maximum
obtainable radiaticon energy from one
electron in one revolution is 306 KeV
when the electron energy is 300 MeV,
while the energy removed as synchrotron
radiation is only 1.4 kev. Of course it
must be remembered that the actual
maximum extraction power is limited by
the rf power, which is 30 KW in the
present scheme of AURORA. Furthermore
the total extracted power is largely
depend on the electron beam quality.

The energy spread due to the electromag-
netic interaction itself must be also
taken into account. HNot all the elec-
trons may experience the maximum energy
loss, but it is expected that no matter
now samll the gain is, as long as it has
a positive value, the laser power should
grow until the maximum energy loss of
cne electron finally reaches the above
value. The above value for the one
electron energy loss 1s considerably
large.

The laser power obtainable from the
PhSR comes from the energy of the elec-
tremagnetic field which causes the
electron the above amount energy loss.
Thus much more radiation power than the
electron energy loss in one revolution
is acecumulated within the cylindrical

mirror cavity. The mean electric field,
<E g >, which contriputes to the electron
energy loss on average is glven as:

f"ev 6<E0>dt=2ﬁpe<Eo>

A E-E{SR). (109

The energy density, u, of the radiaticn
at the electron orbit is:

3
U= - (<Eg s2ecE 2, (113

where <E.>, the radial component of the
electric field, is linked to <E 4>
through a factor F which is usually much
larger than unity. Then the average
energy, U is calculated as follows:

du
dt

F(AE-E(SR)) 5
14, (123

1§
v
[P
o
n
#]

e2n p

where S is the cross sectional area of
the laser beam to be observed, and f, is
the revolution frequency. Pulse width
of the laser beam, AT , which is simi-
lar to the electron bunch size, is also
taken into account. As is shown here,
the PhSR ccmprises a promising new type
of free—electron laser which is expected
to generate extremely high power.

5. Conclusion

A new type of free-electron laser
named "Photon Storage Ring"(PhSR) is
preposed. The primary features of the
PhSR are obtained from a simple geomet-—
rical analysis, which may be summarized
as follows. (1)The simple opening in
the mirror surface provides complete
photon beam extraction, whereas the
Fabry-Perot type cavity for the conven-
tional FEL provides partial extraction.
So most of the generated synchrotron
radiation is utilized. (2)The Ph3R is,
in principle, equivalent to an undulatcr
having an infinite number of periods. In
addition the radiation emitted off-
tangentially is focused again at the
electron orbit by the surrounding mirror
regardless of the magnetic field
strength, so that an ideal interference
effect is expected. (3)The introduction
of the strong magnetic field which
increases the radiation rate per length



JAERI-M 91—141

of the electron orbit, never causes any
deterioration of the interference ef-
fect, while in the case of the undula-
tor the magnetic field strength must be
limited sco that the K-value is close to
or smaller than unity. (4)The specific
wavelength enhanced by the interference
is tunable by changing the radius of the
electron orbit. (5)A strong electric
field collinear to the electron velocity
is induced along the beam orbit, and
interacts with electrons continuously
leading tc modulation of the beam densi-
ty. All the above indicated features
favor the new type of free-electron
laser based on the PhSR.

The author would like to express
sincere thanks to Professcrs K.
ghimoda(Keio Univ.), K. Mima{Osaka

Univ.), and T. Sasaki(XEK) for their
valuable discussiocons.
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ABSTRACT

Coherent effects in synchrotron radiation
(SR) have been observed for the first time from
180 MeV short electron bunches of 1.7 mm using
the Tohcku 300 MeV Linac. The intensity of the

coherent SR was about 105 times as strong as
that of incoherent SR at wavelengths of 0.33 to
2.0 mm. This enhancement factor roughly
corresponds to the number of electrons in a
bunch. The B8R inlensity showed a quadratic
dependence on the electron beam current. The
radiation was mainly polarized in the orbital
plane. The possibility of induced rf in a
vacuum chamber was excluded experimentally. An
electron linear accelerator will be applied te a
strong light source from infrared to millimeter
wavelengths instead of the storage rings. The
bunch length of shorter than 1 mm can be
observed by the spectrum measurement of coherent
SR.

I INTRODUCTION

It was January, 1988 that the coherent
synchrotron radiation { SR ) was observed (1)
for the first time from the short electron bunch
obtained by the Tohoku 300 MeV linac. In this
paper we will present further conformation and
new experimental results.

Coherent effects of radiation in an
accelerator were considered theoretically by L.
I. Schiff (2) in 1946 as the power loss limiting
the energy achieved by the accelerator. In 1982
the possibility of intense coherent SR in an
electron storage ring was proposed by F. C.
Michel {3) from viewpoint of the astrophysics of
the pulsars. A smail bunch of the electrons
might emit coherent SR at wavelengths which are
comparable to or longer than the longitudinal
bunch length. The SR intensity was expected to
be intensified by the number of electrons in a

bunch, which is about 1010 in an ordinary
electron storage ring. Therefore we might be
able to obtain an intense photon flux with a
continuous spectrum in far-infrared to
milli/submillimeter wavelengths.

A positive sign of the presence of coherent
SR huas been cbserved by J. Yarwood et al. {4} in
SRS, Daresbury. However, its existence bhas not
been conclusively established by their
experiments nor by those of E. Schweizer et al.
{(5) in BESSY, Berlin. In a recent experiment G.
P. Williams et al, (6) at NSLS, BNL could
observe no enhancement. In these experiments the
wavelength region observed was much shorter than
the bunch length, which is several centimeters
in the ordinary storage rings. Tn this paper we
will take "bunch length” tc be the longitudinal
bunch size.
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Table 1 Parameters of the experimental

condition.

Accelerator
Accelerating frequency
Beam energy
Beam energy spread
Beam current
Pulse width of the burst
Repetition of the burst
Longitudinal bunch length
without debuncher
wikth debuncher
SR measurement
Bending magnetic field
Acceplance of SR
Analyzing range

Resolution

2856 MHz
180 MeV
0.2 %
2 pA max
0.1 - 2 psec
300 Hz

1.7 mm
15 mm

0.247 T
70 mrad
0.1 - 2 mm

I1 EXPERIMENTAL METHOD

As the experimental equipment is described
in detail in Ref.l, the parameters of the
experimental condition is concluded in Table 1.

Followings are those of improvement on the
experiment of Ref.l. A long bunch of 15 mm
could be obtained by using an energy compressing
system (7) or a debuncher. The SR spectrum was
monechromatized by gratings and longwave pass
filters in the FIS-3 far-infrared spectromeler (
Hitachi Co. Ltd.), and detected with a liquid-
He~cooled Si bolometer. Tc avoid absorpticn by
water vapor all the light passage was evacuated.
The only material in the light path was a quartz
window separating the beam line vacuum and the
monochromator vacuum,

The absolute sensitivity of this measuring
syslem was calibrated with a mercury discharge
jJamp, which was supposed to be a blackbody
radiation source of 4000 K (8.,8) at these
wavelengths.

INTENSITY

SR

(photons/10%lectrons/mrad/1%BW)
071 10° [0 102 10® 104 10° 0% 107

WAVE LENGTH

(a)

(m)
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D) e
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}-Ulljloi // Ac{c[\] ]
'B—D zo |d L ]
haBIA N ;Dct: 5/ ]
Leiva = o=V WAVELNGTH |
: — - 0 0.4mm
B A 420nm
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(b)

Fig.l. Observed SR spectra (a) and beam current dependence of the SR intensity (b).
(a) Data in circle "A" and "C" are the spectra for the bunch length of 1.7 mm, and in "B" fer 15 mm.
All the data are measured with the same optical system. A solid curve shows the incoherent SE
intensity calculated for this experimental condition. These intensities are normalized for a bunch

of 106 electrons.

(b) N is the number of electrons in a bunch, which is proporticnal to the beam current. The values
of intensity should not be compared between two wavelengths.
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The SR intensity at visible wavelengths was
measured with the same optical system and same
calibration procedure in order to confirm the
correctness of the absolute data. A
photomultiplier tube with color glasses and
interference [filters was used instead of the Si
bolometer. A calibrated halogen lamp was used as
a standard visible light.

IIT EXPERIMENTAL RESULTS

As is shown in circle "A" of Fig.l.(a), the
SR intensity is drastically enhanced at long
wavelengths, comparable to the bunch length. The
enhancement factor, defined as the ratic of
intensities of observed SR and calculated

incoherent SR, is 1.5 to 7.0X10° for "A".
According to the theory (6) of coherent SR, this
enhancement facter is a preduct of N, the number
of electrons in a bunch, and the square of the
bunch form factor, the Fourier transform of the
spatial electron distribution in a bunch. As the

SR intensity is ncrmalized for N = 106r the
bunch form factor at these wavelengths is
considered to be 0.4 to 0.8 for a 1.7 mm bunch.
In contrast with "A", the intensity for the 15
mm bunch shown in "B", and so also the square of
the bunch form factor, reduced by a factor of

about 1074,

Data in "C" at wvisible wavelengths are
consistent with the calculated incoherent SR,
and this confirms the absclute magnitude of the
data in this experiment. Hewever, the data
points in this figure are not correcied for the
vertical acceptance because of lack of knowledge
about the vertical angular distribution of
coherent SR, i.e. 100 % vertical acceptance is
assumed.

An obvious intensity decrease is not
perceptible in "A" at wavelengths shorter than
1.7 mm, the bunch length. This spectrum
suggests that the electron bunch from the linac
has a complicated form. For, if it had a simple
shape like a Gaussian, the intensity of coherent
SR would change drastically around the
wavelength comparable to the bunch length.

The SR intensity is proportional to N2 at a
wavelength of 0.4 mm, while to N at 420 nm
(Fig.1l.(b)). In the previous experiments in the
same conditions (10) the SR intensity was almost
proporiional to N at a wavelength of 0.02 mm,
though the absclute intensity was not measured.
Therefore a big growth of the SR intensity is
expected at wavelengths between 0.02 and 0.33
L.

Fig.2. shows the degree of polarization of
the observed SR. The polarization of SR has been
measured to be P = 0.73 and 0.92 at wavelengths
of 0.4 and 1.5 mm, respectively. The radiation

| O S —

P

0.57 | '

O'O N " P P |
O.1 I

A (mm)

Fig.2. Observed degree of poclarization
P. P is defined by the expression in the
figure, where I// and ].l_ are the SR

intensities which have an electrical
vector parallel and perpendicular to the
orbital plane, respectively. The solid
curve shows the calculated wvalue for
ordinary SR with the same optical
apertiure.

is mainly polarized in the orbital plane. The
diffraction correction must be done to compare
these values with observed P.

IV CONCLUSION

The observed SR intensity is proportional

to N2 and enhanced by about N times that of
incoherent SR. The intensity of SR depends on
the bunch length strongly. As induced rf effects
were excluded experimentally (1), we conclude
that we observed coherent SR produced by
electron bunches at wavelengths of 0.33 to 2.0
mm.

V DISCUSSION

It is demonstrated that the bunched
electron beam accelerated by a linac has
sufficient feasibility as a strong light source
at milli- and submillimeter wavelengths. If we
suppose a bending radius of 1 m, a 100 MeV
electron linac with a high peak current is
suitable for the applications.

A single bunch of 5X10'0 electrons with a
length of 1.5 mm has been already achieved (11}.
The bunch compressing methods have been
considered and a bunch length of the order of 70
um is cobtained by a calculation (12). A higher
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accelerating frequency will make a shorter
bunch. Those efforts for the research and
development of the linear colliders will give an
important technical basement to application of
coherent SR. A complemented application of
coherent SR is a bunch form monitor of the
linear colliders, for its spectrum is regarded
as the square of the bunch form factor.

Experiments for studying the transient
phenomena will be enabled by the intense and
extremely short, in the order of picosecond,
pulse radiation from the eleciron linac beam.
The details of the application in the fields of
solid state physics, chemistry and biclogy etc.
are discussed in Ref.5.
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1. INTRODUCTION

Frce electron lasers (FELs) have a
potential to lase with high power and
high efficiency in a wide spectral
range from microwave to soft X-rays and
are now receiving a great attention as a
promising tunable radiation source for
various applications, such as nuclear
physics., solid state physics, nuclear
fusion, photochemistry, medical science,
and so on. Among several kinds of ac-
celerators, a storage ring is now recog-
nized as the most favorable candidate to
achieve short-wavelength FEL oscilla-
tion. We are aiming at the FEL oscilla-
tion at a visible to UV wavelength
region using an electron storage ring
and an optical klystron. Now we are
making experiments to get FEL oscilla-
tion at visible wavelength around 590 nm
with electron energy of 240 MeV using
the ETL storage ving TERAS. So far,
three major elements for FEL: electron
beam, optical klystron and optical
cavity, have been lnvestigated®’ and
FEL-gain measurements are now under way.
Oscillation experiment is also being
prepared.

In this paper we report the results
of the basic researches on the FEL ele-
ments as well as the gain measurement.
We will briefly show the preliminary
results of cavity-length tuning to
achieve the laser oscillation.

2 .ETL STORAGE RING TERAS
ETL storage ring TERAS=2? 1is
schematically shown in Fig.1l. The

average diameter of the ring is 10 m and
the maximum electron energy is 800 Mev.
In FEL experiments the energy is set at
around 240 Mev, which enables us to get
visible light arocund 590 nm. In addition
to the main RF cavity driven at 171.82
MHz, -a Landau cavity, which can feed the

frequency-doubled RF power,®’ 1is also
employed to reduce the spatial fluctua-
tion and the energy spread of tLhe
electron beam caused by the coupled-
bunch instability. Typical characteris-
tics of TERAS is listed in Table 1.

Fig.l Schematic view of ETL storage ring
TERAS.

Table 1 Characteristics of TERAS

Energy 130 - 800 MeV
Circumference 31.45 m
RF frequency 171.62 MHz
Harmonic number 18

Stored current 250 ma
Relative energy spread ~ 1x10-=®

The optlical klystron is mounted in
a 1.8-m straight section. The optical
cavity is composed of low-loss concave
mirrors whose radius of curvature is 3
m. The cavity length of about 5.238 m is
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finely adjusted so as to synchronize the
round-trip light pulse in the laser
cavity with the electron bunches by two
vacuum mirror manipulators driven by
stepping motors and piezoelectric ac-
tuators with the accuracy of less than 2
nom,

The energy spread of the electron
beam is one of the most critical factors
cf the laser gain. The energy spread
was estimated by measuring the modula-
tion on the spontanecus-emisslon spectra
from the eoptical klystron. The modula-
tion rate [ f{which c¢an be calculated by
f=(Ie-Ju)/{Je+lx), where I+« and I. indi-
cate the successive top and bottom in-
tensity of the modulated spectrum} is
approximately related teo the energy
spread (o =/E) as follows

f~ exp[-8%z 2(N+Nal)Z2(oc =/E}Z2]. (1)
Figure 2 shows the dependence of the
energy spread estimated by eq.(1) on the
stored current. In the figure, the data
in 17-bunch operation are also shown in
addition to those in 18-bunch operation
now employed. The current dependences of
g =/E are I°®-27and 1I°-*7 for iT7-bunch
and 18-bunch ocperation, respectively.
The energy spread is around 1x10-2 for
the stored current of several tens of
milliamperes which is used in FEL ex-
periments.

1E-2 T T T T 1T TR =TTy
E' o 1B buncher He- 784 -
oo Tt
17 12
= L en 15y
"
& *
S g3k BT 4
5 F . Y :
J C » -
2 ou GRIPSTLP £ 4
w | 50 o @ —~
TE-4 Ly el 1 L10LU [ Y]

o i

A 1 o
Slersd CurranlimAl

Fig.2 Current dependence of relative
energy spread at 217 Mev.

The beam sizes have an influence on
the electron density in the bunch and
resultantly the laser gain. The bunch
length and the lateral beam sizes were
measured by ¢observing the synchrotron
~light or spontaneous emission with a
fast photodiode and a CCD camera.™* The
current dependence of the bunch length
was measured at the beam energy of 220
MeV and it was found that the bunch
length is expressed as, o =z=206I1°-=2
{(ps), the dependeunce of which 1s similar
to that of the energy spread.

The current dependence of the
lateral beam sizes were measured at the

energy of 320 MeV in 17-bunch cperatiocn.
The anomalous beam sizes were found to
be roughly proporticnal toc 1°-%.

In usual operaticn, there are 18
bunches in the ring. However, in the [FEL
experiments, it is preferable to
eliminate the redundant bunches which do
not contribute the peak laser gain to
avoid the mirror damage by the intense
Uv component in the undulator radiation.
To remove the redundant bunches selcc-
tively, a KEF-KO (radic-frequency
knockout) method was carried out by
feeding a Tregquency-divided ring RF sig-
nal mixed with the betatron freguency to
a perturbation electrode. Figure 3 shows
the typical example of the bunch struc-
ture before {(above) and after (below)
the knockout. It is Tound that only
three bunches, which can synchronize
with an identical light pulse in the
laser cavity, remain in the ring with
the beam current of 12.4 mA(4mA/bunch).
The RF-KO method is not necessarily
reliable at the moment, since the opera-
tion parameters of the ring are guite
complicated because of the usc of Landau
cavity and the ring ccndition is very
sensitive to them. We are now trying to
find the optimum parameters for stable
3-bunch operation.

Full bunches
p=76.5 mA

3 bunches

1p=12.4 mA

Fig.3 Bunch structure before (above) and
after (below) the RF-KO.

3.0PTICAL KLYSTRON

Because of the short straight scc-
tion of the ring, an optical klystron
(CK) was employed to enhance the laser
gain. Figure 4 shows the schematic view
of the optical Kklystron?®’ used in the
present experiment. Two usual undulators
and a dispersive section between them
were composed of permanent magnet blocks
made of NEOMAX-35 (Sumitomo Special Me-
tal Co.), which is a compound of B, Nd,
and Fe, and has higher remanent field



JAERI—M 91—141

than
twWo

Smi{os. Magnet separations in the
undulators and the dispersive sec-

tion can be independently adjusted
mechanically. Sc the parameters, K and
Na, can be set independently also. The

typical parameters of the OK are listed
in Table 2.

Fig.4 Schematic view of optical klystron

Table 2 Parameters of optical klystron.

Magnet NEOMAX-35
Total length 1.47 m
Undulator period 76 mm
Number of period in undulator 8 x 2
Magnet spacing in undulator 34 - 200 mm

Typical magnetic field in undulator
0.31 T (40 mm)

K for FEL 2 - 2.3
Na for FEL 70 - 100
ot (a}
2o J\[\MMM/\ [\MMMI\N
S v T
—1.1.20 0,00 0.20 0. 48 0.6¢ v.l‘ﬂ : 1.00 .20 1.40 1.60
I lal
30 (b)
~Le
-L-oﬂ.iﬂ b. 08 .20 d.4b B.E¢  0.80 .00 .20 1.40 1. 84
Fig.5 z distribution of B, (a) and

electron trajectory {(b).

Figure 5 (a}, (b} show the z-direction
distribution of the magnetic field in
the ¥ direction, measured with a 1all
probe, and the trajectory of an electron
with energy of 250 MeV in the x-% plane,
calculated from the measured magnetic
field. The final displacement X is -0.13
mm which 1is mainly caused by the
mechanical errors in the construction of
the 0K. However, this error does not
have any influences on the ring opera-
tion.

4.0PTICAL CAVITY

As shown later, the laser gain ex-
pected with our device is rather low,
typically of the order of 10-*. There-
fore extremely low-loss cavity mirrors
are necessary to achieve laser oscilla-
tion. The round-trip cavity loss was
measured in the air by the cavity decay
time methed.*? The experimental set up
is shown in Fig.6.

PM1  Spatial filter As2 plate

E/Q modulater /

Purging tube

. Wideband Moncchromator
AMF

Sig.

Oscillo—
scope

Lock-in

AME | e,

Fig.8 Experimental set up for cavity-
loss measurement.

T

Q.5

Round-trip cavity loss (21074}

-

1 L
570 580

o 1 3 1
590 600 610
Wavelength {nm}

Fig.7 Wavelength dependence of round-
trip cavity loss.

The output of an Ar~-laser pumped dye
laser is chopped with an E/O0 modulator
and introduced into the cavity threcugh a
spatial filter and mode matching optics
to minimize the diffraction less. Owing
to the long lifetime of photons in the
cavity, the leading and trailing edges
of the chopped laser light are exponen-
tially tailed. By measuring the specific
time of the tail r , the round-trip
cavity less P is calculated to be
P=2d/{ct ) where d is the cavity length
and ¢ is the light velocity. Actually,
in spite of measuring =t the effective
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phase difference between the input and
output waveforms & ¢ 1is measured by a
two-phase lock-in amplifier. In this
case t 1is related to & ¢ by tan{s ¢ )
= 2z v T Since the cavity loss to be
measured is very low, the results of ob-
servation are considerably affected by
the dust and/or aerosol in the air. In
the present experiment. they were
successfully eliminated by passing a
small amount of dried nitrogen in a tube
inside the cavity instead of a costly
clean rocm. Figure 7 shows the typical
wavelength dependence of the round-trip
cavity loss. The loss is observed to be
less than 1x 10-* at around 590 nm. The
observation of the degradaticon of mirror
reflectivity due to the irradiation by
the undulator radiation is in progress.

5.THE LASER GAIN
A Madey's theorem descrihbes that
the small-signal gain is proportional to
the derivative of the spontaneous-
emission spectrum,®’ and in case cf an
OK the gain Go per pass is expressed
as(}) LT
Go=1.12x10"13[ 4 o(N+Na}N=2/y 2]K=
X [JJ]sz EFfQ (2)
is the undulator period in
is the electron energy in the
unit of the rest mass energy, [JJ] is
the Bessel function Tactor: [JJ] =
{J1(K=2/[4+2K=2])-Jo(K=Z/[4+2K=])} for the
fundamental wavelength, f is the rate of
modulation on the spontaneous-emission
spectrum, p - 15 the peak electron den-
sity in m 2, Fg is the filling factor
caused by the lateral overlap of the
electron bunch and light pulse. In our
case, the peak gain is estimated to be
Go=3x 10-4fFf for the stored current of
1 mA/bunch from eqg.(2).

where A o
meter, ¥
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Fig.8 Experimental arrangement for gain
: measurement.

The laser gain is being measured by
using an external dye laser pumped by an

Ar+ laser. This scheme is the same in
principle as that used by ACO group.®?
The experimental arrangement is shown in
Fig.8. The storage ring is operated in
3-bunch mode with the electron energy of
around 240 MeV. The parameters, K and
Na, of the optical klystron are 2.2 and
73.5, respectively. The CW dye laser
beam is modulated by an E/C modulator
and interacts with the electron beam in
the optical klystron. The cutput light
is detected by a fast photodiode alter
passing through an iris and a
monochromator to reduce the spontanecus-
emission component. At this time E/O
medulator is used to change the direc-
tion of polarization alternately by
eliminating the output polarizer, in-
stead of modulating the light amplitude.
This enables us to aveid the impedance
modulation of the photodiode.®?’ The
photodiode signal is amplified by a
wideband amplifier and sent tc a high-
frequency (HF) lock-in amplifier with a
response up to 50 MHEz where only the
signals in synchronism with the electron
bunches are selectively picked up. The
output of the HF lock-in ampliifier con-
tains both the stimulated-emission com-
ponent and the spontaneous-emission com-
ponent. Since the stimulated-emission
component oscillates with the modulation
frequency of the external laser, It can
be extracted by a low-freguency (LF)
lock-in amplifier ‘locked by an cutput
signal from an E/0-modulator driver. The
final signal from the LF lock-in
amplifier Swse 1s proportional to the
average FEL gain. The photodiocde signal
is alse fed directly to the LF lock-in
amplifier with a mechanical chopper in
front of the monochromator. In this case
the output signal S.e= is proportional to
the input laser power. The average gain
is estimated from the ratio between Skr
and Sow-

This detection system should be ab-
solutely calibrated. With the input
laser off and the chopper in front of
the monochromator again, spontaneous
emission having the same temporal struc-
ture as that of the stimulated emission
enters the measuring system. By using
the signal through both HF and LF lock-
in amplifiers, Vwre, and that through

only LF Jock-in amplifier, Vcor, the
average gain G 1s glven by
G=(SRF‘ VLF)/(VRF' SI..F)- (3}
The peak gain is estimated tc be
G=GTo/(2mo =}, (4)

where To is the revolution time of the
electron bunch in the ring, o = is the
bunch length and m is the number of
bunches in the ring. Typical peak gain
spectra as a Tunction of electron energy
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observed at the wavelength of 597.2 nm

are shown in Fig.9.
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Fig.9 Typical peak gain spectra.

[

(=]

1

240
Electron Energy [ MeV)
Spontanecus-emission spectrum.

Intensity of the Spontaneous Emission {a.u.

Fig.10

An alternating structure of gain and ab-
sorption peculiar to the optical
klystron is clearly found. The maximum
peak gain is about 1x 10-* for the
stored current of 1.64 mA/bunch and it
decreases down to 0.4x 10—+ for 0.85
mA/bunch. These values are in good
agreement with the predicted one by eq.
(2)y, considering the modulation rate and
the filling factor. Figure 10 shows the
spontaneous-emission spectrum for very
low current at the c¢bservation
wavelength of 597.2 nm. The Figs. 9 and
10 clearly show that the peak gain is
roughly proportional to the derivative
of the spontanecus emission spectrum as
predicted by the Madey's theorem.
Figure 11 shows the dependence of the
peak gain on the stored current per
bunch in low current region. Although
the maximum peak gain observed is about
1% 10-<, which is just above the initial
round-trip cavity loss, the peak gain
tends te increase rapidly with the beam
current in this current region. There-
fore, by increasing the beam current as
well as improving the beam quality, such
as beam energy spread, beam sizes, and
so on, we can expect to reach the
threshold for laser oscillation in spilte
of the degradation of the cavity-mirror
reflectivity due to the irradiation by

the spontanecus undulator radiation.

T T T T
10 ot -
I
B 4
[
— I l’ @
\? 3 'fb
=4 ;
b B ' h
— i
¢
<« 5 ; —
’
ro
i
I -
r
’
Fos -
L
_I -4
I}
¢
1 L L 1
4] 1 2 3 4

E-beam Current (mA/bunch)

Fig.1l1 Current dependence of peak gain.

6. CAVITY-LENGTH TUNING

To achieve the laser oscillation,
precise synchronism of the round-trip
pulse

light in the cavity with the

(a) +0.4 m

(b} tuned

{¢) -0.4mm

Fig.12 Observation of output light from
cavity with cavity length detuned by
+0.4 mm (a}, almest tuned (b} and
detuned by -0.4 mm {(c}.
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electron bunches are critical. An ex-
periment of the cavity-length tuning is
now under way. The cavity length can be
preciscly tuned by observing the shape
of light pulses resonating and slightly
penetrating the cavity mirror. Since the
time interval between bunches 1in the
ring is only 5.8 ns in normal operation,
we used a streak camera to observe the
pulse waveform. Figure 12 (a), (b}, and
(¢) show the typical results when the
optical cavity 1is detuned by +0.4 mm,
almost tuned and detuned by -0.4 mm,
respectively. In the case (b), the light
pulse in the cavity overlaps with the
light pulses from the gsuccessive bunches
and the light out of the cavlty Is ob-
served as a pulse train with temporally
symmetric shape and relatively high peak
intenslity, corresponding to the succes-
sive electron bunches. On the other
hand, when the cavity length is slightly
detuned, the pulse shape becomes asym-
metric with the trailing edge (a) or the
leading edge (¢) followed by the round-
trip light pulses.

In the present experiment the
resolution of this technique is rather
bad, + 0.4 mm, since the reflectivity
of the cavity mirrors has been degraded
through a fair amount of irradiatiocn by
the UV radiation. However, In the recent
experiment, it has been found that the
resolutlon can be improved at least by
an order of magnitude by using a guffi-
ciently low-loss cavity mirrors.

7. SUMMARY

We have been making basic experl-
ments for FEL oscillatlon at around 580
nm using the ETL storage ring TERAS and
an optical klystron. The peak gain
measured was about 1x 10-* for the
stored current of 1.6 mA/bunch which was
in good agreement with the rough estima-
tion, considering the measured energy
spread and sizes of the electron beam.
Although this value is just above the
minimum round-trip cavity loss measured
by the cavity-decay time method, a
larger gain will be required to reach
the threshold for laser oscillaticon,
owing to the rapid degradation of the
cavity mirrors irradiated by the UV com-
ponent in the undulator radiation.
However, according to our experimental
result, we can expect much larger gain
by increasing the stored current. A
high-tune ring operation may be also ef-
fective to get higher gain through an
increase of the electron density. A
preliminary experiments to achieve laser
oscillation together with the galn
measurement at higher beam current are
in progress.
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for the Promotion of Science and Tech-
nology until 1988, and Peaceful Utiliza-
tion Technology of Nuclear Energy from
1989, both from the Science and Technol-
ogy Agency.

REFERENCES

1) T.Yamazaki, et al.,"TELL-TERAS Ac-
tivity Report 1980~ 19867, Electrotech.
Lab., 1987, p.72; T.Nakamura, et al.,
ibid., p.72, Mar. 1987: T.Nakamura, et
al., Proc. G6th Symp. Acc. Sci. Tech.,
Tokyo, 1987, p.262; T.Yamazakl et al.,
Proc. 3rd Joint Symp. of Acc. for Nucl.
Sci. and Their Appl., Riken, 1987, p.81;
T.Yamazaki et al..Proc. SPIE 1133,
62(1989); T.Yamazaki et al., Proc. 2nd
international Symp. on Advanced Nuclear
Energy Research, Mito, 1990, (to be
published).

2) T.Tomimasu et al., "TELL-TERAS Ac-—
tivity Report 1980~ 19887, Electrotech.
Lab., 1987, p.21.

3) Y.Miyahara et al., Jpn. J. Appl.
Phys., 22, L733(1983).

4) J.M.Herbelin et al., Appl. Opt. 19,
144(1980) .

5) J.M.J.Madey., Nuovo Cim. 50, 64(1979) .
6} D.A.G.Deacon et al., Appl. Phys. B34,
207(1984).

7) M.Billardon, et al.,IEEL J. Quantum
Electron. QE-21, 805{1983).

8) D.A.G.Deacon et al., Trans. Nucl.
Sci. NS-28, 3142(1881).



JAERI-M 91—141

7. FEL Researches on Induction Linac at ILT / ILE Osaka University
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5. Kuruma, Y. Kitagawa, C. Yamanaka, and S. Nakai

) Institute for Laser Technology
Institute of Laser Engineering, Osaka University
Suita Osaka 565 Japan

I. INTRODUCTION

Institute for Laser Technology and Institute
of Laser Engineering have a cooperative program
for high power FEL using an induction linac.l’?
The final purpose of development of a high
power FEL is to use it as an energy driver of
But before this,
there are many interesting applications as a laser

inertial confinement fusion.

acceleration, plasma heating and diagnostics and
S0 On.

For the first step, we started to develop GW
level FEL system for the application of laser
acceleration.

II. FEL SYSTEM

1. Total System
A total system that we planned is shown in

Pulser

Lekko v

CO, laser pumped
Raman |aser

400~1060um
D,0,CHF etc

Wiggler I (8 stage}

Accelerator cavities

(4 stage)

Fig. 1 Total system of induction linac at ILT / ILE

Fig. 1. Induction linac is drived by pulsed power
source which is synchronized with Lekko XIII
COg3 laser system. Lekko XIII which has output of
1 TW in a ns is used te pump Raman laser of

which wavelength is 400 ~ 1000 um. Induction

linac has injector of 6 stages and accelerator of 6
stages. We have completed the induction linac
and wiggler L

Wiggler II was designed and under

construction. Wiggler 1II is under designing.

Tab.1, FEL Facility at ILT/ILE Osaka Univ.

sInduction Linac
12 stage x (500 ~ 750 kV)
5KA (ate- gun)
102 ns pulse length
AE =+2 %
*E-Beam Gun
brightness -~ 10 A/cm?rad?
*Beam Transport
Solenoid /Hermholtz coil
/Trilpet Q-Mag./Steering Mag.
Beam aperture at enirance of transport
section '
emumitance selector
sWiggler
Wiggler I : planer permanent magnet
Clw=6am N=30 K=05 ~2 (Tapered)
Wiggler I : Helical pulsed electro-magnet
Aw=3cgn N=530 K=05~1
Wiggler 1T : pulsed electro magnet
Aw=3mm N=100 k=01
{under designing)
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These parameters are shown in Tab.l. Fig. 2

shows the photograph of induction linac.

{1) Beam Generation
An electron beam is generated and
accelerated at a diode. The diode is field emission

type and the cathode of velvet is used. The
current and normalized emittance is 10 KA and

104 A / cm2rad?, respectively. The 8 stage
induction linac can produce a 4 MeV electron

beam. The beam is transported from the

induction linac to the wiggler by the axial

magnetic field generated by six Holmholtz coils.
The axial magnetic field profile and a calculated
beam envelope between the diode and the

entrance of the wiggler are shown in Fig. 3. In
the induction linac the electron beam with 1.2
KA current and 0.05 rad.cm emittance is confined
to 20 mm radius by the axial magnetic field with
the intensity of 400 G. The magnetic field is
to 700 G to

coil

#

Fig. 2 Photograph of induction linac

Wiggler

’g 40— 1200
E
» 30F i { 900
= — Bzy
S 20p—" L 600
o Vi
% 1o/ Y { 300
:

° 1 2 3 4 5 ©

Distance (m)

Fig. 3 Intensity profile of the axial magnetic field
and calculated envelope of the electron beam

[S]

—

d

injected the beam into the wiggler. The beam is
focused to 15 mm radius at the entrance of the
wiggler field. A diagnostic section is located in
this coil region. The current is monitored by a

Faraday cup.

{2) Interaction Region

A wiggler 1 which we used for the
experiments consists of planer permanent
magnets. The period of the wiggler is 60 mm and
the number of the period is 30. Each five period
Composes' one block of the wiggler. The wiggler
field on axis for each block can be varied from 4.5
kG to 500 G by changing the gap independently.
This makes taper the wiggler to achieve high
efficiency. The relations among the gap
separation and the wiggler field and the K
in Fig. 4. In the

parameter are shown

experiment, the wiggler filed is 2.47 kG.

One of a key issues of the FEL experiments
is a transport of the electron beam. Vertical
focusing is provided by an wiggler field. For
horizontal focusing a simple quadrupole like

5

» - measured

Bys {(KG)

Pecle Gap (mm}
Fig. 4 The intensity of the wiggler field and K

parameter versus wiggler gap separation.

magnetic field is applied. The quadrupole is field
generated by the coil pair as shown in Fig. 5.
These magnets are used to stabilized the electron
orbits in the wiggle plane with a gradient of 30 G
/ cm which slightly reduces the vertical focusing.
This field introduces perturbation less than 4
percent to the wiggler field at the edge of the
waveguide. No solenoidal focusing is used in the

interaction region.
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25~70mmn\ 1
/A period
126mm- (60mm)
N .

Quadrupole Coils

Fig. 5 Newly designed quadruple magnets for
horizontal focusing of the electron beam.
The gradient of the field is about 30 G/cm.

The copper rectangular waveguide with
the cross section of 29 mm x 58 mm {(WR]-4) is
employed. Dominant waveguide mode is
assigned to be TEp; mode. The beam current is
monitored by the Faraday cup: Time integrated
beam profile is monitored by the Cherenkov light
which is generated by the polyimide film. The
current along the wiggler is shown in Fig. 6. At

600

Z=200mm

500}

(A)

400+
3007

2007

Beam Current

100}

0

G 1000 2000
Distance in the Wiggler {mm)

——With Quadrupole Coils (a)
------Without Quadrupole Coils (b}
Fig. 6 Transmittance current versus axial
distance in the wiggler. Time integrated
"beam profile at 200 mm downstream from
the beginning of the wiggler shows the
focusing of the electron beam when the
quadruple field was applied.

210 mm downstream from the wiggler entrance,
the beam is focused 3 mm in vertical direction
and 13 mm in the wiggler plane. The beam 200
A, 3 MeV is transported to the end of the wiggler
when the quadrapole field is applied.

Both the beam current data and the beam
profile shows mismatching of the beam at the
injection of the wiggler. This causes the beam to
hit the waveguide wall. A stronger focusing of
the beam at the entrance of the wiggler may

increases the current fransmission.

(3) Microwave Diagnostic

Qutput radiation is monitored by a crystal
detector calibrated at 75 GHz. This detector is
located at 2 m downstream from the wiggler end
to avoid the beam damage. The waveguide is
tapered to the small cross section (22.9 x 10.2 mm)
waveguide. About 10 % of the output power can
be monitored.

IIT. EXPERIMENTAL RESULTS AND
DISCUSSION

The energy, current and pulse width of the
electron beam are 3 MeV, 200 A and 100 ns,
respectively, The experimental parameters is in
the "High Gain, Strong pump" regime.

The spontaneous emission from the beam
passing through the wiggler is observed. Output

POWER (as)

TIME (50ns/div)
Fig. 7 Output waveform of super-radient mode
FEL monitored by a crystal detector
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width of half maximum (FWHM) of the oufput
was 100 ns. Qutput power is about 2 kW. The
wavelength of FEL is estimated to be 1.2 mm.

The gain is measured by changing
interaction length. The radiation power versus
the interaction length is shown in Fig. 8.

One pass gain is 30. dB. The loss of the
waveguide is 0.09 dB, which is negligible small
compared with FEL gain. The obtained gain is

lower than that estimated from the cold beam

gain (3) because of the effective energy spread of
the electron beam which is induced by the
emittance and the misalignment. The
experimental gain agrees with the simulation
when the effective beam energy spread is set o be
3.7 %.

Future Plan of High Power Experiment

For high power FEL experiments the high
power radiation source is required. Optically
pumped gas laser which will be used to produce
the high power (10 kW - 1 MW) with the
wavelength from 100 pm to 2 mm, when we use
100 GW level CO; laser Lekko XIII as a pump

100¢ Gain=30dB/pass

- .

aQ L

2

0

o

S 10t

Q. N

S -

(@] L

1 1 1
0 1000 2000

Interaction Length (mm)
Fig. 8 Small signal gain in the super-radiant
mode as a function of wiggler length.

laser. At least the input laser power is expected
100 kW, then the 30 dB amplification may lead to
the 100 MW output. Saturation power level is
estimated to be the order of 5 - 10 % of the beam
power. This conversion efficiency is expected to
be 30 % by the patering of the wiggler (4). Thus
600 MW beam may produce 200 MW far infrared

radiation.
IV. SIMULATION FOR INDUCTION LINAC FEL

For achieving high conversion efficiency of
the electron beam energy to the radiation, we
simulate the saturation processes of the
amplification by a three dimension waveguide
mode simulation code (WAGOS).

By the simulation, it is found that the
conversion efficiency enhancement by the
tapering is very sensitive to the number of the

excited waveguide modes.

In the simulation, the FEL parameters are
set as shown in Table 2. The radiation
wavelength is matched with the CH3F laser
namely, 498 um, from the resonance condition,

o =(k2+kDc2+ 0} /v,

w=(kz+kw)Vz= 0p / Y2o/7;

V-/c=-K /v,

Y= Vi e -Vi/c?

Table 2
Wiggler wavelength 6 cm
length 1.8m
B-field 236 kG
Radiation wavelength 498 um
Beam energy 6 MeV
current 2kA
radius 3 mm
waveguide radius 10 mm



JAERI—M 91—141

The wiggler K value is determined as

1/2
2

it .
1/2 |~
l+u{1_(ﬁnm /ch)zj J

where K = eBy, / kyyMc2, r¢ = kyyle, © = ® / ko,

K:iy%_

and Bnm are the zeros of the Bessel function of the
mth order. When the excited mode is TE11
mode, the wiggler is determined to be 2.36 kG,
which is the initial field strength of the tapered
wiggler.

In Fig. 9 we compare the spatial
evaluations of the radiation between a single
mode excitation case and a multimode excitation
case. In those simulations, the injected radiation
intensity is Pi = 800 W / mode. Note that this
corresponds to AE = 105, and the filling factor =

0.25 in Fig. 8. Here the wiggler field decreases
form 2.36 to 1.4 kG between Z / A =20 and 30. In
the multimode case, the TEj1 mode is not

amplified after z / Ay = 16. On the cther hand, in
¢

{a)

AR

-6 laa 11 2 L : :
0 6 12 18 24 30
2/
0
(b}
F
-2
uwi
<
-4 -
-6 Amdd |1...|.|-¢1..|||l;;.n
Q 6 12 18 24 30
i

w

Fig. 9 spatial growth rate of the TE1; mode. (a)
signal mode excitation, where the TEj1 and
TM11 modes have finite amplitudes ; (b)
multimode excitation case, where TE1n and
T™M1n (n = 1, 2,3) are excited.

the single mode case, the amplitude increases
after z / Ay = 20 up to eAs / mc? = 2 x 102 which is
two times higher than that for multimode
excitation case. The energy extraction efficiencies
are 20 % and 5 % for the (1, 1) mode in the case of
Fig. 9a and 9b respectively.

V. CONCLUSION

Preliminary experiment of the super-
radiant mode FEL is performed. A new designed
quadrapole magnets can focus the electron beam
of 200 A current and 3 MeV energy. FEL output

of T kW level is observed. One path gain is about
30 db of 100 W level is observed. One pass gain is

about 30 dB. 100 MW level output is expected
when optically pumped gas laser is injected.
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Abstract

Periodical short pulse trains were observed
in the waveguide mode free electron laser oscilla-
tions, which could be explained as a self mode-
locked oscillations of the free electron laser. The
spectra of the spontaneous emission and the in-
duced emission were observed, which were in
good agreement with theoretical calculations.

l.Introduction

In order to obtain a free electron laser
(FEL) operation[1,2], relativistic electron beam
with small energy spread and high current density
is essential. Intense relativistic electron beam
(IREB) can produce a very high current electron
beam, but the energy spread is very large, which
is assumed to be due to the formation of the
plasma cathode[3].

Two types of cold relativistic electron beam
source for the studies of FEL have been devel-
oped. One of them is a new type of a cold rela-
tivistic electron beam scurce (CREB){4], in which
the IREB is generated in the first gap of the accel-
eration tube and additionally accelerated by an-
other eight acceleration gaps. The acceleration en-
ergy, current, and pulse duration of the electron
beam are about 0.5MeV, 10~30A/cm2, and > 1ps,
respectively. The acceleration voltage was kept
constant within +1% for about 200ns. The other
type of the cold relativistic electron beamn source
is the relativistic photo electron (RPE), which
makes use of a UV pulse laser to induce photo-
electrons from metal cathode[5]. The ferth har-
monic of a Q switched YAG laser is irradiated on

the metal cathode. The photo-electrons are then
accelerated to relativistic energy. The acceleration
energy, the current, and the pulse duration are
about 0.5MeV, 1~2A, and 8ns, respectively. The
transverse energy component was measured to be
less than 17eV[6], which implies that the energy
spread is extremely small. :

Using ihe RPE, the waveguide mode FEL
using a planar wiggler was constructed, and spon-
taneous emission and FEL gain were measured,
which were in good agreement with the theoretical
predictions. Using the CREB as an electron beam
source of the FEL, laser oscillation was obtained.
Periodical short pulse trains were often observed,
which could be explained as self mode-locked
oscillations of FEL. The pulse width and the pulse
train intervals of the periodical short pulse trains
were about 4ns and about 24ns, respectively.

2.Experiments and discussions

The experimental set up is shown in Fig.1.
RPE is produced by irradiating Zn cathode target
with the fourth harmonic (266nm, 30mW, 8ns) of
Nd-YAG laser beam with successive acceleration
up to about 500keV, of which energy is supplied
by a Marx type electrostatic accelerator. Good
controllability in the transverse position of the
electron beam was obtained by using two pairs of
steering magnets in horizontal and vertical direc-
tion. The electron beam is injected into the
interaction region through an aperture
{D=4.5mm).

The interaction region is composed of a
linear wiggler, a rectangular waveguide
(axb=2.29cmx1.02c¢m), and an axial guiding
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Fig.1 Schematic diagram of experimental apparatus for measurement of various characteristics of FEL.

Table 1. Experimental parameters for the measurement of a small signal gain.

Electron beam Wiggler Waveguide
Energy :0.5MeV Pitch length : Sem Size :22.9x 10.2mm
Current 1A Number of pitch : 15 Cut off
Pulse length  : 8ns K value :0.05 ~0.5 | wavelength: 18.6mm
Energy spread : <104

magnet (Bo=1kG~10kG). The periodic linearly
polarized wiggler magnetic field is produced
by passing current through the linear elec-
tromagnet windings. The total number of
periods is 1§ and the first and the last 1.5 pe-
riods are adiabatic region. These experimental
conditions are summarized in Table 1.

Figure 2 shows the transmission of the
electron beam through the interaction region (the
ratio of current at the end of wiggler to that at the
entrance of the wiggler) as a function of guiding
magnetic field strength for various K values of
the wiggler. The arrow shows the calculated value
of the resonant magnetic field strength. The rapid
decrease in transmission near the magneto-reso-
nance results from the current loss to the waveg-
vide wall, as the transverse excursion of the elec-
tron beam increases to infinity. Furthermore, the
drift velocity of guiding center due to nonuniform
distribution of transverse wiggler field increases
near the resonance and the electrons are kicked-
off from the orbit.

For the purpose of spectrum analysis of the
spontaneous emission, the radiation signal from
about 1 Amp., 526keV electron beam was intro-
duced into a 70cm - long rectangular waveguide

1 T T T T

T
~— O fod]
O

J/
-

A

50 Bw {KG) E =540 keV

0.1¢
0.20
0.30
0.40
0.50

Transmission Ratio (%o}
1

Lol Nule!

o |
o} 1

Fig.2 Transmission of electron beam through the interaction
region with the wiggler as a function of guiding
magnetic field streagth, (Vo=0.849¢)

(34GHz, 0.711cmx0.356cm) whose cut-off fre-
quency for TE10 mode is 21.09GHz. And then the
signal was filtered by a cylindrical cavity filter
(32~36GHz for optimum operation, Q=800) and
was measured by a crystal detector. The field
strength of the guiding magnet and the wiggler in
the interaction region was 2.1kG and 0.36kG re-
spectively, being sufficiently far from the mag-

42 —
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neto-resonance region. Qutput power of about
0.1mW was observed from 32GHz to 36GHz with
about 2GHz FWHM, which is in good agreement
with the theoretically predicted spectral width of
spontaneous emission (Av/v=1/15) as shown in
Fig.3.

The experimental scheme for the gain mea-
surement was shown in Fig.l. Monochromatic mi-
crowave (34.4GHz, 20mW in CW) from a Gunn
oscillator is injected into the interaction region.
The output signal was measured by the same
method as described above. For example, under
the condition of Bg=2.1kG, Bw=0.36kG, 2.29cmX
1.02cm waveguide and 34.4GHz microwave
injection , the resonant electron energy is 526keV.

The waveguide is oversized for 34GHz, and
many modes are possible to exist as shown in
Fig.4. But the investigation on the matching con-
dition showed that the TE1p mode is the only one
mode that can stimulate the electron beam to ra-
diate. For the other modes, the velocity of elec-
tron satisfying the matching condition exceeds the
light velocity in free space, which is impractical.

Experimentally, under the same condition
above, absorption or gain coefficient of about
0.3/Amp. was observed as shown in Fig.5, which
means that this system works as a free electron
laser facility in Compton regime in the tenuous
electron beam limit. The theoretically calculated

1.0 T T T
; L
_g_ o8 E =™ 526 kev 4 _
] By = 21 kG g
x — n
e B, = 0.36kG &
€ 86 ~ g-o.ss2 3 ;:U
> L ‘o
u =
Eoa| 2 3
i - g
E
I N 1
€ L
: !
R =—— 3 % 0

30 32 34 a6 38

Frequency (GHz)

Fig.3 Spectram of spontaneous emission power measured as
a function of frequency (dots) and the energy radiated
by an electron per unit frequency calculated
theoretically (solid line). The vertical scale of the
power measured is adjusted such that the vertical
position of the dot for the peak power near 34.4GHz
coincide with the peak of the theoretical curve,

T H I
a0 f(GHz}

TEw
TEz20

TEo

TEn,TMu
fu = 34.2 GHz

TE21, TM21
11 = 6.81 GMz
f. = 6.55 GHz
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Fig 4 Dispersion carves of various waveguide mode.
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Fig.5 Small-signal gain coefficient (I, Pour=Pine! ¥ where
Pjp is the input power and Py is the output power) of
20mW, 34 4GHz microwave as a function of the

energy of RPE.
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Fig.6 Variation in the small-signal gain coefficient as a func-.
tion of the current of RPE (dots). The solid line is a
linear regression.
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value of the gain coefficient is drawn by a solid
line, which is in good agreement with the
experimental result.

Figure 6 shows the small-signal gain coef-
ficient as a function of the current of RPE. The
current of RPE is varied by changing the intensity
of the 4-th harmonics of Nd-YAG laser pulse in-
cident on the photo-cathode. The dots represent
the measured value of gain coefficient and the
solid line is a linear regression. The gain coeffi-
cient is proportional to the current in the range of
0.3~1.5A, which means that the FEL apparatus
works in the low-gain Compton regime in the te-
neous-beam limit. The plasma frequency corre-
sponding to 1.5A of 540keV RPE current is 0.12
GHz, and it is much smaller than the frequency of
the injected microwave.

Figure 7 shows the variation of small-signal
gain coefficient as a function of the wiggler mag-
netic field. The error bar represents the standard
deviation over 5 shots. The parallel speed(f,) of a
fixed-energy electron decreases and thus the
matching condition changes as the wiggler
magnetic field increases. The numerics written
beside data points represent the energy of RPE.
Note that the gain coefficient is proportional to the
square of the wiggler magnetic field in the limit of
weak pumping (Bw=0.2~0.6kG). This is also a
proof for the operation in the low-gain Compton
regime.

Using the CREB as an electron beam
source, the FEL oscillation was obtained. The ac-
celeration voltage and the current of the CREB
were 517keV and about 10A, respectively. The
magnetic field strength of the guiding coil, Bg,
and the wiggler, By, were 2.6kG and 0.52kG, re-
spectively. Periodical pulse trains were often ob-
served,

Figure 8 shows the oscillation characteris-
tics of this system as a function of the wiggler
magnetic field strength By and the RPE current.
The bars of the data represent the region of the
current in which the oscillations occasionally oc-
curs. (Consequently, the solid line represents the
experimental conditions which gives the threshold
for oscillation)

Figure 9 shows a typical waveform of the

periodecal pulse train, whose pulse width and
pulse train intervals were about 5ns and 24ns,
respectively. This waveform could be considered
to be a self mode-locked oscillation[7]. The pulse
train interval, 24ns is in good agreement with the
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Fig.7 Variation in the small-signal gain coefficient as a func-
tion of the wiggler magnetic field.

30(-

25]- Oscillation

201

151~

current {A)

No Oscillation

_‘{ 1 1 1 1 L
0.3 0.4 Q0.5 0.6 0.7

Bw (kG

Fig.8 Diagram of the RPE current and the wiggler magnetic
field strength By, which gives the threshold for
oscillation.
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Fig.9 A typical waveform of the periodical short pulse trains.
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theoretical calculation under the assumption that
the oscillation occurs at the lower branch of the
TE10 waveguide mode.

3.Conclusions

We constructed a FEL system using linearly
polarized wiggler and rectangular waveguide, and
investigated the operation characteristics by using
tenuous cold relativistic electron beam. The spec-
tra of the spontaneous emission and the induced
emission were in good agreement with theoretical
calculations. Periodical short pulse trains were ob-
served, which could be explained as self mode-
locked oscillation of a free electron laser.
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ARSTRACT

A long pulse (microsecond pulse length), high volt-
age { S00KV ), medlum curvent density{ 50-13504/cm2)
relativistic electron beam is generated from field
enission dlode with velvet cathode. Diede charac-
teristics Including beam divergence angle and gap
closere velocity are nmeasured. In the Initial
experiment, this beam is applied to a circular free
electron laser, and the preliminary experimental
reselt Is present. In the secend phase, dlode
vollage will increase up to 12KV,

1. IXTRODUCTION

Host  of free electron laser (FEL) experiments
in long wavelenglh reglon may be classificd into
two groups from the standpoint of electron beanm
generatlon - high voltage/short pulse experiments,
and low voltage/long pulse experiments. The former
experiments have employed high voltage (>500kV),
short  pulse {<100ns) power supply, such as Indug-
tion Iinear accelerator and pulseline machine (Marx
generator combined with pulse forming line). Thelr
fleld emlssion type velativistlc eclectron bean
(REB) diode with metal or carbon cathede can not be
applied for microsecond pulse operation, because of
gap closure by expandlng cathode plasma. In the
latter experiments wilh Jow voltage reglen less
than 200KY, a convenllonal thermionfc electren gun
can be outilized to obtaln long pulse with
ricrosecond pulsewidth. llowever, It is techrlcally
difffcult and expensive to apply a long pulse ther-
mionic electrom gun in high voltage with MV range.
Alse, thelr beam current Is not high enough for
some FEL applications.

¥e have been developing high voltage(0.5-
1.5KV), medium current density{ 50-150&/cn? ),long
pulse (microsecond pulse length) REB gemerator with
velvet field-emission dicde. This long pulse beam
Is applied to a clrcular FEL[1,2), where Lhe beam
rotates azimulhally under an axial magnetic [ield
and azimuthally periodic wiggler magnetlc Fleld in
the radial divection,

2. FAPERIMENTAL INSTRUNEKT

2-1. TOWER SUPPLY

Ir order to obtain a long pulse RED,
generator with 1.5MV vollage and 20K)
energy Is directly connected Lo a REB dlode.

a Marx
storage
There

Sagamihara,

Japan 225§

15 a shunt resister Rs of CuSO4 solution, In paral-
lel to the REB diode, to adjust discharge time con-
stant CRs. If tle effective diode resistance Rd Is
much larger than Rs (Rd>>Rs), mest of the discharge

current [lows In Rs and Lhe voliage waveform |5 al-
most Independent of the Lemporal varlaticn of Rs or
the dicde current fluctnatlion. The diode voltage
remains almost constant In the time scale of
b<cCRs.  The gcmalulng perlod t20Rs of the dis-
charge provides decrcasing veltage waveform. In
parallel to the diode, we will Install a diversion
discharge gap, which is ‘triggered by a excimer
taser pulse, In order to avold long exposure of Lhe
diode and power supply to ile high veilage.

2-2. RER GENERATION

¥e found Lhat a Ticld emission dicde with vel-
vet  calhode has slow gap closure characleristics
and is suitable for long pulse operation. It s
probablly due to reialively low electvon tempera-
ture of cathode surface plasma, which 1s generated
by occluded, gas-enhanced [leld emission [rom vel-
vet surface. The threshold surface electrical fleld
te cmit eleclron beam from velvet calhode s ap-
proximately 25k¥/cm.  The medium beam corrent den-
sity  of 50~150A/cn® Is cbserved above the
threshold.  Figure 1 shows the diode voltage and
current waveferm.  The dicde voltage remains almost
corslant Tor early 0.7ns duration. The cffective
gap ¢istance D is calcnlated In use of Chlld's cur-
reat formula and Is Indicated In Flg.2. In early
phase of <Ips, D decreses rapldly with expanding
velosity Scm/ns. However, In later phase of »lns,
siow plasma  expanslon with 0.2-0.5cm/ps s
observed.  Shefer et.al.]3] proposed a theoretical
model  of [ield emisslon dlode with expanding
callode plasma, which predicts the existance eof
rapid-expanding early phase and slow-expanding
later phase.  Cur experimental data are quatita-
tively consistent with the model.  The temporal
varlations of beam emittance and dlvergence angle

are measurcd by means ef pepper pot method.  The
typical lean divergence angle Is 40mrad,
3. ROTATIKG BEAN AND CIRCULAR FEI EXPERIKENT
¥e have applied this long puise RER to cir-

cular FEL.  An anmular velvet cathode emits a fhol-
low beam, which is propagated through a cusp mag-
netic field. The axial velocity Is converted Lo
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the azlmuthal velocity, and a RED rotzles under 2 the inner and euler gap rvadius Is 5.5¢cm, 7.0cm,
uniform axial magretic field. We oblain a rotating respectively. Yo propagate the volablug REB
beam wilh energy 450keV, curvent 204, pulse lenglh Lhrowgh  the wiggler magnetic fleld.  Flg.4 is the
Ins, vadlus 6.0c¢m, beam thichness 8.5cm, and v /v, beam patlern al the end of Lhe wipgler. 1L s ob-
=0.9-0.95, where Yo , and ve demote total, and served Lhal the rolaling REB motion s modulated by
azimuithal velocity, respectively. Flgure 3 shows Lhe wigeler field with periodicily K=12.

the beam pattern of this rotaling REB ina wniflorm
magieble fleld. However, the beam radius spallally

fluctnates along Lhe wuniform magnetic [ield becanse REFERENCE
of a finite widlh effect of cusp transient
region[4].  We will nodifly the spatial prolite of [1] ¥.W.Destler, et al. Phys. Fluids 28, 1962{1985)
cusp magnetic [leld to suppress this cohcrenl off- [Z] H.5aite and J.S.¥urtele,Phys. Fluids30,2269{1987}
centering. 3] R.E.Shefer, ct al. Phys. Fluids 31, 930{1988)

A wiggler magnet system is designed and con- (4] H.2.Rhee and ¥.¥.Destier, Phys.Fluids]?,1574
stengled  Tor the clrenlar FEL.  The wiggler peri- {1974)

gdleity N=12, the wiggler fleld strength B=800G,

(a)

=1

Voltarge
1CCkY/div

(h)

<=

Current
100a/div

(!J ) 1 :2 [srs0c] Ug ' 2 ' 1 - 5 * !{, * IIU
Time
T1MIE ([us)
Fig.1. Waveforn of long pulse REB diode with velvel Fig.2. Temperal varlation of effective gap distance
fleld enlssion cathode. voltage (a),and curreni{b). D calculaled Trom Child's Law, Peak dlode voltage

= 370KV, calhede-ancde distance=i0cn.

Fig.3. Beam pattern of retating RED in 2 uniforn Fig.d. Beam patlern ab the ond of wiggler magnet

axial magnetlc field at 30ce dosn Trom  cusp of cireular FEL ( 45cm down Trom cusp Lrapsition).
transition. Ream motion Is-modulaled by wiggler [ickd will pe-

riodicily R=12.
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ABSTRACT

The purpose of this paper is to present a short
description of the FEL activities in Europe. We are
considering only experiments which have been already
funded and are under constructien. About 17 FEL
projects are going on, most of them in the Compton
regime.

1 - INTRODUCTION

Since the first operation of a FEL by J. Madey and

his group(l) most of the laser oscillations have been
obtained in the U.S.A. with the exception of the Orsay

experiment(2) (1983 on ACO and 1989 on Super ACO)

and more recently the Novosibirsk one (1988)(3).
However the situation is changing and about 17 projects
are under construction in Europe. They are trying to
cover a broad band going from the mm region to the
ultra violet. Itis impossible to describe thoroughly those
experiments in a limited space ; they will be presented
per country.

The table I presents the projects already funded.
The first column gives the location ancd the name, the
second the type of electron machine, the third the energy
(MeV) and the last ong, the expecled energy range of the
laser.

FRANCE Type Energy (MeV) A(U)
ACO(Orsay) SR 150-240  0.4-0.7
‘l’ Super ACO (Orsay)y SR 600-800  0.2-0.7
f CLIO (Orsay) L 30-70 2-20
* ELSA (Bruyéres le

Chatel) L 20 3-20
GERMANY :
DELTA (Dorumund) SR 500-1000 0.1-0.4
* DARMSTADT SCL. 35-50 2.5-5.3

ITALY
ENEA (Frascati)
a) M 20 20-40
b) RM 50 i-35
c) CD 5 100-400
LISA (Frascati) SCL 25 11-18
ELFA (Milano) SCL  7-10 3000
SEAFEL (Legnaro) EA 3 2500
NETHERLAND
"FELIX (Nieuwegein} L 15-45 5-160
TWENTE
ay L 25 0.2-20
b) RM 25 20
c) D 1.5 1500
USSR
TNOVOSIBIRSK SR 350 0.2-06

+in operation today SR = storage ting M = microtron
L = R.F. Linac RM =race track
microtron

 expectted in operation

within a year SCL = supercon. EA = Electro-
Linac static

D =Diode accelerator

CD = Cerenkov device

Table I : F.E.L. projects in Europe

2 - DESCRIPTION OF THE EXPERIMENTS

2-1.A.C.0O. (Orsay)

The first F.E.L. emitting in the visible was

operated in 1983(4) at Orsay on the old storage ring
ACO, built in 1964. Despite of the reduced
performances of this ring, studies were conducted
during several years (until 1987) giving precious
informations on the F.E.L. physics (discovery of the Q
switch operation, the macrotemporal structure of the
laser...). The ACQ F.E.L. was moved on Super ACO
in 1987.
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2-2 Super ACO (Orsay)

It is a 0.8 GeV storage ring devoted to
synchrotron radiation experiments. It belongs to the new
generation of machines caracterized by a low emittance

(e,=38 10-8 m.rad) and a large nurber of insertion

devices (4 for the moment, 6 possible). It is injected
with positrons, to improve the stability and the lifetime
of the beam.

For F.E.L. experiments, Super ACO is operated
at 600 and 650 MeV, with two stabilized opposite
bunches, separated by 120 ns. The permanent magnet
optical klystron is made of two undulators of 10 periods
of 13 cm each, and 0.5 m long dispersive section in the
middle with a maximum deflection parameter K = 5.75

The first laser operation was obtained in the
visible at 6000 A(3), The laser operates now during
several hours from 30 to 2ZmA per bunch.

- The wavelength tunability is 500 A, limited by the
mirror bandwidth.

- The maximum extracted power has been 290 mW
(theoretical prediction 478 mW) for a ring current of 89
mA.

- Usually the laser oscillates on the TEMpq mode but
several modes TEMgp, with nup to 5 can be observed.

- However the more important result has been the first

observation of deterministic chaos in a F.E.L. (6). This
has been obtained by modulating the R.F. frequency.

- Experiments are underway to obtain a spectral
narrowing by the insertion of a dispersive element inside
the optical cavity, the Q switch operation and the
oscillation around 2500 A.

2-3 CLIO (Orsay)

The CLIO collaboration between three
laboratories started in 1986 in order to build an infrared

F.E.L. at LURE (Orsay)(7). For that an § band R.F.
linear accelerator is under construction, The table II
gives the parameters of the electron beam.

The R.F. linac consists of a 100 KV dispenser
cathode gun, 4 500 MHz prebuncher, a S band standing
wave buncher followed by a § band travelling wave
accelerating section 4.5 meter long

Energy range : 30-70 MeV
Micropulse length : 10 ps

Micropulse peak current: 110 A

Micropulse charge : InC

Macropulse length : up to 12 pis
Macropulse peak current : < 300 mA
Macropuise repetition rate :  12.3, 25, 50 Hz
Average beam power : up to 7.5 Kw
Normalized emittance : £ 150 ® mm, mrad
Energy spread : ~ 1%

Table II - Electron beam parameters

The 3 GHz buncher of 1.5 MW and the
accelerating section of 25 MW are fed by a 28 MW peak
output Thomson-CSF klystron.

In order to obtain enough gain at low wavelength
together with a proper energy extraction at longer
wavelength a two component undulator has been built.
It is made of two identical undulators of length

L =09 m=24 %, (A, is the period = 4 cm).
Moreover the second undulator can be tapered.
The laser is expected to be tunable in the range
2-40 L.
The calculated peak power (per micropulse of
10us) is 100 kW, the average power varying between

50 and 6 W.
The first oscillation is expected for January 1991,

2-4 ELSA (Bruygres le Chatel)

The purpose of this laser is to obtain high power
and high efficiency. To reach this goal the following
components are under construction :

- a photo injector using a R.F. gun cavity at
144 MHz to produce electron bunches.
- 4433 MHz 3 cell cavity powered by a 6 MW

peak power and 200 us pulse duration klystren.
- a tapered hybrid undulator using permanent

magnets and pulsed coils(3),

The photoinjector is very similar to the one built at

Los Alamos(9).

The optical mirror mount is based on concepts
developed at Spectra Techunology Tnc(10),

The simulations show that extraction efficiencies
between 0.5 and 4 % could be obtained for

A = 15-251. The laser peak power could be as large as
30 Mw and the macropulse average power around 100
kW.

The laser oscillation is expected by the beginning
of 1951,

2-5 DELTA (Dortmund)

The Dortmund Electron Test Accelerator (DELTA) is a
low emittance (g, ~ 10-8 mrad) storage ring under

construction at the University of Dortmund {110, It is
based on a FODO lattice structure, similar to the one
used by J. Madey for his 1 Gev ring and it is optimized
for F.E.L. operation : small horizontal emittance, short
bunch length, high beam current, large energy
acceptance, strong radiation damping. Two straight
sections of 20 m length will be available for insertion
devices. The energy available will vary between 500 and
1000 MeV.

The first experiment will be based on an optical
klystron, using electromagnet undulator. A gain of 10 %
is expected at 4000 A with E = 500 MeV and I = 30
mA.

[n a later stage, by increasing the energy to 1 Gev,
oscillation is expected in the UV. Finally a high gain
F.E.L. is planned to reach wavelengths of about 250 A
or even below.
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2-6 DARMSTADT

The Darmstadt F.EL.(12) is based on a 130 MeV

superconducting electron accelerator S-DALINAC(13),
For the F.E.L. experiment the energy used will vary
between 35 and 50 MeV.

The injector of the superconducting accelerator has
gone inte operation about 3 years ago and acceleration
tests with the main linac have been carried out recently.
The emittance and energy spread of the electron beam
was found to be within the design values.

The pulsed high current electron source has been
tested successfully. It delivered beam pulses with a
length of less than 2ns, a peak current of more than 30

mA and a normalized emittance of less than 21 mm
mrad. These beamn pulses will the be chopped 10 about
0.4 ns and bunched to 5ps by a system consisting of a
subharmonic chopper and prebuncher resonator both

operating on the 5th subharmonic of the linac frequency
at 600 MHz.

The undulator is being built in the wedged pole
configuration with a periodic length of 3.2 cm and a
peak magnetic field of more than 0.4 T. The number of
period is 80, its total magnetic length amounts to 2.56m.
The field tolerances with respect to magnetic field
variation, first and second field integrals have been
chosen to decrease the small signal gain by no more than
a factor of two.

The optical cavity has a length of 15m. The results
of the F.E.L. simulations are given in table IIL

wavelength (1L) 2.57-5.24

gain (%) 1A 9.4 (2.57 W)
13 (5.24 )

peak out put power (kw) 510 (2.57 w)
405 (5.24 w

Table 111 - Results of the F.E.L. simulations

This laser will be the first continuous wave F.E.L
and its pulse structure will consist of photon pulses with
a duration of 2 ps at a repetition rate of 10 MHz.

First oscillation is expected by the end of 1990.

2-7 ENEA (Frascati) - Microtron F.E.L.

The main characteristics of the experiment are
given in table IV. The apparatus is now in operation.
Measurements(14) to establish the e-beam
characteristics, including the measurement of
spontaneous emission spectra, have been carried out.
Amplification has been observed and oscillation should
be obtained very soon.

MICROTRON

Parameter Achieved Design Goal

Electron beam energy (MeV) 20 20
Electron bunch duration (ps) 20 20
Mazcropulse duration {s) 10 12
Current macropulse (ImA) 160 200
Peak current (A) 32 4

Normalized horizontal
emittance {m-rad)
Normalized vertical
emittance (m-rad)
Energy spread

75% 104 75x 104

2.5x 1004 25x104
0.12 % 0.12 %

UNDULATOR

Pure SmCos constant parameters

Period {cr) 5
Number of periods 45
Gap (cm) 09-7
k patameter at 1.3 cm gap 2
k parameter at 2.4 cm gap 1

OPTICAL RESONATOR AND FEL
CHARACTERISTICS

Parameter Achieved Design Goal

Resonator length (m) 6.37 6.37
Reflectivity of the end mmirror
{copper) 99 % 99 %
Reflectivity of output coupler
(coated Si) 97 % 97 %
Total losses ~ 4 % ~4 %
Laser wavelength (1) 20-40
Gain per pass at A =32 |4,

1=200 mA 10 %
Average laser power at A =32 |1
and at 150 Hz repetition

frequency (W) 5

Peak power (micropulse) (MW) 1
Peak power (macropulse) (kW) 40

Table IV - E.E.L. Device Characteristics
2-8 ENEA (Frascati) - Racetrack-microtron

This project in under development. It consists
of a 50 MeV racetrack microtron, The goal is to cover

the 1-35 11 epergy range.
2-9 ENEA (Frascati) - Cerenkov Device

This project started in 1986. It is based on the
interaction of a relativistic e-heam with a dielectric slab :
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the goal is to produce a laser source in the far

infrared(14) (100-400 w) with a peak power of the order
of 100kW. The parameters of the experiment are given
in table V

uccelerator microtron
e-beam energy 5 MeV
e-bunch duration 20 ps
macropulse duration s -
average current’ 200 mA
peak current 4A

vert. emittance 6 © mm. mrad

18 7 mm, mrad
0.5%

horiz. emittance
energy spread

DIELECTRIC SLAB PARAMETERS

material polyethylene
thickness 2.5-5um
length 200 mm
width 25 mm

Table V - Cerenkov device parameters

2-10 LISA (Frascat)

This F.E.L. is based on a superconducting
linear accelerator, The main parameters are summarized

in tzble VI(L5)

Energy (MeV) 25-49
Bunch length (tom} 2.5
Bunch charge (pC) 40
Peak current (A) 5
Emittance (r mrad) 105
Energy spread 2.10-3

Table VI - Parameters of the accelerator

The superconducting cavity frequency is 500
MH?z, an harmonic buncher has been inserted to achieve
the high peak current required for F.E.L. operation. The
microbunch repetition rate is 50 MHz.

The F.E.L parameter are given in table VII

Number of undulator periods : 50
Undulator wavelength (cm) : 4.4
Undulator parameter K : 0.5-1
Radiation wavelength (jL) : 11-18
Optical cavity length (m) : 6
Cavity passive losses (%) : 2

Table VII - F.E.L. parameters

Taking account emittance, energy spread and slip
page effect the expected gain on the fundamental is 10 %
and 5 % on the third harmonic Commissioning of the
machine is foreseen to be performed at the end of 1990
and laser osciliation is expected in 1991,

2-11 ELFA (Milano)

ELFA(10} (Electron laser facility for
acceleration) has both a fundamental and a technological
goal. The fundamental goal is to test with short bunches
the existence of three different high-gain regimes :

- the already observed steady-state regime
- weak superadiance
- strong superadiance

The BELFA accelerator will provide a 400 A-10
MeV electron beam. Its basic components will be a
photocathode injector and one superconducting 4 cell
LEP module at 352 MHz.
The beam specifications are given in table VIII

- Current (A): 400
- Bunch length (ps) : 156
- Charge per bunch (nc) : 60
- Energy spread (%) : 1
- Emittance (mrad) : 10-3

Table VIII - Beam parameters

The undulator will be composed joining up two
sections : a hybrid wiggler will be the first section and
an clectromagnetic wiggler the second one. Both
wigglers will have canted poles in order to get focusing
in vertical and horizontal planes. The electromagnetic
wiggler will allow for tapering.

The FEL is expected to emit around A = 3mm.
The optical parameter will depend very strongly on the
high gain regime obtained.

The time schedule is not very precise for the
moment, :

2-12 SEAFEL (Legnaro)

The main goal of this project is te search for
CW operation ranging from cm up to mm wavelength,

The accelerator, a Cockroft-Walten type, 18
being assembled at LNL-Laboratori Nazionali di

Legnaro (Padova)(17). The energy is 0.7 MeV the
intensity I = 3A, the energy spread 10-4 mrad, and the
normalized emittance 10-4 mrad.

A multistage collector is added to recover as many
electrons as possible (> 99 %).
The undulator has a period of 3cmand a 1,5 m

length. The expected power is 100 kW at A = 2.5 mm.
2-13 FELIX (Rijnhuizen)

This FEL is under construction at the FOM-
Institute.
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The accelerator for FELIX(18) consists of a
triode gun, a prebuncher, a travelling wave buncher and
two travelling wave linac sections. The beam can be
bent into two undulators at two locations, after the first
(15-25 MeV) and after the second linac (25-45 MeV).
By installing different undulators the group will try to
cover the wavelength range from 3 to 160 1.

Tuning will be achieved by varying the
undulator gap width to obtain rapid tuning.

The design parameters are summarized in table

X

3090 -- Lorentz factor

580 p EM wavelength

65 m Undulator period

<4400 G Peak undulator field on axis

38 - Number of undulator periods
<19 -- Undulator strengh

247 cm Undulator length

194 pC Charge per microbunch

70 A Peak current

0.2 A Average current during macropulse
3 ps Micropulse length

1 GHz Micropulse repetition frequency
20 is Macropulse length

10 Hz Macropulse repetition frequency
1 mm Rms electron beam radius

2 mm Rms microbunch length

0.35 % Energy spread

50 7 mr mrad Normalized emittance

100 i} EM energy per micropulse (3ps)
100 kW EM power per macropulse (20us)
1 T Bandwidth (without etalon)

Table IX - Basic parameters for FELIX, Stage |

One important objective of this project is to obtain
narrow band radiation. This should be achieved via
phase locking of the micropulses by means of an
intracavity etalon, combined with external selection of a
single cavity mode. This technique is only effective
when there are a large number of circulating pulses in
the cavity.

The laser oscillation is expected by beginning of
1991,

2-14 TWENTE

The TWENTE University has three projects :
the first one deals with a linac FEL with a
photo-cathode gun delivering a maximum current of
i/pip\r/oximately 300 to 400 A. The energy will be 25
eV.

2-15 TWENTE

Study of a racetrack microtron(19) has started.
It will take several years before operation.

2-16 TWENTE

The Raman FEL consists of a 1.5 MeV, 1 KA
field emission diode and a electomagnetic undulator.

2-17 NOVOSSIBIRSK

The F.E.L. experiment is instailed on a bypass
of VEPP-3 storage ring. The electron beam
characteristics are given in table X,

350
9.10°% (for 20mA)

4.10°8 (for 20mA)
100 (for 20mA)
6

Energy (MeV) :
Energy spread :
Emittance (mrad) :
Bunch length {mm) :
Peak current

Beam size : Oy (mm) : 0.45 (for 20mA)

Oy (mm) : 0.2 (for 20mA)
76 MHz RF voltage (KV}: 100

Table X : Electron beam parameters

The magnetic device is an optical klystron, which

was first proposed by Vinokourov and Skrinsky(zo). It
consists of two electromagnetic undulators separated by
a 3 pole dispersive section. Each undulator has 33.5
neriods and a length of 3.4 .

The optical cavity consists of two mirrors with
curvature radii of 10 m, at a distance of 18.7m from
each other. '

The gain is 10 %_at 60004, 5.5 % at 4000A and
2.5 % per pass at 2500A.

Laser oscillation has been obtained in the range
5 800-6900A, 3750-4600A and 2400-2700A.

The measured laser power is 6mW at 6300A and
2.5mW at 2500A. The laser micropulse have a duration
time of about 200ps. According to that the out put peak
power is 25kW and 9kW at 6300A and 25004,
respectively in the Q switch mode. Within the optical
cavity the peak power is correspondingly 2.5MW and
IMW.

The future plans are the increase of the lasing
power, the narrowing of the bandwith and the
shortening of the lasing wavelength.

3 - CONCLUSION

It is clear from this review that the field of F.E.L.
is quite active now in Europe, after a rather slow start.
Next vear at least 6 lasers should be in operation,
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I. INTRODUCTION

Research in the field of FELs has been performed in
Israel since the end of the 70's. The experimental work first
concentrated on basic physics of FEL processes like measure-
ments on Smith-Purcell radiation and the mechanisms of
electron trapping and other non-linear processes,  These
projects took place at Tel-Aviv University where additional
basic experiments are planned. At the Hebrew University of
Jerusalem an intense relativistic beam was operated based on a
Febatron accelerator where diagnostic methods were investi-
gated together with the concept of wigglerless FEL. Using a
pulsed intense relativistic beam produced by a 0.7 MV PI
accelerator, FEL operation in 2 lowbitron mode was demon-
strated in a joint RAFAEL (Ministry of Defense laboratories)
- TAU project. Presently a main effort is taking place on the
operation of a full scale FEL based on an electrostatic
TANDEM saccelerator located at the Weizmann Institute. This
FEL will operate in the mm to FIR range and is expected to
demonstrate quasi-CW function.  This survey includes only
experimental FEL related research. Theoretical topics were
also studied by various research groups in the country, The
reader is generally referred to the proceedings of the Annual
International FEL conferences between the years 1980-1589
where Israeli researchers reported extensive research work.

I. ANGULAR RADIATION PATTERN MEASURE-
MENTS OF SMITH-PURCELL RADIATION!?

In this work experimental measurements of Smith-Purcell
radiation was reported for electrons in the range between
60-100 keV and for a variety or gratings. The main emphasis
laid on quantitative data acquisition on radiation intensity and
angular emission patterns. This data was compared to theoret-
ical predictions of various existing models in order t check
their validity. Due to the close relationship between spontane-
ous and stimulated emission, data from spontaneous emission
measurements can be used to draw conclusions concerning
FEL devices based on Smith-Purcell interaction. These conc-
lusions included here feasibility and optical configurations for
different types of oscillator and resonator devices.

Ap =~ %{ﬁ‘i - siny) (1)

where Db is the grating period, § the electron’s normalized
velocity, n a negative integer and n the elevation angle. The
insensitivity of the wavelength on the azimuthal angle ¢ was
also checked. An interesting feature of the work was the
finding that the measured radiation angular distribution had a
maximum intensity at azimuth angles different from zero.
From the theoretical point of view, good agreement was exhi-
bited with the theory of Van den Berg.? Specific resonator
configurations were proposed for efficient FEL radiation
scurces based on Smith Purcell interaction. This work was
carried out by researchers from Tel-Aviv University,

II. YVELOCITY DISTRIBUTION AND ENERGY DIAG-
NCGSTICS IN INTENSE GUIDED RELATIVISTIC
ELECTRON BEAMS

Within this work, which was carried out at the Center for
Plasma Physics, in the Hebrew University of Jerusalem, a
method was presented by which the average parallel velocity
of an intense guided relativistic beam could be determined.3

The experimental system consisted of a Febatron electron
gun which provided 80-100 nsec pulses with voltages of up to
500 kV. After filtering the beam through a series of diag-
raphms, a narrow electron beam was obtained which was
inserted into a drift tube. The beam current was measured by
means of a disk collector located at the end of the tube, while
the radial electrostatic potential V_, induced due to the space
charge of the beam was monitored by means of a co-axial cyl-
indrical capacitor. The average drift velocity could be found
with the help of the ratio between the collected current and
the coaxial capacitor’s voltage. As a result, real time informa-
tion of the average axial velocity of the e-beam could be
gathered including the fraction of the total electron kinetic
energy converted into axial motion. The average drift velocity
was found to be always considerably less than that calculated
by means of the diode voltage. In a subsequent work? the
method was further developed for providing simultaneous
knowledge of the distribution of the axial velocities and -y -
the relativistic factor of the beam. Measurement of the
parallel velocity distribution was achieved by insertion of a
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magnetic hill into the tube. Analysis of the current reflected
by the hill as a function of the height of the hill yielded the
desired beam characteristics. Again, the axial velocity distri-
bution could be determined at various times during the current
pulse.

IV. LONGITUDINAL WIGGLER FREE ELECTRON
LASER (LOWBITRON}

In this work, the Lowbitron - a longitudinal wiggler
beam interaction device was experimentally demonstrated for
the first time.® This device, first proposed and analyzed by
McMullin, Bekefi and Davidson® is based on an hybrid
mechanism which combines two classes of electron instabili-
ties, namely, the cyclotron resonance mass instability and the
FEL instability. In the interaction scheme, a thin beam of rel-
ativistic electrons acquires a large transverse velocity compo-
nent before entering the interaction region. Within the region,
it travels under the influence of a combined axial magnetic
field and a longitudinally polarized periodic wiggler magnetic
field. The experiment setup consisted of a 740 kV 10 nsec
electron beam accelerator. By means of an iris aperture placed
on the anode, a 4 mm pencil electron beam carrying about 400
Amp was extracted. The output radiation was coupled via a
polyethilene window attached te a horn antenna which termi-
nated the drift tube. The radiation spectral content was then
analyzed by a grating spectrometer. The measured frequency
spectrum was in the range of 60-140 GHz. In general, this
spectrum censisted of two peaks which fitted well the theoret-
ical model calculation based on the intersection of the beamn
dispersion curve with the waveguide TE, dispersion curve.
Good quantitative agreement of the measured power with the
analysis of McMullin et al. was also demonstrated. This work
was carried out within a joint project by the Applied Physics
Department at the Ministry of Defense and Tel-Aviv Univer-
SItY.

V. EXPERIMENTS IN A TwWO COUNTERPROPAGAT-
ING LASERS COMPTON-SCATTERING FEL
SCHEME

This project, performed at the Faculty of Engineering,
Tel-Aviv University, reported?"® the observation and investi-
gation of synchronous energy exchange between nonrelativistic
electrons and the ponderomotive (beat) force of two counter-
propagating intense pulsed CQO, laser beams, operating at dif-
ferent frequencies in a stimulated Compton-scattering scheme.
The interaction occurred in the nonlinear (trapping) regime,
the physics of which is the same as that which occurs in laser
accelerators and efficiency-enhanced free-electron lasers with
long wigglers. The experiment is a first demonstration of the
principle of inverse FEL acceleration and electromagnetic
pump FEL operation in the nonlinear (trapping) regime. It
can also be described as a demonstration of a "traveling beat-
wave" Kapitza-Dirac effect in the nonlinear regime. Two dif-
ferent mechanisms of enhanced energy transfer were observed
- glectron trapping and phase-area displacement.

In order to abserve an appreciable interaction effect
between the electrons and the traveling beat wave, the electron
velocity must be synchronized with the beat-wave phase
velocity v, = (w, - w,)/{k, + k,) (fora static wiggler w,, = 0}
The relative velocity-between the electron and the wave can
be scanned by applying an axial E field. In the nonlinear
regime, where deep ponderomotive potential wells (traps)

form, two different physical situations may occur {1) Elec-
trons inserted into the interaction region are within the phase-
space area of initially synchronous traps [trapping]. (2} The
opposite case of no initial trapping. If the axial E field and
other interaction parameters are uniform along the entire In-
teraction length, the initially trapped electrons occupy closed
trajectories inside the trap area, and remain trapped despite
the accelerating field. In both cases the initially untrapped
electrons accelerate or decelerate freely, following open phase-
space trajectories. Transitions between trapped and untrapped
electron trajectories are passible only if the interaction param-
eters are changed nonadiabatically in either the axial or time
dimension, or if the electron is displaced transversely across
the aptical beams.

An additional mechanism of radiative energy extraction
termed "phase-area ~displacement"®71! (PAD) results in
enhanced signal amplification when the entire e beam scanned
through the synchronism condition. In PAD, as opposed to
electron trapping, signal amplification is accomplished by
gither reversing the taper in a tapered wiggler, or by reversing
the polarify of the dc field. In both PAD schemes, trapping
conditions at the entrance to the interaction region are
avoided, and all the electrons are scanned through the energy
of synchronism at scme point along the interaction region, res-
ulting in a net energy extraction from the entire electron
beam.

The experimental concept, as depicted in Fig.]1 with the
baseline parameters listed in Table 1, was described in detail
by Olshan et al.% Two transversely excited atmospheric (TEA)
CQ, lasers produced the 9.3 pm signal wave and the 10.6 um
wiggler wave, both of which were operated in single longitu-
dinal and transverse cavity modes. Their 100-nsec duration
pulses were synchronized to arrive simultaneously at the inter-
action region during the 10 psec pulse of the electron beam.
The ~ 1 keV electron-beam- voltage was matched to the syn-
chronism condition at either the entrance to the interaction
re for setting trapping conditions [Figs. l{a} and l{c)] or
within the interaction region for PAD conditions [Figs. 1(b)
and 1{d)]. The e-beam energy spread was E, ~ 4 eV, with a
grid-controlled current of 10-50 pA.

An axial electric force was exerted ajong the interaction
length by employing the ohmic potential drop along the
copper coil when a |-msec, 500-A current pulse is applied to
it.  Accelerating or decelarating fields were achieved by
changing the direction of the current. The coil current also
provided an axial magnetic field which bent the e beam and
guided it along the interaction region.

Both retarding-potential and time-of-flight electron-
energy-analysis techniques were employed for diagnosing the
electron-radiation interaction effects.

The successful demonstration of energy exchange by non-
linear regime Compton scattering in this experiment makes
way for further fundamental interaction and FEL related
studies in a small-scale laboratory system. Further experi-
ments were carried out with this system which studied impor-
tant interaction aspects of phase-area displacement and
trapping mechanisms; for example, effects of nonadiabatic
changes in the interaction parameters and incoherence of the
wiggler and signal waves 89
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VI IR -mm WAVE FEL BASED ON A TANDEM ELEC-
TROSTATIC ACCELERATOR

In this project,12.13 based on the 6 Me¥ Tandem electros-
tatic accelerator located at the Weizmann Institute, Rehovot,
research teams are collaborating from Tel-Aviv University,
the Weizmann Institute, RAFAEL (Ministry of Defense
Laboratories) and the Negev Nuciear Research Center. The
goal of the project is to develop a unique quasi-CW highly
monochromatic and intense radiation source which will be able
to operate in the entire mid-iR-FIR-mm wavelength regime.
(15 @ to 3 mm). -

In the positive terminal straight geometry Tandem confi-
guration (Fig. 2) the electron beam is transported with simple
straight electron optics alt the way from the electron gun to
the collector, accelerated in the first section (between e-gun
and terminal) and decelerated at the second section. At the
terminal the fully accelerated electron beam interacts with the
magnetic wiggler inside an optical cavity where a significant
fraction of its energy is extracted:

AE 1
'E T 2N {2)
W

where NW is the number of periods (typically 10-100). The

average e-beam current that can be transported in the acceler-
ator in steady state is determined by the charging current T,
of the HV.-P.S. (in the case of Van-de Graaff - the charging
belts) and the collection efficiency sy = Lgn/leme of the
beam transport:

I
[, = —— 3
o I- Meoll &

Egs. (1) and (2} determine the average radiative power
P, =L yAE/e (4)

Note that the source of the radiative power are the power
supplies PS,, PS,, which replenish the energy loss of the elec-
trons to the radiation field. With proper design of the collec-
tor system (multistage depressed coilector) most of the electric
power of the power supplies transforms into radiative power,
and very high total power efficiency (in excess of 50%) may
be expected.

Typical charging current level I is hundreds of pAmp
{(in Van de Graaff) hence 7, > 99.9% is required in- order to
get Iy ~ 1 Amp (needed for sufficient gain). Higher current
level I, > 1 Amp or smaller collection efficiency may be
allowed in pulsed operation. Also higher instantanecus current
¢an be obtained in a short pulse (tens of psec); however in this
case if leakage current hits the terminal, it discharges the
effective capacitance between the terminal and ground and
one experiences an undesirable voltage drop.

With these parameters high power levels can be obtained
from the FEL: with AE =~ 30 keV and [ = 1 Amp, Eq4
predicts a power level of P = 30 kWatt.

During the preiiminary research phase of the Israeli FEL
collaboration an important technical effect characteristic to the

straight geometry Tandem FEL configuration was discovered
on the modified 6 MeV Tandem accelerator of the WIt3. This
effect of long stable pulse operation is important for the
experimental research project proposed, and in fact makes the
WI Tandem FEL facility the only one presently fit for studies
of single mode, mode competition, ¢oherence and nonlinear
regime dynamics in quasi-CW FELs.

The experimentally observed effect was a droop-free
stable behavior of the HV-terminal voltage for a long electron
beam pulse even when leakage current was high and the trans-
portad current exceeded significantly the value given by Eg.3.
Within the resolution of the measurement apparatus the stabil-
ity of the terminal during the electron beam long pulse was at
worst AV /Vp = 3x1079. This was measured under condi-
tions of poor coliection efficiency of the e-beam: 5 = 50%.

Using a capacitance network equivalent circuit to describe
the deceleration tube it was possible to provide a reasonable
explanation to the long pulse effect based on the capacitance
network isclation of the terminal from points in the center of
the deceleration column where most of the leakage current is
incident. According to the model calculation even with a very
high leakage current of I = 0.2 Amp. (which can certainly be
improved) a voltage drop of AV /Y < 5x107% at Vp = 2.5
MYV is expected in a 100 wsec long pulse. Even in a | msec
pulse a tolerable droop (less than the gain tuning width}) of
only 5x10-* would be expected.

It should be appreciated that this effect can only happen
in the positive terminal configuration (Fig.[) and will not
happen in the negative terminal configuration (like the UCSB
experiment), where the high current power supply, placed in
the terminal, discharges the terminal capacitance right away,
whenever the returning collector current is lower than the
cathode current. This simple "technical effect” makes the WI
Tandem FEL, which is the only present operating straight
geometry positive terminal FEL facility, a unique vehicle for
demonstrating unequivocal single mode operation and attaining
unprecedented spectral purity of a FEL in a quasi-CW opera-
tion.

The planned stages of research of the Tandem FEL
project are summarized in the following:

(1) The construction of a mm wavelength Quasi CW
FEL based on the 6 MeV Tandem accelerator in the
WI. The device will be operated at high power and
high unprecedented level of coherence when operat-
ing at a single longitudinal and transverse mode of
the cavity.

(2) Extending the FEL operation regime to the mid-IR
(X =15 pm), by developing new microwiggler optical
klystron technology.

(3) Besides these specific scientific and technical goals
the FEL collaboration will address the important sci-
entific applications (in solid state physics, biclogy,
medicine and chemistry) and other applications that
the quasi-CW FEL may have as a unigue source of
coherent IR-mm wavelength radiation,
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TABLE 1. Experimeni parameters.

Signal power 0.25 MW
Wiggler power 0.25 MW
Signal wavelength 9.261 pm
Wiggler wavelength 10.59 pum
Optical-bearm waists (10g) 177 mm
Coil current 0.5 KA
Energy spread (FWHM) 3 eV
Interaction length 0.6 m
Electron current 10 uA
Electron velocity 2.0 10" m/sec
Axial electric field 65 V/m
Resonance energy 1.153 KeV
Ponderomotive field 3697 V/m
Trap depth 1.409 eV
Resonant phase i, 0.2 rad
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Abstract

A FEL in the far-infrared region has been designed
using a low energy RF linear accelerator. First we es-
timate a small signal gain from spontanecus emission
using the Madey’s theorem. In the calculation follow-
ing effects are included: an actual field distribution
(using a measured magnetiic field), beam envelope in
the phase space through the undulator, energy spread,
and electron heam mis-alignment to the undulator
axis. We lave developed a code which can simulate
three dimensional pracesses of the electron interaction
with multi-mode laser fields in the undulator. From
this code we could obilain the time dependent bunch-
ing process of electrons and amplification of the laser
field. During the calculation we assume an electron
beam of 20M eV, 100mA with a pulse length of 3us,
and an undulator of 28 periods,6em periodic length
and 2.5kC peak field. The results from these calcu-
lations show that the small-signal gain over 40 % can
be cbtained, but mis-alignment of the beam severely
degrades the gain. The results also show that the cut-
put power of several MW can be obtained under the
above conditions. Considering the simulation results,
a I"EL beam line was constructed and the beam size
at the undulator was measured. And electrons were
focused enough for the FEL experiment.

1 Introduction

A TFree Electron Laser{FIL) was first proposed as an
oplical device by Madey in 1970 [1] and offers a variety
of advantages over conventional lasers. For example,
it is feasible to operate FELs from the far infrared to
the vacunm ultra-violet by changing the electron beam
energy. By using the intermediate beam energy (sev-
eral tens of MeV), FELs could become a high power
sourcein the far infrared light source and there are few
conventional high power lasers in that region. The

gain of FEL is calculated using a tlreoretical formula
[2]. In an actual FEL system, however, there are many
effects to reduce the gain. In this paper, we present
the calculated results.

2 Three-Dimensional Simula-
tion Codes

In this section we will describe details of our simula-
tion codes to calculate the small signal gain and strong
signal gain.

2.1  Small Signal Gain

A theoretical FEL gain(G) for monc-energetic elec-
trons can be calculated by Eq.(1)

3 1/2
G= —SZJEHQQ%——?—”NE,)‘@), (1)
A

where,
A, @ Undulator wavelength
A : Laser wavelength
I; : Alfven current of 1.7+ 10*A
N, : Number of undulator period
I, : Peak current of a micro bunch
f(x) : Gain function
S : Beam cross section.

The equation (1) indicats that the gain was about
60%. The estimation of actual FEL gain by Eq.(1)is
very useful, but is not enongh to calculate a real gain
including several effects. We developed a simulation
method of estimating FEL gain in the actual system.
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In the calculation we first calculate the beam orbit
in the undulator, obtain spectrum of the spontaneous
emission and estimate the gain by Madey’s theorem.
The ecuation of a relativistic electron motion in the
undulator is as follows,

mocdyB/dt = —g- (Bp+ fcx (B +By)},  (2)

wlere

B. :Undulator magnetic field

E; :Laser electric field

B, :Laser magnetic field

v :Lorentz factor of the electron.

The longitudinal velocity was obtained from momen-
tum conservaiion. The magnetic field in the x-
direction was negligibly small (B,=0) because of the
transverce pole width of our undulator was wide com-
pared with the electron orbit, as shown in our previous
paper [3]. ‘

Accarding to the Madey’s theorem [4]the stimu-
lated energy loss of the eleciron threngh the undulator
{ related to the FEL’s small signal gain ) is propor-
tional Lo the derivative of its spectrum of spontanecus
emission. When the initial Lorentz factor of the elec-
tron at the entrance of the undulator is set to 7; and
the final one at the exit is set to 7, the energy loss
in the undulator < 7; — 7. > is obtained as follows,

< ‘T > ] Eg(&V)z
LT T ma(ev))
d Uz ds .
. BU z _ej(wt—kz) 2
7, fﬂwz B4(2) (=) |

(3)

where w is the frequency of laser field. Thus amplifi-
cation of the laser power is given as follows:

mcﬂ < Tf_ Ti> I(IP/E) (4)

G =
%SEg'C

In this simmlation code we include the following effects
to estimate the actual FEL gain in our experimental
system.

1. Actual beam size through the undulator

2. Actual heam divergence through the undulator
3. Energy distribution

4. Distribution of electrons on the phase space

5. Beam mis-alignment effects

6. Actual magnetic field effects (field inhomogeneity
et. al.)
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Figure 1: Electron beam trajectories in the actual un-
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Figure2 shows the calculated gain curve for several
emittances. The peak of the gain curve shifts to right
side in the figure by the effects of emittances, indicat-
ing that the laser wavelength become longer and the
gain decreases from the ideal one (zero emittances).
As a result, the peak gain decreases to 72% of the
ideal one.

The effects of the beam mis-alignment on the gain
were also estimated. Fig.3(a) is the gain curve with
the parameter of the beam vertical mis-alignment,
Fig.3{b} is the gain curve, the parameter here is the
bearn divergence in the vertical mis-alignment and
Fig.3(c) is the dependence of the gain at fixed wave-
length of 40 # m on the beam mis-alignment and
beam divergence mis-alignment. In Fig.3(a), the peak

value of the gain decreases very rapidly according to

the beam mis-alignment. On the other hand, the mis-
alignment of the beam divergence has slight effects on
the peak of the gain but the wavelength of the laser
at maximum gain becomes longer. From Fig.3(c), the
accuracy of beam positioning is obtained. The beam
mis- alignments, especially in vertical, should be less
than 0.3mm and 1.Omrad not to degrade the gain
more than 5%.

2.2 Strong Signal Gain

As a linear simulation code is not enough to estimate
the laser ontput power or waveform, we developed a
single particle simulation code including non-linear ef-
fects, i.e. electron-photon interaction.

The basic equations of the simulation are Hamiltonian
(5) and Maxwell equation (6),

[Hamiltonian)

()

H = 1rmd =[(P — qA)’? + m*c"]'/?
(Maxwell equation]

1 8A

¢z ot

VzA = —Llag Z V,’(S(I‘,‘) (6)
In the calculation the following conditions were as-
sumed for simplicity.

[linear wiggler potentiall

k‘l 2
e A1+ _1329_) - cos(ky z)

A = (7)
_ qAw _ gB* Ay

K = me | 27 mc ®

' 2w 2

[Hermite-Gauss laser potential]

A = ezEA!m (10)
mec

A!m = -—“——f].lmg;mCOS{kLZ — Wit + Bfm) (]‘1)
g

1 A ynlam
Ey=lam .
& @ & y=dna (d,)
; G & yaSan
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b=l
by
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q5 T T T T T T T T T %
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Figure 3: The gain reduction by the beam mis-

alignment {a) the dependence of the gain curve on
the beam mis-alignment; (b) the dependence on the
beam divergence mis-alignment; (c} the gain reduc-
tion by the beam mis-alignment, the laser wavelength
was fixed at 40 u m.
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- 9 1/2 Y 20,
A T \mimi(l £3) T\ e 0zl
2p P+ 0} '
¢ Y . R el Ty
((1+ (2)1/2)”‘”( Ty e
(12)
O = pz+p?‘(+(3+ + Varctan & (13
Im = 1+ (2 m arcian )
T = w;Px (14) -
y = wpy (15 5 g2t
C = (z - ZC)/ZR (].6) 182
where
H,.(z) : Nth order Hermite polynominals
wy : Deam waist
zp : Rayleigh length 0. 1 ; L L ! L
' 36.8 370 372 374 3786
2. : Z-coordinate of the waist.
Wavelength (um)
The above Hamiltonian equations are normalized for
simplicity as follows. Figure 4: Amplification of 10kW laser as a {unctjon
[Normalized equations] of laser wavelength
1
p. = 1_272 B.cdt = zpd &
(14 T2+ T3, + K?cos(ky £)
+ K [ oz cosiku £) (17)  An initial beam distribution of every micro bunch is
i@i - k(1 1 Ver (18) calculated by using rando.m nu‘mbe:. In the simulaton,
d& B, the total number of particles in one laser wavelength
le o zp 1 s 4000.
= — Tos— Feos(ky & 19
df we T Bz( ; ( )) ( )
doy, _ zn 1 r (20) Figure(4) shows the gain as a function of the wave-
dE  werv B, length. In the calculation, an initial laser power of
dT, wy 1 ) 10kW, which was 6.25 - 107° of electron beam power,
dE = T B, Kk, 0yc0s(ky &) was assumed. The maximum amplification is obtained
(Dos — Kcos(ky £)) (21) at the laser wavelength of 37..Ium,which is sllightly di.f~
dy 1 ferent {rom the value obtained by small signal gain
E-E— = — ‘6 kL(I‘Ux - I’i'COS(kw E)) (37‘1“7’?1)
U ) Simulations were performed at the wavelength of
Yo imaimgimsin{ @ — ky, & + Gim} (22) 37.1um. In the following, the results of simulation
darm giﬁN i will be discussed.
dE T TCudm ok Figure (5) indicates that the electrons are bunched
- . as they pass through the undulator.
5 Bz gmsin($ = ku £ + O1) hey pass throug |
~ B Figure(6) is the laser output power. Figure(7) shows
(23)  the gain dependence on the laser energy. The gain al
medium laser powers(100W < power < sevral MW)
is about 40%and is very similar to small signal gain.
F‘Ol' normalization the fOHOWiI]g relations are used. The laser power Increases exponentially upto several
MW during 75 pass of electron, but the gain slightly
2= woOry = o Py, 2 =2 f = fuct decreases as the power increases over several MW.
Over several MW of the laser power the gain decrease
kyz=ky &, kpz =k &, ToBosr= Loz very drastically. The ratio of the laser power and the

electron beam power at that range is about 1/N,,. As
the calculation starts from zero level of laser power,

ToBoy = Doy, Pyfme =T there exists numerical errors during the initial stage
where the laser power is less than 100W.
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Table 1: Main parameter of Linear accelera-

tor,Undulator and FEL.

Gur

Linear
accelerator Brergy 20MelV
Current, 100mA
Pulse width 3.0us
& oo o 1.04-10~% 7 mrad
£ o0 %o 1.14- 107 7 mrad
(dp/p) rutt +1%([ull)
Undulaior
Period 6cm
Length 168cm
Magnet gap 35mm
Magnetic field 2.5EG
[{-value 1.4
Periods 28.
field error 0.06%
FEL
Wave length 40um
Theoretical gain 50%

3 Experiment

I'he main paramelers of our linear accelerator, undu-
lator and FEL are sunmnarized in Table 1.

A RF linear accelerator of 2.8GH z was used in out
experiment. The beam energy was 20MeV and the
peak current of the macro-pulse was 100mA of 3.0us.
The emittances of the electron beam were measured by
a Q-magnel and wire-grid profile monitor. About 90%
of the heam were in Lhe emittance of 1.04x 10~ %rmrad
in the x-direction and 1.14 x 10 %7mrad in the y-
direction(¥Fig.8). The beam current within £1.0% of
energy spread was measured by a beam damper and
was about 100mA.

The experimental layout is shown in Fig.9. The co-
ordinates, shown in Fig.9, are used through this sec-
tion. The x-,y-,z-axis are the beam wiggling direction
, undulator field direclion and beam direction, respec-
tively.

The beam line liad 3

ending magnets (BM1, BM2, BM3), 8 quadrupoles
magnets (@M1 QMB) and several sieering magnets
as shown in Fig.9. The beam size through the beam
line is also shown in Fig.10. The calculated beam sizes
were based on the measured emittances.
In the beam line, several kinds of monitors were in-
stalled lo measure the beam parameiers and align
ihe electron beam through the undulator: 3 wire-
grid 1wenitors(WG1 WG3) for beam profile monitor,4
screen monitors (SM 1 SM4) for bean position men-
itor, 3 current transformers (CT1 CT3) for current
monitor. Furthermore one heam-scraper was installed
in the high dispersive section to control the beam en-
ergy spread at the undulator section.

The twiss parameters at Lhe entrance of the undu-

j}:}———ﬂtm
Q L
R s 1_15[01-(%--{':”’4-152
=
T L
=
L 6
£ st

Beam radlus
o
T

2 -
I -
o | ! i | I !
o] | 2 3 4 5 8
Ie (A)
Figure 8: Beam size vs. Q-magnet current
AR, He-Nelaser

Figure 9: The layout of the beam transport line for
the FEL experiment.
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Figure 100 The beam size{90% of the electrons are
contained}in the beamn transport line

lalor were 3, = 0.22, a0, = 8.8,1, = —0.18, 8, = 0.012
and o, = 0.25. The undulator was 1.64m long and
lias lineatly polarized magnetic fields. The details
of the undulator were described in our previous pa-
per [3]. The magnetic field was 2.5kG, at the mag-
net gap of 35mm and the K-value was 1.4 at that
{time. The r.m.s. field error of 0.06% was obtained
Iy adjusting the pole holders. The oplical cavity con-
sisled of two Au coated spherical mirrors with a cen-
tral pin-hole of Imm diameter for output coupling.
The electron beam radius at the entrance and the
exit of the undulator were measured by screen mon-
itor. Figure(11) shows that the HWHMs in the x-
direction and y-direction at the entrance were 1.1omm
and 1.0mm,respectively and al the exit were 0.714mm
and D.464mm. These value are almost the same value
obtained by the calculation.

4 Conclusion

We developed the two 3-dimensional particle simula-
toin codes (linear and nonlinear) for FEL gain calcu-
lation. The linear simulation code can calculate the
gain dependence on real beam envelope in the phase
space, field error, eleclron beam mis-alignment. On
the other hand the nonlinear simulation code can cal-
culate the energy transler from electron beam to laser
beam accuzately and can obtain the laser mode in the
cavily and time dependent output laser power.

By linear simulation, FEL gain is about 5%/A and is
aboul 70% of the theoretical value. The stmulation
also indicats that the gain would be reduced severely
by beam mis-aligmment ,especially in the vertical di-
rection. '

By nonlinear simulaiion, the following results are ob-

beomn slze [mm}
x*LI5mm y=f.Omm (B.)
olx ey
Lele.ef 3
=
3
o
1
=
Ea
2
I, {el8]3
L=
10 1 r 1 L.
a0 50 1c0O 150 200
Spot Slze {mm)
BEAM SIZE AT THE ENTRANCE
beom size (mm)
x=0.7l4mm y+0.464 mm (b)
O:x wy
1000+
{00}
10 L L 2 v
00 50 00 50 200

Spot Size (mm)

BEAM SIZE AT THE EXIT

Figure 11: Dstribution of the intensity of the screen
monitor at the entrance(a) and the exit(b)
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iained. An amplification at 10kW inpuf laser power is
maximized at wavelength of 37.1pm and was slightly
different from the value estimated by the small signal
gain curve. By fixing the wavelength at that value,
the growth of the laser power is simulated and the re-
sults indicate that the gain is almost the same value
obtained from linear simulation and the laser power
increases exponentially upto several MW during 75
pass of electron but the gain slightly decreases as the
power increases over several MW. By considering the
stmulation results, an experimental bearm line was con-
structed and the beam size al the undulator are mea-
sured by screen monitor. The obtained beam size were
alimost the same value of the calculated one and would
be smail enough for the FEL experiment.
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13. SIMULATION OF HIGHER HARMONICS GENERATION IN FEL

Shin-ichiro KURUMA, Kunioki MIMA* and  Katsuhiro OHI**
Institute for Laser Technology, 2-6, Yamadaoka, Suita, Osaka, Japan
*xInstitute of Laser Engineering, Osaka University, 2-6, Yamacaoka, Suita, Osaka, Japan
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I. Introduction

In order to have large gain of FEL, it is
necessary to enlarge the strength of wiggler
magnetic field. But if the K parameter that
depend on the wiggler magnetic field and period
is larger than one, ther the magnitude of higher
harmonics become larger. So, in the region of
short wavelength radiation, the damage of the
mirror is larger. But if we can pick up the
higher harmonics radiation effectively, then we
can get shorter wavelenath regich with using the
Tow energy electron beam. So it is important to
analyze the characteristic of higher harmonics
generation to be compact the FEL system. Hence
we develop the 1-D multi frequency simulation
code that can describe the nonlinear evolution
of fundamental and higher harmonics radiations.
By this simulation cede, it is possible to
analyze the coupling of fundamental and higher
harmenics radiations. In section II, the model
equations are described. In section III, the
numerical example and discussion are described.

And section IY is devoted to summary.
1I. Model Equation.
The electron beam is assumed to propagate

along z-direction which is paraliel to the plane
wiggler axis. Vector potential of the wiggler

magnetic field is given as,
ﬁw(z)=K(z)cossz N {1)

where 5w(z) is normalized by mcz/e and K{z} is
K-parameter of wiggler magnetic field. And £, is
the unit vector of x-direction. Vector potential
of electromagnetic radiation fields that are
normalized by mcz/e are assumed as follows,

(2

53(t,z)=Easm(z}cos{ksnz-msnt+esn(z); &y
where asn(z) is the amplitude function of the
radiation field and esn(z) is the phase sift
function. Microscopic current density is given

by the summation over individual particles,

i(t’z):"(enbL/NT)§i1(Z’tio)s[t'ri(Z’tio)]
Mviglzstig)s (3)

where NT is the total number of beam electrons
in the interaction region of length L, N is the
average electron density, Xd(z’tio) is the
velocity of the i-th electron at the position z,
where the i-th particle is assumed to enter the
interaction region (i.e. cross the z=0 plane] at
time tiO' Substituting the current density of
£q.{3) into Maxwell equation with Eq.(2} and
carrying out the Fourier transformation with
respect to t, we obiain
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Viohe 2
B (2)=-{wp ke, o/2k 3178, v 10 (o)

Sin¢ni>’ (4)
Ve (o 2
Con’ (2)7= 0 TKE 0/ 2k o 1<(178, 57 00 o {a)
cos¢n1>, {5)
oy Sntt)ug (6)
. 2,0 2
a ={T+k  JI5/8y. 5, (7)

where wy is the plasma frequency of the electron
beam normalized by kwc and BZO is the initial -
average velocity of the electron normalized by
the speed of light. Prime denote a derivative
with respect to zp:sz and we neglect the terms
of second derivatives cf Zp In Egs.{4) and (5),
<...» represents a time average over a period
of the fundamental wave, name1y/2w/mso. And by
is the ponderomotive phase of i-th electron to

the fundamental radiation,

w.il(z):]'kso(]'gz.i)/gz.i: (8)

B, =t1-0wr2y e, (9)

And the equation of motion of i-th particle is

vi 2= (K28, oy VEkgpag (20 (e )sine . (10)
In Egs.(4)-{10), subscript i is the particie
number and subscript n is the radiation mode
number, namely n=0,1,2,3,... represent
fundamental, 3rd, 5th, 7th,... harmonics mode
respectively. Both the Tinear and non Tinear
evolutions of a FEL amplifier can be
investigated by Egs.{4)-(7) with Eas.(8}-(10)
for the orbits of an ensenble of electrons

having initial phases _“<wi0<ﬂ'
111. Mumerical example and discussion

The parameters are chosen as follows that
correspond to the experiment at ILE. The wiggler

period szscm, wiggler magnetic field strength
Bw=3.2kG(K:1.8), alectron beam energy
Eb=6MeV(y=12.74), electron beam current I, =1004,
electron beam radijus rb:3mm. In this case, the
radiation wavelength of fundamental mode is
approximately AS1:575um. And we neglect the
effect of space charge wave, because the

parameter mp/yOJ?%rO.DZ is much smaller than
one. In Fig.1l, we show the temporal evoiutions
of the radiation power strength for the
fundamental, 3rd,5th,7th and 9th harmonics
modes. The initial power of fundamental mode is
about 1kW and that of higher harmonics modes are
zero. In this figure, the saturation is occcur at
z=¢2m and the saturation powers of
fundamenta?(xs1=515um), 3rd(l53=172um), 5th{
3=1mw and
P55=0.]5MN respectively. In Fig.2, we show the

A55=1O3 um) harmonics are Ps]=30MW, P5

beam current dependence of the saturation powers
of fundamental, 3rd and 5th harmonics modes. In
this figure, we can see the output powers are

propertional to the electron beam current tog

power 1,17,

s [
n 10
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2 [ 2
o p5
g 0!
m 3 9
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°
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Fig.1 Tempora! evolution of the radiation powers
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IV . Summary

The cne dimensicnal multi frequency
simulation code for analyzing the higher
harmonics radiation of FEL is developed. By the
simulation using this code, the power ratios of
3rd and 5th harmonics to the fundamental
radiation are clarified. And the eiectron beam
dependence of the radiation output powers have

also founded.
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14. CONSIDERATIONS FOR HIGH-BRIGHTNESS ELECTRON SOURCES

R. A. Jameson

Accelerator Technology Division, MS H811
Los Alamos National Laboratory
Los Alamos, New Mexico, USA 87545

Introduction

Particle accelerators are now used in many
areas of physics research and in industrial and
medical applications. New uses are being studied to
address major societal needs in energy production,
materials research, generation of intense beams of
radiation at optical and suboptical wavelengths,
treatment of various kinds of waste, and so on.
Many of these modern applications require a high
intensity beam at the desired energy, along with a
very good beam quality in terms of the beam
confinement, aiming, or focusing. Considerations
for ion and electron accelerators are often different,
but there are also many commonalities, and in fact,
techniques derived for one should perhaps more
often be considered for the other as well. We discuss
some aspects of high-brightness electron sources
here from that point of view.

Brightness

A primary figure of merit for accelerators is
the beam brightness, defined as the beam power (or
current when the energy is fixed) divided by the
phase space appropriate to the problem at hand.
Phase space for the beam as a whole is six-
dimensional, describing the physical size of the
beam and the change in size with time or distance;
the area projected on one plane is called emittance.

In free-electron lasers (FELs), the laser
wavelength that can be obtained is fundamentally

limited by the relationship €n = BYA between the
normalized electron beam emittance and the laser
wavelength. Thus one would like to make the

* This work was supported under the auspices of the U.S.
Department of Energy.

electron beam emittance as small as possible, but on
the other hand, a large peak current is also
desireable so that more single-pass gain can be
obtained with a smaller ay wiggler parameter. Also,
accelerators are expensive, so their makers strive to
maximize output and quality at high efficiency. The
problems of achieving and preserving high
brightness are different for non-relativistic and
relativistic beams.

Beam Brightness Limitations In Nonrelativistic
Linacs

The achievable beam intensity and quality are
nonlinearly related, and raising the intensity tends
to spoil the quality, or conversely, trying for better
quality may limit the current. (The beam quality or
emittance that we are most concerned with here is
the effective area occupied by the beam in phase
space, defined by computing the centroid and the
projected rms emittance ellipses of the particle
distribution and passing ellipses of that shape
through each particle.) Achieving high-brightness
accelerated particle beams involves work on both
the numerator and the denominator of the
brightness equation -- beam intensity divided by
beam quality.

The numerator can be raised by brute force,
but the large power requirements and engineering
problems that result can be formidable, and better
system efficiency becomes a key issue. A given
accelerator channel can accelerate only a certain
amount of current, depending on the imposed
constraints. If more current is desired, the
constraints or basic parameters might be changed, or
several accelerator channels or modules could be
used. The latter approach would multiply the
system power requirement directly; therefore, one
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would prefer to find a more efficient way to raise the
current, if possible.

Decreasing the denominator of the brightness
factor involves building low-emittance (but also
intense and, therefore, bright) particle sources and
then preserving the source brightness through all
the subsequent steps of beam transport and
acceleration to the final energy and the beam target.
Due to basic beam dynamics, the minimum phase
space volume in an accelerator is no smaller than
the emittance of the particle source.

Thus, in the final design for an application,
many factors constrain the brightness that can be

achieved. However, in recent years, a few key
requirements and procedures have been elucidated
that have major effects on achieving higher
brightnesses.

The main problem at nonrelativistic
velocities is space-charge effects. The beam particles
must be charged to be accelerated, and all have the
same sign, so they tend to repel each other. When
the beam intensity is increased, the forces in the
bunches becomes such that defocusing occurs. In a
bunched beam of ellipsoidal shape, defocusing takes
place in both transverse direction against the
external focusing, and also in the longitudinal
direction acting against the phase stability
mechanism. Such effects mainly take place at low
velocity when the particles are very sensitive to
electric fields; the situation improves at higher
velocity.

Matching

Simple but very effective design equations for
nonrelativistic transported or accelerated beams can
be obtained by writing general rms envelope
equations for the beam as it is constrained in the
accelerator channel. The externai channel-focusing
forces are offset by the internal space-charge forces in
the beam: a beam-current limitation of the channel
is reached when the focusing and space-charge forces
cancel (in practice, errors and other factors force
operation below this limit). The simplest forml of
the envelope equations for an ellipsoidal bunch in
an accelerator approximated by a weakly coupled
harmonic oscillator system is

gr=octaZ/Npr and € = obZ/NBA {1)

in terms of the transverse and longitudinal planes,
where €, and €] are the transverse and longitudinal
rms emittance, a is the average transverse rms beam
radius, b is the physical rms bunch length, and ¢t
and ot are the phase advances of the oscillatory

motion in phase space over the period NfA. The ¢
terms each can be expanded into two terms, one
containing the machine parameters and the other
containing the beam current and also the beam sizes
a and b, explicitly. It is necessary to solve both parts
of Eq. (1) simultaneously; the result is a beam that is
"matched" to the shape factors of the machine
acceptance phase space. We know that the effective
emittance of mismatched or mis-steered beams can
grow. It is important to note that these equations
apply locally; thus they should be applied not only as
initial conditions at the entrance point of various
sections of a machine, but also with care to ensure
they remain true at every point.

Choice of Rf Frequency

The envelope equations can be solved for two
quantities---for example, the current and one other.
The constraints imposed on various parameters can
strongly influence the solution. We found that if
maximum current is the goal (disregarding
emittance), then lower operating frequencies are
favored. But if high brightness is the goal, the
maximum current achievable for a fixed transverse
emittance strongly favors higher frequency linacs
and strong external focusing. This result basically
arises from the smaller amount of charge per bunch
in a higher frequency system with given phase
advances per focusing period, and from the smaller
beam size if the focusing is strong. While space-
charge forces are increased in a small beam, the
spatial extent over which the beam thermal energy
is distributed is smaller, and the latter effect
dominates?,

Free Energy Balance and Minimization

We continue with the rms model of the
coupled harmonic oscillator accelerator system with
an ellipsoidal nonrelativistic beam bunch. In space-
charge-dominated beam/accelerator systems,
effective emittance growth could occur if the average
energy in each of the coupled degrees of freedom is

unequall. Equating the rms quantities <vi?> =
<vi?> and GiZaxi2> /NBA = cjz<x]-2>/ NBA produces
ancther equation:

€1/& = ot/ol = b/a (2

where the particle velocities v and positions x are
averaged over each degree of freedom, for example,
transverse and longitudinal.

Systems satisfying the three equations of Egs.
(1) and (2) are both matched and "equipartitioned.”
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Again, the condition can be applied locally and
should be applied at injection and all along the
machine, if possible, to ensure minimum emittance
growth. We are still only beginning to explore the
full ramifications of satisfying simultaneously the
matching and equipartitioning constraints on linac
design. Unfortunately, it may not easy, within the
limitations of other constraints, to prepare an
equipartitioned beam for injection or to always
maintain the energy balance; thus, the desirability of
equipartitioning joins the list of properties among
which tradeoffs must be made. The physics of the
energy balance requirement on achieving high
brightness is very compelling, however, and much
more work is needed in this area.

The physical mechanisms for the space-
charge-induced rms-emittance growth from free-
energy redistribution have been clarified3 as a
charge-density redistribution occurring within about
one-quarter of a plasma oscillation period of the
system, and as a slower kinetic-energy exchange
toward equipartitioning. The basic equation?® for a
bunched beam with linear focusing in three degrees
of freedom is ;

(1/<x2>) (dEx2/dt) + (1/<y?>) (dEy2/db) + (3)
(1/<z25) (dE,2/db) = (-32/mc3p>¥N) [d(Up)/dt]

where E is defined as four times the {rue rms

emittance €, N is the number of particles in the
bunch, and Un is the nonlinear field energy

proporticnal to the difference between the space-
charge field energy of the actual beam and that of an
equivalent uniform beam with the same rms
properties. Thus, the time rate of change of the
squared emittance is proportional to the rate of
change of the nonlinear field energy. In the matched
and space-charge-dominated case, the rms beam
sizes stay approximately constant, therefore Eq. (3)
can be integrated and a final emittance predicted.
For the transverse plane,

2+ B 16Gy(b/a) { K32L \2/3
Bxi? = Bxi® 2+Pf) 2+ Pp) ( ox )
(Ung-Uni) (4a)

and for the longitudinal plane,

2+ P\ Pr 16PeGubsa)  K3ZL\2/3
PR Y (it U Nt
B =B \90 P /B T QP ( Gon )
(Ung-Uni) , (4b)

where i and f signify initial and final emittance, G's
are bunch geometry factors, Gp's are zero-current

phase advances, K3 is a bunched-beam perveance,
and P is the partition paramefer defined as P =
<z'2>/<x'?> and is a nonrelativistic measure of the
kinetic-energy asymmetry in the rest frame of the
bunch. The terms show the contribution to -
emittance growth from charge redistribution’ and
from equipartitioning. If the initial charge
distribution is nonuniform, the charge
redistribution will always occur in about one-quarter
plasma period (about one cell in a high-current
machine}. Movement toward equipartitioning will
occur if the intensity is above a threshold-—a concise
theory for the threshold and the rate of the
movement is not available.

Beam Halo Formation

The nonlinear space-charge forces also act to
produce a low density halo around the beam.
Nonlinear focusing forces (including abrupt
changes) can cause filamentation in phase space and
contributions to halo formation. A theory for halo
formation is not yet available, but it is probable that
the behavior of these particles in the outer fringes of
the distribution, where they are more likely to be
scraped off as beam loss, is based on similar
matching and energy balance requirements.
Empirical research in progress has produced some
indications that channels designed to specifically
control quantities like energy balance, phase advance
or tune depression, and so on, along the channel
may produce brighter beams on both an rms and a
total basis.

Beam Brightness Limitations In Relativistic Beams
Beam Breakup (BBU)

Space-charge defocusing is not a contributor to
emittance growth at high energies. Here the
limitation comes from the phenomena called beam
break up. The linac structure can be excited, not only
on the fundamental accelerating mode, but, like an
ordinary waveguide, on other modes, the most
dangerous of which are transverse hybrid modes
that can affect the beam. These modes can be excited
by particles traveling off the cavity axis, or by cavity
asymmetries. Along a single cavity the interaction
of the beam with such a transverse mode can lead to
an unstable situation when the current is above
some threshold; this is called regenerative beam
break up (BBU}. In a long accelerator, each cell,
although below the threshold of oscillation, can
nevertheless behave like an amplifier. A long chain
of such amplifiers, even if each gain is small, can
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eventually deflect the beam out of the channel; this
is called cumulative beam break up.

Described alternatively, the electromagnetic
fields of leading particles can interact with boundary
discontinuities in the system5, producing scattered
radiation that can reach trailing charges and
influence their motion. These waves are called
wakefields; their integrated effect on particles
passing through them can cause effective emittance
growth that dilutes brightness, or, if serious enough,
can cause beam breakup.

The effects are combatted by eliminating
boundary discontinuities wherever possible, changes
in the accelerating cell geometry, and by making
geometrical changes in successive structures, {o
prevent the beam from synchronizing with the
offending modes.

The development of wakefield theory and
simulation has now become very extensive; for the
present purpose, it suffices to say that the BBU effects
in #f structures become more serious as the
operating frequency is raised, and this becomes a
limitation in high-brightness designs. For high-
energy physics colliders, the operating frequency
might still be tens of GHz, but with extremely tight
tolerances. In an electron linac driver for a high-
power, cw free-efectron laser, for example, the BBU
and heat removal considerations would dictate a
frequency choice of around 400 MHz.

Electron Beams
Initial Genmeration of Electrons

In recent years, the requirements of free-
electron lasers has spurred the development of
higher brightness electron sources and accelerated
electron beams.6

Thermionic electron sources have a lower
emittance limit determined by the emitter size and
the transverse component of electron thermal
motion. Typically, at 1160 K the emitted electrons
have an average transverse energy of 0.1 eV, and the
current density capability is < 10 A/cm2.

Semiconductor photoemitter sources have an
effective temperature of 0.2 eV, about twice that of a
typical thermionic emitter, but the photoemitter can
deliver a current density of 2 600 A/cmZ, so the
source can be thirty times or more brighter.
Furthermore, the light-activated source allows the
spatial (transverse) and temporal (longitudinal)

profiles of the emitted electron bunch to be carefully
taifored.

As outlined above, we want to achieve
uniform distributions because a matched, uniformly
distributed and energy balanced beam avoids
emittance growth.

Initial Acceleration of Electrons

Having achieved a bright thermionic or
photocathode source, the quality must be preserved
as the electrons are accelerated to relativistic
velocities. DC electron guns can be used; the
electrodes are carefully designed to cancel the space-
sharge forces by shaping the electrodes to maintain a
uniform current density. The current density
uniformity must be maintained through the dc gun
and subsequent acceterator up to high enough _
energy that the beam s sufficiently relativistic and
the space charge effect becomes negligible — perhaps
around 15 MeV for an intense beam. If this can be
done, the final beam emittance can be near the
temperature of the beam at the cathode. The dc
acceleration does not have the problem of the time
varying fields found in rf accelerators, but the d¢
voltage cannot be very high (few hundred keV} and
a transition to an rf linac is often made. To
approximate a dc field during the bunch transit, a
third harmonic can be added, with amplitude 1/9
that of the fundamental and phased to decelerate the
bunch at the peak acceleration of the fundamental.

The low electron mass means that an
approximately adiabatic approach such as the
radiofrequency-quadrupole (RFQ) would consume
an impractical amount of physical space. Thus the
opposite approach has been developed for rf linac
applications using the photocathode source. The
photocathode is mounted at the entrance of an rf
cavity, where in two cells, an energy gain of perhaps
2.5 to 3 MeV is applied over the very short distance
of two accelerating gaps. The idea here is to bring
the electrons to a relativistic energy so abruptly, over
such a short distance and time, that emittance
growth from space-charge forces is minimized.
Other measures are taken to preserve emittance,
including linearization of the cavity radial electric
fields and separate phasing of the two accelerating
cavities. Although this system is not periodic, the
physical arguments stilt have some relevance.
Experimental results have confirmed the approach,
and optimization work continues. Simulations
using the fully electromagnetic code MASK are in
agreement with the oberved performance. The
action in this type of injector is very complex, and so
while the physics of emittance growth in non-
relativistic beams indicates what is needed in
principle, further work is needed to achieve more
linearity and uniformity in practice.
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Electron Acceleration to Relativistic Velocities

During further acceleration to energies where
space-charge forces become negligible, continued
care would be taken to insure matching, linearity of
fields, equipartitioning, and distribution uniformity.
Energy spread from the electron bunch phase width
along the RF wave might need to be compensated,
for example with alternating phasing of linac
sections. Beam loading compensation would be
provided. ’

At some energy, BBU considerations would
become important. The transition between the
regime influenced by space-sharge and that
influenced by BBU might need special consideration.

Summary

Production of high-brightness electron beams
is complicated by the low electron mass and
consequent high space-sharge forces while the
electrons are nonrelativistic. With a photocathode
directly mounted in an rf cavity, rapid
preacceleration minimizes emittance growth; the
motion is very complex, but the the theory of
emittance growth developed for ion beams provides
guidance. Matching, equipartitioning, distribution
uniformity, and field linearity are important. As the
electrons approach relativistic velocities, phase-space
mixing ceases and space-charge forces become
negligible. Careful matching is stll required, and
beam breakup effects must be avoided. The same
considerations would apply to beams accelerated by
induction linacs.
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15. Present Status of FEL Research at Los Alamos National Laboratory

Stanley O. Schriber
Accelerator Technology Division
Los Alamos National Laboratory

Los Alamos, New Mexico

Photoinjector is under development at Los Alamos
National Laboratory. The photoinjector greatly
reduces the size and complexity of an FEL because of
the following reasons;

1) very compact
2) few components

3) produces a very bright electron beam. Lower
energy brings a short accelerator owing to high
gradient accelerator system. The photocathode
can make pulses close in time and high
brightness beam allows a short’ wiggler. These
makes a wiggler short.

MODE—-LOCKED
LASER

—_—— = —— =]
>500 AMPERE/cm? [ T::

PHOTOEMITTER

30 MV/m RF MASTER
RF DRIVE OSCILLATOR
CAVITY {synchronizes laser to rf)

Figure 1 New design of the photoinjector

Tharmionic 1a8, Cs,Sb
A 0.1 0.2 0.2
J—M
(Afcm') 10. 200. 8ca.
Brightness 1.2%X16™ 1.6%10% 48%10"
{Afm*-rad’)

Brightness can be incrensed using magnafic compression.

Tabel I Comparison of the maximum beam bright-

ness

New design is shown in Fig.l ,which minimizes the
emittance growth by eliminating bunches and
accelerating rapidly. The accelerating gradient of the
RF cavity is 30MV/m. The master oscillator
synchronizes the mode-lock laser to RF. Current
density is more than 500A/cm?.

The comparison of the maximum beam brighiness is
shown in Table 1. The electrons from the thermionic
cathode have less transverse energy, which means
lower emittance. The photocathodes such as LaBg and
Cs,;Sb have high current density, which brings high
brightness. This is the reason why we are interested in
the photoinjector.

The frequency of the RF-Gun test cavity is
1300MHz. The cavity is designed for linear radial
electric field. The average accelerating field on axis is
over 30MV/m with a maximum surface electric field

> 600A 2 = =
fem?, 1 =39 A [, =400
QUAATZ SCREEN
WALL~ -
RF FRE
Cx,58 FEED l:w:muTP‘ll'lT f‘, p,'r
EYAPCRATORS LASER
S\
PHITOCA THGOE Vi
MAGNET T
e T LR . SPECTROMETER
PEPPER POT
PUATE
ESCENT
SOLENG | DS ﬂaséqnszn

75 ps, 108 MHz
PEAK FIELD = 80-90 MV/m

Figure 2 Set-up of the emittance measurements on
single cavity experiment
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of 60MV/m. The pressure in the cavity is 2x1071°
torr. The retractable Cs;Sb photocathode is used. The
set-up of the emittance measurements on single cavity
experiment is shown in Fig.2. The current demnsity is
over 600A/cm? | the average current is 3.9A and the
peak current is 400A. As the electrons strike and heat
the quartz screen, the outgas from the screen goes
back to the cathode and poisons the photocathode, so
the small aperture is installed in the middle of the
transport line to keep’ high vacuum mnear the
photocathoede. ’

590A peak current is obtained from less than lem?
cathode at 3MeV. This means that 16ps electron
beam pulse of 13.2nC from cathode expands to 22ps
by the end of the first cavity. The temporal response
of the cathode is within 3ps of incident light pulse.
The maximum chatge extracted for a 108MHz train of
75ps pulses is 27nC per micropulse and the average
current is 2.9A.

HIBAF(high brightness accelerator FEL) is planed
as following;

1) make electron beam brightness measurements at

17TMeV

2) make beam transport measurements at 40MeV

through complex beamline- bends

3) operate FEL oscillator at 2.8microns with high

brightness electron beam.

The accelerator is operated at 17MeV. The initial
agreement of spoi sizes from experiment and
simulation is less than 20%. The experiment of final 20 MeV, 10 15§ MACROPULSE, 20 x-mm-mrad
17MeV emittance measurement is being prepared. 350/3: PEAK SURFACE FiELb = 60 MV/m

Drive laser is operated and spatial profile is accepted. ) ] . o
HIBAF photoinjector based electron source is shown Figure 4 Compact FEL design using photoinjector

in Fig.3.

The use of the photocathade make it possible to
design a compact FEL. Compact FEL and more
compact future FEL are proposed in Fig.4 and Fig.5.

N
i
’
kGLYSTHCN --------- Y Y YT T T Y TR TTY
% PRESENT LOE ALAMOS FEL
CAPACITOR .
BANK . v smCT
LR XLTX LR bl e———
CONTROL - ’.gtﬁ.o —— o
oo i
XAS XL LEX
LAmist Trm l LY ST o Lln
COMPACT FEL CONCEIVABLE
USING PRESENY IN THREE TO
TECHNOLOGY FIVE YEARS
» s " Ed
VT

Figure & Comparison of the size of future FELs
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16. THE RF LINAC FREE-ELECTRON LASER PROJECT
AT THE UNIVERSITY OF TOKYO

H.Chashi, THara, R.Hajima, 5.Kondo and M.Akiyama
Department of Nuclear Engineering
University of Tokye

7-3-1 Hongo, Bunkyo-ku, Tckyo

112 Japan

81-3-812-2111

1. Introduction

A program in infrared FEL research is in
progress at the University of Tokyo. The goal
of this program is to realize a compact FEL
in the infrared region of the spectrum
employing an existing 15 MeV rf linear
accelerator. The accelerator, which was ori-
ginally constructed as an irradiation source
foer radiation effects studies, have besen
modified to meet projected FEL experiments.
After finishing the modifications to the
acceleratcr, we are now characterizing the
electron beam properties.

In this paper we present our FEL preoject
laying emphasis on the improvement in the
electron beam quality.

2. Accelerator

We have an accelerator system which is
composed of two parallel s-band(2856MHz)
linacs in Nuclear Engineering Research
Laboratory of our university. The system is
called a twin-linac system and is used to
investigate the primary processes con
radiation chemistry. One linac is used as the
irradiation source and the other is used to
produce an analyzing Cerenkov light. A time
interval between the two beams is contrelled
by rf phase shifters with high temporal
resolution. (Fig.1)

These linacs produce the electron beams
which have energies of 15/25 MeV, a peak
current of 7A and a pulse width of 4.5psec.
These linacs are suitable for FEL gtudies
because of the low energy and the relatively
long pulse width. We decided tc empleoy the
lower-energy linac for the FEL experiments
and measured its electron beam properties,
because it is easier to be reconstructed than
the higher-energy one. The results showed the
enerqgy spread of the electron beam was Z%FWHM
and the beam emittance was 100mnmm mrad. To
provide the electren beam with better guality
to meet the requirements for the FEL
experiments, we have made modifications to
the linac as described below.

Cerenkov Radiator

GRID
puLSER GUN SHB / Carankov Light

ATCT
ACC-1
PHOTC-
DETECTOR
AMP.] |AMP,| KLY -] Y-
AID
) RE 7 Z
T ot
DRIVER
GRID
TRIQ. ATOMHz
DATA
STYNCHRAO. MASTER RA5EMHIL ACQUISITIQN
C{RCUIT TOR| CONTROLLER

Fig. 1 Schematic of twin-linac system

2-1 Emittance Measurement System (Fig.2}

An emittance measurement system with a
sacreen beam profile moniter has been
developed. The beam profile on the ceramics
screen is taken in a image processcr through
a CCD shutter camera. The camera is synchro-
nized with a electron beam triggering signal.

The beam spot size is estimated from the
precessed data and is assumed to vary
quadratically with fecusing strength of
quadrupele magnets located upstream of the
profile moniter. The beam emittance is
calculated from the cocefficients of the
quadratic relation which is obtained from
fitting the measured data. The normalized
emittance of the electron beam before the
modifications was measured to 100mmm mrad. As
compared with this, preliminary measurement
of the improved linac showed that the
emittance is decreased to 17mmm mrad.(Fig.3)

2-2 Double Pre-Bunchers

Double pre-bunchers was newly installed
in the injection section of the linac to
reduce the energy spread and to increase the
peak current of the electron beam. Phase and
power cf the microwave fed into the two pre-
bunchers can be controlled independently.
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Fig. 2 Emittance measurement system
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Fig. 4 Measured energy spectrum of
the electron beam with the double pre-
buncher
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A simulation code has been develcped to
examine operation parameters of the pre-
pbunchers. The simulations showed that 1%
energy spread can be obtained by adjusting
the pre-buncher parameters. Experimentally,
the energy spread of the linac with the
double pre-bunchers is measured to be 1.2%.

(Fig.4)
2-3 Low-Emittance Electron Gun

The electron gun which has been used
hitherte was designed to produce a single
electron pulse of very high charge. Its
design was not optimized from a standpeint of
the electrcen beam guality. So we have
designed and installed a low-emittance
electron gun on the linac. It employs an
EIMAC Y—646E(lcm2 area) dispenser cathode
instead of ¥-796 which was originally used.

The design has been made using the EGUN
code under the conditions that,

(1) current more than 400mA can be ex-
tracted at 90kv voltage,

(2) calculated normalized emittance is com-
parable to the walue limited by the
electron thermal motion(5mmm mrad), and

(2) electron beam diameter at the outlet of
the gun is small enocugh to aveid aberration
effects in the downstream focusing
elements. '

The newly-designed gun was fabricated
and installed on the linac after some pre-
liminary experiments on a test stand. As

described previously, the beam emittance was
considerably decreased with this electron

gun. (Fig.5}

2-4 Beam Stability

To enhance electron beam stability in
the pulse, new PFN{(Pulse Forming Network)
units were installed inte an electron gun
pulser and a klystron pulser. The rf phase
drift in the pulse can be controlled within 4
degrees. The pulse width is extended to over
6usec and the fine control of the pulse shape
becomes possible.

3.FEL Project

With the improved l15MeV linac we are
planning to make infrared FEL experiments. A
wiggler of 40mm wavelength and 25 periods is
under calibraticn. The FEL parameters have

Fig. 5 Electrodes geometry and calculated
electron trajectoies of the low-emittance
electron gun
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Fig. 6 Beam transport calculation for the achromatic bending line

been calculated using a 3D FEL simulaticn
code under the condition of the beam quality
of 1% energy spread and l0mxmm mrad emittance
value. The peak current was conservatively
assumed to be 7A. If a 1/6 subharmonic pre-
buncher operate successfully, the peak cur-
rent of about 40A can be obtained. The gain
per pass is predicted teo be 21°to 99% at the
optical wavelength ¢f 26 to 39um, which is
sufficient for saturation of the coptical wave
in the pulse. (Table 1)

A beam line for the FEL experiments was
constructed with four bending magnets. The
line was designed to be achromatic so that
the electron beam is non-dispersive in the
FEL section. It is impeortant to keep the
electron beam diameter small in this section.
Simulations using PARMELA predicted that the
beam can be transported with the beam
diameter of less than 2mm in this beam line.
(Fig.6)

4, Summary

We have described the improvements and
measurements of the electron beam quality of
our linac for the FEL experiments. The linac
is now under adjustment te further increase
the electron beam brightness. The FEL
experiments are expected after installation
of the optical system.

Electron Beam

Energy

Peak Current
Beam Diameter
Pulse Width
Pulse Repetitien
Energy Spread
Emittance

Wiggler Period
Number of Periods
Wiggler Gap
Cavity Length
Output Coupling
Optical Wavelength
Gain per Pass
Feak Power
Average Power

= ————
T = I e— ———
Jeonaseasacesndun
tND TR

Table 1 Parameters of the FEL project

15 MeV

7 A

2 mm

4.5 us

50 pps

1 %fwhm

10 © mmmrad

40 mm
25
20 - 30 mm
3.15m
4%
28 - 39 um
21 -99 %
2.4 - 45 MW
16 - 29 W
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17. JAERI FEL Program based on Superconducting Linac

Yuuki Kawarasaki
Department of Physics, JAERI
Tokai, Ibaraki 319-11

Abstract:

JAERI FEL Program based on a superconduct-
ing linac is briefly overviewed, including a status
report.

The R&D planning for a long-term schedule is -

first discussed, focusing on the choices on the type of
FEL's regime and accelerator there used. The R&D
schedule is tentatively divided into three phases:

Phase-I; Basic R&D for an infrared FEL
oscillator.

Phase-II; For a visible wavelength oscilla-
tion, the increase of the beam
enetgy by means of beam-
recirculation.

Plase-III; High-power output through an
energy-recovery method.

A  superconducting linac of lower radio-
frequency{~500 MHz) is found to be a most suited
one to our purpose.

Specifications of the linac in the Phase-I are:

Injector gun — thermoionic gridded Plerce(2~4
mm ), applied voltage; 250 kV, pulsing format; 2~4
ns width every 80 ns (127 MHz) separation during 1
ms {macropulse), repetition; 10 Hz(macropulse).

Sub-harmonic buncher — A/4 coaxial resonator
{(normal conducting), frequency; 87 MHz{1/6 of main
r.f.), gap voitage; 30~60 kV.

Harmonic buncher — re-entrant cavity {normal
conducting),frequency; 508 MHz, gap voltage; 10~40
kV.

Pre-accelerator — two superconducting single
cavity, independently phasing and feeding.

Main accelerator cavity — superconducting 2
(unit) x 5 (cell cavity), effective length; 2 X 1.5 m.

1. Introduction

The final objective of the JAERI's (Japan
Atomic Energy Research Institute) free-electron laser
(FEL) program shall lie on the industrial applications
in the nuclear energy field for definitely peaceful use:
1) Enrichment of fuel element, uranium- 235 from
natural uranium, possibly 2) Waste management
(OMEGA- Project: Options Making Extra Gains of
Actinides and fission products) support through
group partitioning of radioactive wastes, and 3) Oth-
ers, e.g., decommissioning of nuclear reactor power
plants. Thus high-power FELs shall be inevitably
needed, whose wavelengths must range over infrared
through ultraviolet.

However, the direct pursuing of this final feature
of the FEL system seems undoubtly too adventurous,
or even unrealisiic, because the FEL technology looks
like requiring far advanced accelerator's and related
ones. Thus the whole schedule of the R&D dare
preferably be divided into some adequate develop-
mental phases. Accordingly, the first phase is natur-
ally devoted to the most basic R&Ds on a concise
FEL system, but aiming at an infrared or far-infrared
lasing even at low power level. The separation of
uranium isotopes in a so-called molecular method
requires a light source of 16 um which coincides with
the wavelength region just aimed at in this R&D
phase. This FEL scheme, however, must have the
feature to be easily extensible to the final one during
the later phases. On the other hand, low- power
FELs of longer wavelengths can further be expected
to be useful tools for basic science researches; physics
of condensed matters, biomedical and biochemical
researches, because nowadays no conventional lasers
so far are easily available in the wavelength region
loenger than 10 pm.
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2. Considerations en the FEL Scheme and the
Schedule

There are two FEL’s regimes, conventionally so
classified: Compton and Raman regime. First, we
must have decided which regime shall be adopted,
because in general the type of accelerators depends
on this choice. World-famous ones are: RF- linacs at
Stanford University, at Los Alamos National Labora-
tory and at Boeing Aerospace Company, and storage
rings at Orsay, France and at Novosibirsk, U.5.5.R.
and Van de Graaff type at Santa Barbara, University
of California; all in Compton regime, while induction
linacs, ETA and ATA, at Lawrence Livermore
National Laboratory; in Raman regime.

We have since been continuing the operation of
a 120 MeV normal conducting RF(S-band(2856
MHz)) linac, similar to the Stanford normal conduct-
ing linacs, SLAC or Mark III, for nmeutron nuclear
data measurements and other research purposes, e.g.,
positron generation. This linac is now used as the
injector of a small( 300 MeV ) storage ring, JSR.
Thus we could decide without hesitation the adop-
tion of a so-called Compton regime FEL scheme and
the use of an RF-linac rather than a storage ring,
because at the beginning time of this program, the
JSR was not yel installed.

However, there remained another decision on
whether this RF- linac could suitedly be used for our
purpose or a new dedicated one should be con-
structed. The required beam gquality did seem far
from that of the FEL’s specification even after some
modifications for the improvement of the beam
characteristics of this linac. Furthermore, in a nor-
mal conducting RF linac, CW operation for high
power output is seemingly difficult, even if the beam
quality would be guaranteed, from the view point of
cost- effectiveness. This view may invoke many
debates. However, the following considerations may
be enough to make us decisively convinced that a
superconducting linac scheme must be adopted.

Three normal conducting linacs have been newly
built or greatly modified for the FEL projects and
then succeeded in oscillations: the first one is the 20
MeV standing wave mode L- band(1300MHz) linac
at LANL! in oscillation at an infrared wavelength,
the second the Boeing Aerospace Company’s{BAC’s)
120 MeV traveling wave mode L-band (1300 MHz)
linac? at a visible wavelength, and the last the modi-
fied Stanford Mark III (traveling, S-band(2856MHz))
linac® at an infrared wavelength.

The former two linacs operate in longer macro-
pulse duration(>100 ps), being provided by specially
prepared components; klystrons and their pulse
power supplies. The last linac is the old Mark III,
where the conventional injector gun and pre-buncher
are replaced by a so-called RF-gun and a momentum

filter, by which high quality beam can eventually be
injected into one unit of the Mark III waveguide.

The first FEL oscillation at Stanford? has rea-
sonably been succeeded, using HEPL's superconduct-
ing linac(SCL) which can accelerate high quality
beams in long macropulses. Thus a SCL is attractive
if greater accelerating field gradient(>5MV/m} in a
cavity is achievable. In tecent years, the remarkable
progresses of this matter(~10 MV/m) have been
reported from TRISTAN’s at KEK® , Japan, and
from CEBAF', USAS Furthermore, here at
JAERI, the project of a heavy ion boosting RF-
linac’ for the Tandem Van de Graaff accelerator (20
MV} is now in progress, using many of a niobium
quarter-wave resonator for quadruple increase of the
ion-beam energies. Here the Tandem accelerator is
serving the beams for the researches of nuclear phy-
sics, nuclear chemistry, materials science, including
solid- state physics and so forth. The project is the
upgrading of the performance, being proposed some
ten yvears ago. The various techniques of cryogenics
and high Q cavities developed here will explicitly be
helpful and consequently influential.

In the RF-linac driven FEL operation, an
energy-recovery  configuration, or recuperation
scheme, is desirable and forthcoming for high-power
oscillation, because an FEL efficiency (laser power vs.
beam power) is still a few to several percents and the
remaining beam power is dumped out unless it is
reused. The tests of this configuration have been
successfully performed both at LANL® and at
HEPL.? The LANL’s uses two structures: one as an
accelerator and another as a decelerator, while the
HEPL’s SCL uses a technigue of beam recirculation.
The recirculation is also applicable as an energy dou-
bler, tripler and so more. Furthermore, solid-state
RF amplifiers can hopefully be used, because the cav-
ity losses in SCL are negligible. The net FEL power
consumption may stay under almost several tens KW
in average. The present state-of-the-art of solid-state
amplifiers in the frequency range of UHF for TV
broadcasting service can encugh fulfill the require-
ment. The serious consideration on choice of RF-
amplifiers, especially klystrons or triodes or tetrodes,
is usually needed in designing normal cenducting
linacs both of electron and of heavy-ions. The life-
times of solid-state amplifiers can be expected much
longer than types of vacuum tubes, which seems
reducing the total cost and guarranteeing the long-
term stability.

And then new finding of high Tc¢ superconductor
may somehow influence this choice, because the pro-
gram period will span over some ten years. Possible
uses of such high Tc¢ RF- or magnetic devices, as
RF-couplers or magnetic shieldings, will expectedly
take place in near future.
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Oun the contrary, in a case of normal conducting
CW linac scheme, a main part of the RF-power may
go to the wall lose of the accelerating waveguides,
and a main part of the cost may also be in their RF-
power supplies and peripheral utilities such as cooling
system rather than accelerating waveguides or cavi-
ties themselves.

The final FEL system must incorporate with the
beam recirculation both for energy multiplexing and
for energy tecovery. The whole program period is
accordingly divided tentatively into three phases.
The Phase-I is basically devoted to the fundamental
R&D of the simplest FEL feature, but aiming at an
infrared, say, typically 10.6 pm lasing. This dura-
tion may depend on a few factors: number of staff
personnels, availability of the budgetary funds and so
on. It will range over 5 to 7 years. The present time
(fiscal year 1989) is the second year of the phase-I.
In Phase-II, the addition of one or more SCL
modules with recirculation as an energy doubler or
trippler(~100 MeV) will be attempted to work on
lasings at visible or ultraviolet wavelengths, and the
increase of an output power by means of an energy
recovery will then be followed in:Phase-IIl. As will
later be discussed, the injector system will be
improved in the following phases by replacement of,
e.g.,, a modelocked laser irradiated photocathode
gun.

3. Specification of the Linac in Phase-I

The choice of SCL’s frequency is important: e.g.,
HEPL’s at 1300 MHz, CEBAF's at 1500 MHz,
TRISTAN’s at 508 MHz, and CERN’s at 350 MHz.
Use of lower frequency is fit to higher beam quality
and current intensity without extra cooling below
liquid He boiling peint, 4.2 K, at 1 atm. The choice
of the frequency may actually have a close
relationship with that of the RF-power supply, even
though there is some difference; high-energy accelera-
tors must feed enough power to the beams, while
FELs’ can reunse it. Thus, at present, the similar cav-
ity structure as TRISTAN’s seems satisfactorily
applicable for a main part of the linac. TRISTAN's
one cryostat module contains two 5-cell units, ie.,
being capable to accelerate beams of 15 MeV{5
MeV/m) to 30 MeV(10 MeV/m), which almost satis-
fies the requirement for an infrared FEL oscillation.
Thus a main accelerating part of the linac is tenta-
tively figured.

The injector design is another key point, because
its performance governs strongly the output beam
quality. Higher FEL gain requires simultaneously
both higher brightness and higher energy resolution
of ihe beam. Novel trials are now proposed for this
achievement.}%-12 Higher injection-gun voltage can
well prevent the deterioration of beam characteristics

from emittance growth. Conventional linacs equip a
some 100 KV pulsed beam injector, while novel ones
attempt use of a few hundred(200 to 500) KV poten-
tial. These values will be attainable both in a D.C.
manner and in a pulse mode. The latter is a kind of
RF-gun.

There is another FEL's uniqueness of the tem-
poral format of beam pulses, which is far different
from that of conventional ones. A simple format
may be trains ( macropulse} of the micropulses of
bunched beam, where the temporal separation -of
each micropulse must be correctly synchronized with
the round trip time of the light traveling back and
forward within an optical cavity resonator, ie,
between two mirrors. Typical values of micropulse
separation may be a few tens to a hundred and
several tens nanoseconds, depending on the length of
the optical cavity, which far differs from the period
of accelerating RF- frequency; e.g., 0.33 ns at 3 GHz
or 2 us at 500 MHz. A mode- locked laser driven
photocathode gun!®  can  actually produce
micropulse-formatted beams of sufficiently high
current density. However, its adoption here seems yet
premature in phase-I, even though the feature looks
like the best. The R&D of a photocathode system
will take a few or several years in our case. A ther-
moionic cathode gun must accordingly be used and
followed by bunchers to obtain the sufficient

brightness of the emitted beam. Furthermore, a
micropulse formatter(e.g., a beam chopper) is neces-
sary in their vicinity. A gridded gun is expected fo
work well with an even elaborated grid-pulsing cir-
cuit. Im this configuration, a subharmonic
buncher{SHB) will act as a brightness multiplier, and
a longitudinal pulse-length compressor, because the
pulse length from the grid-controlled one is an order
of mnanoseconds, while that acceptable to be
accelerated is an order of a few to a few tens
picoseconds. Even though a SHB intrinsically
makes the energy resolution of the injected pulse
beam worse and needs some distance of several
meters as drift space, this seems a tolerable choice for
the first step. After the SHB, one buncher must
positively be inserted for compensation of the energy
spread. Both a subharmonic buncher whose fre-
quency is one fourth to eighth of the fundamental,
and a buncher may be fabricated in a form of normal
conducting cavity. Their RF- power can also be
delivered from solid-state amplifiers whose output
ranges less than several KWs.

The injection of a few hundreds KeV electron
beams to a main unit of accelerating cavities still
seems inadequate; in terms of 3 {=v/c}, e.g., 80 KeV
electrons’ is 0.5, 250 KeV's 0.75, and 2 MeV (.98,
respectively. This leads to necessity of pre- accelera-
tion. Two single superconducting cavities for pre-
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acceleration (2~4 MeV) seem more neat than a nor-
mal conducting one. The geometrical beta of the
cavities can be set as unity if the RF phasing and
amplitude can independently be controlled. Also less
than several KWs of RF-power suffices to each cavity
from respective solid-state amplifier.

The above considerations allow us to depict the
conceptual FEL scheme shown in Fig.1, including the
extending option for the R&D in later phases.

SCLs show a definite superiority in its operation
performance of longer macropulse or even CW opera-
tion and of high beam gquality, while they require
inevitably a cryogenic equipment to cool down the
cavities at liquid He temperature. A completed SCL

system must usually include a liquid He refrigerator-

from which He coolant is distributed through its
pipelines, which forces people to do another work and
to prepare extra money. Contrarily, cavity tests can
usually done without a refrigerator, but in direct use
of liquid He preserved in a vessel. Test experiments
of the SCL as the basic R&D in phase-I can thus be

carried out just like a cavity test. The amount of

liquid He consumption depends mainly on the duty
ratio of RF-feeding. If the duty ratio is chosen much
less than unity, CW, say, 1 percent, then a small
closed-loop refrigerator which is nowadays used in a
medical instrument, MRI{ magnetic Resonance Imag-
ing ), where superconducting magnets are operating
can be applicable without any distribution lines but
being mounted on a vessel top of the cavity cryostat.
This proposall¥ seems much attractive and worthy to
be introduced, if another problem of mechanical
vibration isolation will be solved.

Electron Gun
hF Laser Light &~ -
Subharmonic Buncher

RF
Eéun(:her

Mirror

=
Bunched beam
C; :3__[;[: { Beam Recirculation
L { Phase-1)
o

Superconducting

A small value of the duty ratio of the SCL
operation will give a good effect to other design fac-
tors. Problems of the electric power supply capacity
and the radiation shielding are much reduced in diffi-
culty. The simplest FEL scheme in phase-I will use
that of so-called single pass. Beam-power gained in
the main accelerating cavities must thus be dumped
into some adequate absorber, a beam stop. Pulse
operation will lead to accumulation of accelerator
technology different from that of genuine CW’s. The
duty of one percent can arbitrarily but reasenably be
combined by 1 ms of macropulse length with the
repetition of 10 pulse per second of it. The macro-
pulse length of 1 ms is however almost quasi-CW in
an electronic sense and quite long encugh to the
growth time of FEL, a few to several tens
microseconds.

Table 1 lists the specification of the SCL in the
phase-I, tentatively in quantitative values.

Fig. 2 shows a bird-eye’s view of the FEL sys-
tem of the Phase- I, which will be temporally
installed in an old target-room of the shut-down van

de Graaff accelerator.

4. Present Status

The most front part of the injector system can
independently be designed, fabricated, assembled,
and then tested. They are an injecfor gun, a
subharmonic buncher and a buncher with their peri-
pherals. Fig. 3 shows a mechanical sketch of this
injector. This part is now under fabrication.

Undulator

Beam Dump ,

Preaccelerators

N

\VAVAVAVAVAVAVAVAVAUjp =

Additional Unit

Momentumn Filter

Figure 1 JAERI FEL, conceptual scheme

Superconducting Main Acceleration Cavity Unit

{Phase-1T)
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Table 1, Specification of the SCL ir the Phase-I.

Main part of the linac

Type superconducting
2(unit) x 5{cavity)
Frequency 508 MHz
Effective length 2x15m
Gun(injector-1)
Type thermoionic gridded Pierce
(2-4 mmg) -

Applied voltage 250 kV

Pulsing format 2-4 ns width
every 80 ns{127 MHz)
separation during 1 ms
{macropulse)
Repetition 10 Hz (macropulse)
Subharmonic buncher(injector-II)

Type A/4 coaxial resonator
(normal conducting)

Frequency 87 MHz (1/6 of fundamental)
Gap voltage 30-60 kV
Buncher :
Type re-entrant cavity
{normal conducting)
Frequency 508 MHz
Gap voltage 10-40 kV

Preaccelerator(injector-1IT)

Type two superconducting
single cavities

Geometrical beta  unity for both

Optical Measurement
System

Undulator &

Optical Cavity

Superconducting
. {25 MeV)
main Accelerator

Deflection Magnet

The injector gun consists of: 1) a pressure vessel
for high- tension insulation, 2) a Cockcroft-Walton
type high-voltage power supply inside the vessel, 3)
an electron gun unit, 4) a grid- pulsing circuit, and.
5} their peripherals and contirol. Fig. 4 is a cut-
away view of the injector gun. Fig. 5 is that of the
gun itself. Here the cathode(Y-646B, Eimac Co.) is
mounted on a flat end-flange and the anode is posi-
tioned on the top of a cone- shaped support inside
the space of a ceramic insulator cylinder. This con-
figuration is not usual but facilitates us to easily
design the grid-pulser and maintain it, because an
ample space for it is guaranteed.

During the mechanical designs on the com-
ponents, some beam behavior simulations at the
injector gun and along the beam path from the gun
through the SHB, the buncher and the pre-
accelerating cavities, have been performed: the shape
of the electrodes, anode and Wehnelt, has been
designed as shown in Fig.6 with the resulted beam
profile,

The procurement of superconducting cavities
has some actual importance from viewpoints of avai-
lability of our man-power for cavity-processing and of
cost-performance. There should remain a crucial
choice on whether those of KEK type, 508 MHz or
those of DESY type, 500 MHz should be adopied.
LISA!S of the INFN group at Frascati, Italy, adopts
the latter.

The author thanks the member of the FEL
group and people cutside the group who have com-
mented on and supported this program, because this
paper has a nature of the content that combines
their ideas and summarizes their papers, reports, and
documents. Some figures are kindly offered from
some of the member.

5h1e1ding
Electron Gun

Sub-Harmenic Buncher

Solenoid Coils
Buncher

Superconducting
Pre-Accalerator

Figure 2 Bird-eye’s view of JAERI FEL, in phase-I
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[
L]

Figure 3 Injector of the JAERI FEL system. The electron gun, the subhar-
monic burcher, beam transport system with focus coils, and the
buncher.

1100

f

Figure 4 Side view of Gun tank (1}Electron Gun, (2)Cockcroft-Wolton,
{3)Vessel, (5)Gate valve, {6)Ion Pump

-

faia}

Figure 5 Cross sectional view of electron gun assem-
bly. The anode is mounted on the top of
cone shape support which has vacuum
openings. Cathode, Grid and Wehnelt are
mounted on a flat flange. {1)Cathode
Assembly, (2)Anode, (3)Wehnelt,
(4)Ceramic Insulator, (5)Ceramic Insulat-
ing Cylinder.

500

RS
i




JAERT—M 91—141

)

&0 zo 30 4 %0
injeetlion gun for JAERI
lcathode diameter=4,100m

60 70
Fr
Al

[ 30 106 g

ee Elecctran Laser

Shape of the problem region boundary and the equipotential lines for
the cathode with a 4 mm diameter, a 100 mA peak current and a 300

kV anode voltage. The horizontal axis shows the axial length in mm
and the vertical axis shows the radial length in mm. The filled area
near the axis shows the beam trajectories from the virtual cathode.

Figure 6
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L. INTRODUCTION

High current, low emittance and small
energy spreading width electren beams are needed
to oscillate the free electron laser (FEL). To
realize these beam qualities a conftinuous
wave (cw) double-sided microtron (DSM) has been
designed and constructed since 1984 at Nihon
University. The basic configuration are shown
in Fig. 1 and design parameters are in Table 1.
The 4.55 MeV electron beams at the injection
linac are injected inte the DSM through the beam
transport system, where both lorgitudinal and
transverse emittance is adjusted fo match the
beam ellipse at the injectlion point of the DSM
The injected beam is recirculated five turns and
reaches the final energy of about 35 MeV

Table 1 DSM design parameters.
Injection energy 4. 55 MeV
Exiraction energy 34.5 MeV
Average beam current 300 mA
Field of sector magnets 0.1867 T
Synchronous phase 25 *
Energy gain per turn 6 MeV
Number of recirculation 5 turns
Accelerating tubes 4.283 m X 2
Operating rf frequency 2449.77 MHz
Rf power dissipation 100 k¥
Accelerating gradient 0. 773 MeV/m

The beam accelerating experiment was per—
formed using pulsed beams of 100 gsec width and
repetition rate of 50 pps. The injected
beams were recirculated successfully and reached
the energy of the designed value in May 1989

In the following sections, details of in-
dividual systems, results of beanm accelerating
test and application of this machine to FEL are
reporied.

O. THE INJECTOR LINAC

All the rf systems have been designed so
that they eperate at 2450 MHz There are four
50 kW ew klystrons (KL1 ~ KL4 in Fig. 1> made
by Thomsen CSF, two of them are used in the in—
jector linac. Fach klystron is iselated from
the accelerating system by using a circulator

The injector linac consists of 100 keV gun
terminal C(GUNY, rf chopper (CPJ), prebun-
cher, buncher (B-ACC) and preaccelerator (P-ACO.
The oulput power of the kiystron (K1.1) is
Jdivided ameng chopper, prebuncher and buncher
via series of directional couplers. The chop—
per system, which is the same one as in the
NTST-Los Alamos race—track microtron(l), con-
sists of two chopper cavities, a sector shaped
clit at the mid peint of two cavities and two
magnetic lenses placed in gymwmelry near the

slit. A circular beam profile is obtained at
the slit by adjusting the input rf phase and
power, where the beam in relative phase width

of 300° is removed and 60° is used.

The clectron beam is accelerated 2 MeV in
the buncher, and further accelerated 2 MeV  in
the preaccelerator. Total energy of 4.55 MeV
is required in the injector.

The buncher is a 2 m long graded— /3 (=v/¢)
accelerating tube of the DAW structure. Com-
Bination of wvalues of A and number of
cavities was determined by a computer simula-
tion using the field distribution obtained by
SUPERFISH(2), which is shown in Table 2. The

# This study has been performed through Special Coordination Funds of the Science and Technology

Agency of the Japanese Government.
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KLZ KL1

i

QA

ACCZ

P-ACC

¥31

B-ACC

KL4

ACCL

KL3

Fig. 1

magneltic lens, CP:chopper,
analyser magnels,
magnet, ACC:4 m accelerating tube,

QT:Q-1riplet,

DB

preaccelerator is a 2 m long constanl /B tube
of the DAW structure, Each tube has been con-
structed separated into half parts for con-—
Table 2 Combination of cavities in the injec-
tor accelerating tubes
il number of cavities
Buncher 0. 7060 3
0. 850 5
0.925 10
0. 974 17
Preaccelerator 0.594 32

venience of construction, and joined together
near the center of the tube with vacuum flanges
There are six mevable frequency tuners opposite
to washer suppert stems for fine tuning of the
resonance frequency

. INJECTION BEAM TRANSPORT LINE

The beam from the injectoer is deflected 90

Layout of the 35 MeV cw double-sided microtron and the 5 MeV
PB:prebuncher,
DM:longitudinal matching magnet,

KL:klystron, ML:
B-ACC:buncher, P-ACC:preaccelerator, DA and QA:
DI and Ql:injection magnets, EM:sector
DE:extraction magnet,

injector.

and QB:phase matching magnets,

the achromatic bending system (DAl,QA,DAZ),
where energy spread is defined by a slit near
the Q-singlet GQA. The beam with energy spread
of 2 % is transported to the DSM.

in

In order to keep stable acceleration in the
DSM, both longitudinal and transverse emittance
ellipses have to be matched at the injection
point as follows

The longitudinal emittance ellipse is ad-
justed to an optimum shape by means of the lon-—
gitudinal matching magnets(DM1, DMZ and DM3)> on
the injection beam transport Jline se that the

energy and phase spread is kept minimum during
acceleration in the D3M. Adjustwent is made by
the use of the difference of the orbit length

difference of the electron
in the magnets.

accerding to the
energy and magnetic field

is adjusted by
~ QT5) on the
the beam size

The transverse emittance
means of quadrupole triplets (QT]
injection transport line so that
in the DSM is minimized.
is the dispersive side

The injection point



JAERI—M 91—141

of the first sector magnet EM1, where 4.55 Me¥
electron beam is dellected 120" with an orbit
radius of 8.077 cm. Energy dispersion is
matched by means of two injection dipole magnets
Di¥1,DIM? and Q-singlet QI, then achromatic beam
ts injected on the axis of the first accelerat-
ing tube ACCIL.

IV. ACCELERATING TUBES IN THE DSM

Twe accelerating sections placed in paral-

lel at a distance of 3 m from each other, which
consist of 4.28 m long accelerating tubes with
B = 1 DAW structure cavities. Each tube is

fed with 50 kW rf power frem one klystron
Coupling coefficient was chosen to be about 2.1
of over coupling in order to reduce the fluctua-

tion of the rf field in the tubes caused by beam-

loading effects, which is a possible maximum
value when accelerating field necessary flor
operation is taken inte acceunt. The tube has
been constructed separated in four parts and
joined together with vacuum flanges. The
resenance frequency is tunable more than 2 MHz
with a total of 12 movable tuners in each tube.

Since the temperature of cooling water sup~
plied to the tubes is kept constant with ac—
curacy of £ 0.1°, the resonance frequency
decreases as increase of the input rf power,
which amounts about 250 kHz at cw 50 kW, cor—
responding to increase of the tube temperature
by B°. The resonance frequency cof the tubes has
nol been tuned during the operation so far, but
the rf frequency has been adjusted so that VSWR
could be minimized, which is a simple way of
tuning when al! the tubes are tuned in jdentical
frequency and cooled using lhe same kind of
cooling system However, a remote tunig system
using movable tuner is under construction so
that the change of the resonance frequency in
each tube caused by the change of the input rf
power will be compensated automatically

Y. MAGNET SYSTEM

The beam recirculation system between two
accelerating tubes was designed with the aid of
computer programs, TRANSPORT(2), TRIM(4) and

original program BHAM.
A. Sector magnets

The sector magnets were constructed on the
basis of results of field measurements on a
medel magnet which has the same dimensions as
practical ones.

In order to obtain a uniform magnetic field
in a wide range, a Purcel gap of 2.5 mm width is
introduced between the pole piece and the return
vaoke. Also shims are installed at the pole
edge and the periphery of the Purcel gaps. As
seen in Fig. 1, the slectron beam is injected to

the first accelerating tube after deflected by
120° at the sector magnet, then the beam from
the first accelerating tube is deflected by 107°
at the next sector magnet. Therefore, the beam
at low energy can experience the uniform field
in the sector magnet owing to the particular
shape of the field boundary

Fach sector magnet is equipped with
auxiliary coils, field clamnp coils and auxiliary
field clamp coils besides the main coils so that
all the sector magnets are excited in series at
an identical field strength and that vertical
defocus and horizontal orbit displacement in the
fringing field are controlled precisely

Field uniformity of the flat region in all
the sector magnets were measured by means of a
Hall probe in the symmetry plane of the pole
gaps, which was estimated to be within +0.07 %
Additional correcting coils on the pole surfaces
will be assembled in order to suppress within
+ 0.01 %

B. Phase matching system

The first recirculating system is distin-—
guished from others in the short straight sec-
tions. Since pole pieces of the sector magnets
EM? and EM3 are modulated at nen-dispersive
sides so that the lowest energy orbit passes
well flat regions, the first turn beam 1is
deflected 107°. In this system, the beam from
ACC1 is deflected 1077, -37°, 40°, -37" and
107°, then injected on the axis of ACCZ. A
large phase slip of beam bunch caused by the
difference of the velocity between the bunch and
the rf phase is compensated in this system by
the adjustment of the total orbit length.
Horisontal and vertical beam envelepes in [irst
order calculation are shown in Fig. 2 tegether
with the dispersion curve. The behavior of the
longitudinal emittance ellipse in this system is
the same as in the other short straight sec—
tions. :

C. Short straight section

Five Q-magnets in each short straight sec-—
tion are necessary for achromatic 180" bending
system without beam divergence. The beam en-
velepes are designed to be symmetric about the
third Q-magnet, having waists at the center of
the accelerating tubes with no acceleration.
Horizontal and vertical envelopes in the [irst
section are shown in Fig. 3. The maximum field
gradient of Q-magnets with aperture diameter
28 mm, outer diameter 104 mm and pole width
20 mm is 1100 Gscm, which is possibly an upper
lTimit of field gradient realized without cool-
ing.

Whole envelopes from entrance te the first
accelerating tube through exit of the final tube
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heam diameter and displacement.

The injection linac particularly the bunch-
ing system does not work well because of the low
electric field distribution in the lew /B region
as meniioned above. It suggests that the DAY
siructure msy not be adequate in the low region.
Accordingly low 2 cavities with on axis coupled
structure is preparing instead ¢f the present
one. Also needed is modification of the gun
grid structure which causes seriously the diver-
gence of the beam character. -

During the cperation of the D3M frequently
needed was the adjustment of parameters because
of the fluctuation of the accelerating energy
gain. The rf system to stabilize the fluctua—

tion of the rf phase is progressing. There is°

also a plan to construct a new building for the
space of experiment and for the radiation
shielding.

Fig. 6 Observed beam profile at the entrance
of the axtraction magnetl.

V. APPLICATION TO FEL

As one of applications of the DSM, it is
possible te build a FEL which operates in the
infrared light region. The general beanm
character in Table 1 must be modified to match
the requirement from the FEL as shown following.

energy variable 10 ~ 35 MeV
micropulse length 3 psec
peak bunch current 5 A

repetitien rate 24. 5 MHz

(distance betweoen micropulses 12 m )

The wiggler in this case would be a per-—
manent magnet linear wiggler with period 2 cm
and normalized vector potential ay = 0.7 rms.
The number of the peried could be considered
with either S0 or 100 depend on the oscillating
conditien. Electron beam erergies from 10 — 35
MeV yield FEL radiation from 40 um to I um.

The third harmonic FEL operation ceuld permit
the expectation of the range te 1 uwm. The
output power of the FEL fer the typical case
would be as follows.

intercavity peak optical power 50 MW
peak output power 1 MV
average power 75 W

The light may be used for the study of
material science and for the medical application
and other many fields.
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19, Basic studies of Free Electren Laser and
Development of Compact Ring for FEL _
at Research Laboratory for Nuclear Reactors, Tokyo Institute of Tecnology.

Toshiyuki HATTORI

Research La%oratory for Nuclear Reactors, Tokyo Institute of Tecnology.

0-okayama, Meguro-ku, Tokyo 152, Japan
. ) 1
[. Basic Studies of Free Electron Laser 1ts magnetic field is measured as shown in
with Undulator Fig. 2.
The basic experiment of free electron laser

is being planned using 35 MeV L-band linac
facillity at Iastitute of Sclentific and
Indusiria! Research, Osaka Unicersity.

A Halbach-Type pure Nd-Fe-B planar undulator
for FEL is constructed as shown in Fig.1.

By [x6)

Measured magnetic field an Z axis
Lg=30mm, Bo=2.27%6, K=1.02, N=30

:? 7[]-8. E ! g0 (b} .l.
P SACALALS Fig.2 Measured magnetic field on axis
HI""D o FIE[IE
507 The particle trajectory is calculated in
- 48 measured undulator field as shown in Fig. 3.
el T 2.0 1.0
o e (e = H
potarauh] gt i ﬂ E g
R ek Jz]: § 1.00 AAMVAWAAAPAAMPMAWINANVANVA 0.0%
T T e e o . %m . H R ol / ' } -
] ] s w2 .
S I IR a—i] f E 0.0} -1.0E
8 * o [ -2 ¢ = 0 & Z i E w
{ : hjﬁ % [
b fb g | -1.0l }e.0
_:£ [y I
— oo J
o zass | . ﬂ-. I_ L - _I 2.0 | | N , , L a0
] 0 0.5 1.0 1.5
Fig.1 Drawing of undulator z (m
Calculated electron trajectory (X-Z)
- E=30Ma¥, Lg=30mn, Bo=2,27kG, K=4, 02, N=30
Number and length of period are 30 and A=
48mm, respectively. For variable gap of the Fig.3 Calculated electron trajectory
nadulator, it has FEL’s wavelength of 7um ~
214 m at peak en-axis field 0.75kG { undu- The FEL's gain with computer simulations

lator’s gap of 50 mm )~ &.05kG{ 18 nm }.
design parameters of the undulator are
summarized in Table 1.

The is reduced to 5 %, which is 122 of ideal
one, by the 3-dimensional effect of field

inhomogeniety as shown in Fig.4 and 5,

Gp (%)
Table 1 Design parameters ¢f undulator 30+
Magnet Material NEOMAX-35H r {a)
Magnet dimension [mm] 12X12X70
Undulator peried le [mm] 48 b {n)
Num, of period N 30 +
Undulator length (mm) 1440 o} o9 I
Variable gap Ly {mm] 18 - 50 O e S — - )
Magnetic field range Bo [kG] 4.70-0.75 -2r - /—-"/ 2;..::"*“”
K parameters 2.11-0,34
Wavelength 1 [um]
30 MaV 22.4-7. 36
150 MaV 0, 90-0, 29 ]
Seting parametars —30]
lé: E‘;‘E} 3022 Small-stgnal gatn as a function of frequenty mismatch
X 102 =30MeY, T=408, Ar=10.6/m fa) €=0 (b) X [c] 3 xmm-nrad
£ {MeV) 30 Fig.4 Small-signal gain curve
I [am] 10.6
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emittance, small energy spread, high current,

. and dispersion free at the undulator section,
’ ’\‘\:f;‘") The design parameters of FEL-CSA ring are
summarized in Tablel.

)
[
T
+
{frn5\§
N
N

W
i

- Table2 Design parameters of FEL-CSA Ring
—F
& O BEAM ENERGY (MAX ENERGY) 150 (300) Me¥
. CIRCUMFERENCE 11 =
% st AVERAGE RADIUS R L5 m
-
BENDING KAGNET Fe. 4
1ol RADIUS OF CURVATURE 0.5 n
FIELD STRENGTH 10.0 {17.0) kG
. QUADRPOLE MAGNET Ms. 10
_1"—10 B 4 6 8 0 LENGTH €.12,0.15 »
Eneray defuni : FIELD GRADIENT 0.99,-1.03,0.97 kG/ck
wergy deuning . v LOKG STRAIGHT SECTION No. 2
Srall-signal gain curve £3-D caloulated) LENGTH 3.
fa) 1=30& (D) 20 (c) 10 { E=28MeY; c=mmaarad ) BETATROX NUMBER Y .26
vy 1.1
. . . RF FREQUENCY 1K
Fig.5 Small-signal gain curve RFVM;NE ;::ivﬁz
( S*dimensiona.l calrulation ) HARMONIC NUMBER §
HOMEXTUM COMPACTION FACTOR 0.11
RADIATION L0SS 9.0% 1077 keV
PRESSUR 1.0X10°* Torr
RADIATION DUMPING TIHE 7. 43.2 vs
T, 6.6
T 11. 2
NATURAL EMITTANCE . 1.44%10°* »srad
. 2] 1.44%10°*
[I. Design of Compact Strage and Acceleration BEAH CURRENT s 21200 mh

Ring ( C5A-Ring } for FEL BEAM LIFE TIHE 245 ain
We have tried to design a compact storage
and acceleration ring with computer program
SYNCH. The circumference of the ring is 12{15}

Recently the third generation large SR- m and the electron beam energy is up to about
Ring for insertion light devices have been 300 MeV. The long drift space 1is 3(4) m long,
designed and under construction in the maine where the beam momentum dispersion is
countries. So we designed the CSA-Ring suppressed to be 0. Dbtained beta and
{ Compact Strage and Acceleration Ring ) for dispersion functions are shown in Flg. 7
ouly free electron laser (FEL) as the fourth
generation SR-Ring. Then we will be able tom p s b
ake its parameters variable and enhance its lﬂi ¥ i
performance. 6

The FEL-CSA Ring should bte compact and its {10
straight section where a FEL’s undulator can i
be installed is long enough to genmerate the
FEL as shown in Fig. 6. 105

at
injection Line
::==[}=:={j&iff=ﬁggﬂ:::::} | A 1 e Y N 5 tm
BT QFO0 B QF @  QDGF
BF Cavity Fig.7 Twiss parameters of half ring
References
sm (1) A.Okamoto, T.Hattori, Y.Takahashi,
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w Y.Kojima and Y.Honda; Proc. Mecting
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Fig. 6 Schematic tayout of the FEL-CAS Ring A.Okamoto, Y.Ishii, M. Okamura and
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igportant to achieve the beam storage of low
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20. The ledatron and the related electron beam devices

Koji Mizuno and Jongsuck Bae
Research Institute of Electrical Communication
Tohoku University, Sendai, 980 Japan

Abstract The ledatron is an electron beam
device with a Fabry-Perot resonator and a metal-
lic grating for generating tunable millimeter
and submillimeter waves. The fundamental mecha-
nism of the ledatron may be considered as the
stimulated Smith-Purcell radiation. The inverse
effect was proposed as a candidate for a laser-
driven linac. Recent studies on these are re-
ported.

In 1953 Smith and Purcell demonstrated that
light is emitted when a high voltage electron
beam moves parallel and close to a metallic
diffraction grating (Fig. 1) (1). The radiation
has been explained physically in terms of the
oscillations that must be executed by the charge
induced on the grating surface by an electron in
the beam. The relationship between the light
wavelength, eleciren velocity, and grating
constant is a synchronous, or velocity-matching
condition between the electron and the wave.
Therefore an inverse and also a stimulated
effect should occur in this configuration when a
coherent light is incident onto the electron
beam. The figure shows a family of this effect.

Fig. 2 explains the stimulated effect, and
this is the operational mechanism of the leda-
tron (2). The Smith-Purcell radiation is re-
flected by a reflector and is used to bunch the
electron beam, leading to a stimulated radia-
tion. The ledatron has been used as a tunable
millimeter wave source in the study of solid
state spectroscopy (3).

Fig. 3 shows the inverse Smith-Purcell
effect (4). The laser light is incident on a
grating and is used to change the electron
velocity. By the recent progress of high power
iasers, interest in the development of laser-
driven linacs which could have accelerating
gradient such as the order of GeV/m has been
stimulated. We have demonstrated experimentally
this effect in the submillimeter wave regiomn

(5).

Recently a paper was published, on which

paper the same configuration as that for the
Smith-Purcell radiation could have the possibil-
ity of a compact X-ray laser (6). One of the
points of this paper is that the effective
interaction region over the grating may be much
larger than that for the normal Smith-Purcell
effect when ithe electrons impacted the grating.
In order to study this point we have measured
(7) the strength of the interaction between the
electrons and the field in front of the grating
by using the inverse Smith-Purcell effect at
submillimeter wave region (496 um}. In order to
simplify the problem, for the moment we have
performed experiments under the condition of the
electrons not to impact the grating. Fig. 4
shows the interaction strength (energy spread of
the electrons} as a function of the eleetron
position (distance between the grating surface
and the electrons). The dotted lines are theo-
retical tendencies for the 1st and the 2nd space
harmonics of the evanescent wave on the grating
and show exponential decay of the field with the
distance from the grating. The agreement between
the experimental data and the theoretical result
indicates that the interaction region is as
large as that theories for the normal Smith-
Purcell effect have predicted, at least when the
electrons do not impact the grating. We are now
performing experiments in the case for the
electrons to impact the grating and at the
shorter wavelength such as visible region.

(1) §.J. Smith and E.M. Purcell, Phys. Rev.,
92(1953)1069.

(2) K. Mizuno and S. Ono, in Infrared and
Millimeter Waves Vol.1 (ed.X. Button)(Academ-
ic, New York, 1979).

(3) 5. Suto, M. Ikezawa and K. Mizuno, Int’'l J.
IR & MM Waves, 6{1985)1139.

(4) K. Mizuno, S. Cno and O. Shimoe, Nature,
253(1975)184.

(5) K. Mizuno, J. Pae, T. Nozokido and K.
Furuya, Nature, 328(1987)45.
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{6) D.B. Chang and J.C. McDaniel, FPhys. Rev.
Lett., 63(1989)10686. .
{(7) J. Bae, et al., to be published.
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light

Fig.1 light is emitted when a high voltage electron
beam moves parallel and close to a metallic
diffraction grating

Fig.3 Inverse Smith-Purcell effect
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21. ALINEAR COLLIDER IN THE TBA/FEL REGIME

S.Hiramatsu, K.Ebihara, Y.Kimura, J.Kishiro,T.Ozaki, K.Takayama, T.Monaka and H.Kurino*
National Laboratory for High Energy Physics, I-1 Oho, Tsukuba, Ibaraki-ker, 305, Japan
*Tohoku University, Sendai, Miyagi-ken, 980, Japan

ABSTRACT

A 500GeV*2 linear collider in a two-beam accelerator
scheme employing multi-stage FELs in the microwave
regime has been designed taking into account the
longitudinal stability of the driving beam. Some strong
limitations on stabilities of the f power and the 1f phase in
the multi-stage FEL imposed by a final focus system are

also investigated.

INTRODUCTION

A high power 1f source is one of the most important key
issues for a future high energy linear collider in the TeV
region. To obtain a high accelerating gradient, development
of a X- or K-band GW-class microwave source is required.
As the generation of 1GW microwave at 35GHz by a free-
electron laser (FEL) was demonstrated at Lawrence
Livermore National Laboratery (LLNL)! in 1985, the
microwave FEL driven by an induction linac is one of the
most promising devices for the GW 1f source. In 1932,
A M. Sessler proposed a two beam accelerator concept
employing the multi-stage FELZ for the high gradient linac
with an accelerating gradient of a few hundred MeV/m. In
the first version of the TBA concept employing the multi-
stage FEL which consists of energy recovery induction
units and steady state FELs in a periodic configuration,
there were some difficulties in the rf extraction, the rf
power transfer between each FEL section passing through

the induction gaps of the energy recovery unit, and the
accumulation of the rf phase error along the multi-stage
FEL structure. To overcome these difficulties, a second
version of the TBA concept employing klystron-type FELs
(KFEL) was proposed in 19883, In this scheme, the rf
power in each FEL stage is not transferred to the next stage
and is completely extracted at the end of each FEL stage,
and the input rf signal for each FEL is supplied by an
individual rf source, for example a klystron of 100kW-
IMW driven by a well controlled rf clock.

In the second version TBA concept, although the
difficulties in rf manipulation have almost disappeared, a
somewhat complicated problem of the rf phase error
accumulation still remains to be solved. Extensive
theoretical work has been done on this problem at LBL4
and KEK3, and the two most important characteristics, the
longitudinal stability of the driving beam and the of phase
stability, have been manifested by the macroparticle model.
This enables us to design a 500GeV*2 linear coliider with
the TBA/FEL scheme, However, it is expected that a
fractional beam loss in the bunching process may cause rf
phase fluctuations exceeding the rf phase tolerance in a
linac. Furthermore, investigation of this problem needs
more theoretical work and probably a test stand which
consists of several stages of KFELs and energy recovery
induction units.

Another key issue for the TBA/KFEL is long distance
propagation of a mult-kilo-ampere electron beam for
driving the FEL. In order to save on construction costs and

operation costs, a multi-stage KFEL configuration requires
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more than one hundred FEL stages and this means a
propagation of the driving beam over a few hundred
meters. For the high current beam propagation, a strong
resistive wall instability and a beam break-up instability
(BBU) especially due to the periodic impedance structure
by the energy recovery induction units are expected®. One
of the promising methods to suppress these instabilities is
to introduce a nonlinear focusing force by laser assisted ion
channel focusing. The ATA induction linac at LLNL
demonstrated the 95m distance propagation of a 7kA
electron beam in the ion focusing regime (IFR)7. Although
the IFR has some complicated problems associated with a
hose instability and emittance growth of the driving beam,
the experimental investigation on the IFR is going on at the
KEK FEL test stand.

R and D work for the linear collider in the TBA/FEL
scheme started at KEK and a single-stage X-band FEL
which is driven by an induction accelerator energized by
magnetic pulse compressors has been constructed for
investigation of the FEL performance related to the future
linear collider8. A preliminary experiment on the IFR
feasibility has been demonstrated at this test stand using an
800keV electron beam from the induction accelerator,
where about an 1.3kA electron beam was guided through
the 2m long ion channel without any external magnetic
field?- A rf amplification experiment is now in progress.

A SINGLE-STAGE X-BAND FEL. TEST STAND
AT KEK

A single-stage FEL test stand for 9.4GHz microwave
amplification has been constructed at KEK (Fig.1). An
800keV electron beam is generated using a field emission
cathode on which a high voltage pulse with 90nsec duration
is imposed by four 200kV induction units encrgized by two
magnetic pulse compressors. A 2m long beam transport
line for the IFR experiment and a 2m long wiggler are
connected to the beam generator. A linearly polarized
wiggler which consists of 48 air-core solenoids has 12
periods of 16cm period-length and each period is energized
individually for tapering the wiggler field. Table 1 shows

the design parameters of the test stand.

Table 1
Design parameters for a X-band 300MW single-stage FEL.

Wiggler Length Lw 1.92m
Injection Energy Vel 3

Ejection Energy vt 2

Wiggler Peak Ficld By, 1.23-0.59kG (tapered)
Radiation Frequency fg 9.4GHz
Input rf Power Pin 50kW
Qutput rf Power Prout  300MW
Waveguide Size axb 5.5%11cm?2
Energy Spread Ay 10-13%
Normalized Emittance €n 0.1-1¢m-rad
Beam Current Ig 1kA

Mognelic compressor

o e o [

S

l | Power supply
Tronspor!

Xr F laser
Anechole =
room
Bending .
hagnel Wiggler

Sleering
mogne! Magnelron

line
|

Injector
900ky 2kA

Fig.1 The single-stage X-band FEL test stand at KEK.
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A 300MW 1f output is expected with an input power of
50kW from the magnetron by the kA driving beam with a
normalized emittance of less than lem-rad and an energy
spread of Ayfy <15%. Figure 2 shows the evolution of the
tf power in the tapered wiggler expected from the
simulation code which includes betatron oscillations and
longitudinal space charge effect in the driving beam.

10
with No Spoce-charge Effegts—
_ 10%
=
=
1
o 10 with Spoce-chorge Effects
[9%)
2
T
[T
o
16"
Y
10 N P 2 | I
o] 0.5 ! 1.5

WIGGLER DISTANCE (M)

Fig.2 Evolution of the rf power in the FEL wiggler.

'{rJH.

(a) laser/off

(b) laser/on

Fig.3 'Beam transport by laser assisted ion channel
focusing. (a) No beam current was observed
at 2.2m distance from the cathode. (b) About
1.3kA beam was transported to the same point
in the IFR without any external magnetic
focusing field.

For the beam current of 840A, a normalized emittance of
0.41cm-rad was obtained by using a 50mm diameter velvet
cloth as a field emission cathode. A preliminary IFR
experiment has demonstrated the transportation of a 1.3kA
electron beam through a 2m long ion channel without any
external magnetic field as shown in Fig.3, where a 2kA
electron beam was injected into the plasma channel made by
irradiation of the diethylaniline gas filled in the transport
fine at the pressure of ~3x10-4 torr by a 100mJ KrF
excimer laser. The space charge of the beam head repels out
the plasma electrons from the channel and the following
part of the beam is guided by the remaining ion channel. At

present the experiment on rf amplification is still in

progress.

LINEAR COLLIDER IN THE TBA/FEL SCHEME

A FEL driven by a multi-kilo ampere electron beam
from the induction linac can generate rf power of order GW
capable of producing an accelerating gradient of several
hundred MeV/m in a linac. The rf breakdown limit in a
linac is expected to increase with increasing rf frequency
(Eglimit o f¢7/8 for f,f <30GHz) and to be higher than
1GV/m at 30GHz!0, so that we assume the accelerating
field of 300MV/m at 17GHz in a collider design. To reduce
the local accelerating field within 500MV/m in a linac, the
attenuation parameter T should be less than 0.9, and the
restriction on the filling time T due to the induction linac
requires a rf frequency of less than 18GHz. The choice of
the rf frequency of 17GHz seems to be adequate for these
requirements. Because the filling time T is strongly limited
by the short pulse duration of the FEL driving beam
(~100nsec), Ty is assumed to be 90 nsec in this design.

According to the expression developed by
Z.D.Farkas!l, the if power required in a linac for the
accelerating gradient of Eg is given by

1/3

Py _ E(?') L (3)3.336([3 T;.)_m )
4131, (cD £

L

4/3 "y

where @ and A are the cavity aperture and the wavelength,
respectively, fg=vg/C is the group velocity in the unit of
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light velocity, L is the accelerating structure length, ng=
{1—e™)2/12 is the section efficiency and T3 is the transit
time factor, This equation shows that the peak power in a
unit length of the accelerating structure for a given
attenuation parameter 7 is minimized at a/A=0.0939 and
vg/c=0.809% as follows.

Py ¥ T;(ns)

(2 min= 0.703% [Eo (GV/M)]®  (GW/m),
na

(2)

min—

A small group velocity requires a short accelerating-

structure because of a small filling time. Furthermore, a
small @/} is not desirable to avoid the transverse-wake
effect. The most significant parameter is a/A which should
range from 0.094 to 0.163 in order to minimize the peak
power requirement. According to this range, we take
afh=0.134 which gives the group velocity of vg/c=2.8%
and provides a section length of 75cm fé)r T=90nsec and
1=0.84. This design fits a practical FEL period length, 3m.
"The output power larger than 2.6GW should be generated
in each FEL stage and divided into four to produce an
accelerating field of 300MV/m in the 75cm accelerating
structure. Because the energy acceptance of the final focus
system imposes strong limitations on the energy spread in
the linac beam, a high accelerating gradient is desirable to
decrease the energy spread caused by beam loading.

In a single bunch operatdon, the energy spread in a linac
caused by a beam loading in the accelerating mode can be
expressed by

AE engrv, T
=0 3x—L &
E Eg

3
where ng is the number of electrons in a microbunch, r is
the shunt impedance, and Eg is the average accelerating
gradient. Therefore the condition on the energy tolerance
imposed by the final focus acceptance, (AE/E)<(AE/E)y,
gives the limitation on the number of electrons in a

microbunch as given by

< (AE/E)Eq

- 03xerv &t

, 4

Lt}

Since the luminosity is proportional to ng? in the case of the
same intensities in two colliding beams, a high accelerating
gradient is desirable for the high luminosity. For example,
the luminosity L is limited by this inevitable energy spread

as
L<1.Ix103 H:Hyny  (emZsecD (5)

for the beam size of 0xGy=160nmx3nm at the collision
point, (AE/E); =0.3%, Eg=300MV/m, r=120MQ/m,
vg/c=2.8%, 1=0.84 and a repetition of fy=1kHz, where
HyHynL is an enhancement factorl0 of order 2-3 due to the
beam-beam interaction including the effifiency factor np. In
practice the energy spread caused by beam loading will be
several times larger than that of Eq.(3) by a higher order
longitudinal wake potential, however, this type of energy
spread is expected to be minimized by adjusting the
accelerating rf phasel0. This means that the luminosity of
1034cm-2Zsec-! can be expected even in a single bunch
operation at the high accelerating gradient.

Figure 4 illustrates the conceptual design of the
500GeV*2 linear collider in the TBA/FEL scheme
employing the multi-stage KFEL, which is driven by an
induction linac of Eg=14MeV with about 100nsec pulse
width. Since the multi-stage FEL performance is made
efficient by driving a bunched beam, a buncher FEL which
consists of a non-tapered wiggler is placed upstream of the
regular FEL sections. This wiggler provides rf power
enhancement and longitudinal stability of the driving beam.
The wiggler field in each normal FEL section is regularly
tapered according 10 the macroparticle analysis to ensure the
longitudinal stability of the driving beam. A decrease of
thebeam energy, AE=1MeV, which goes into the f power
in each FEL, has to be recompensated by employing an
reacceleration unit made from four induction units, A
period of the FEL stage has a length of 3m, in which I.3m
is occupied by the wiggler magnet and the remnant is
reserved for both the energy compensation induction units
and the instrument for rf/beam monitors. An electron beam
of about 4kA from the induction linac is injected to the first
stage of the multi-stage FEL. Although a part of the injected
beam will be lost gradually by the bunching process in the
first 15-20 FEL stages, the remaining 2.6kA beam wiil be
propagated stably to the end of the multi-stage FEL and a
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each FEL stage.
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Fig.4 Conceptual illustration of the 500GeVx2 linear collider in the TBA/FEL scheme.

STABILITY OF THE MULTI-STAGE KFEL

‘The capability of the multi-stage FEL as a rf source fora
linac is strongly dependent on stable rf generation in each
FEL stage. The fluctuations in the rf power and phase
cause the difficulties in the desired collider performance,
especially in the energy acceptance (AE/E)g of the final
focus system. One of the typical design examples of the
high luminosity final focus system shows that the energy
spread of the linac beam is desired to be less than 0.3% for
a 300mx2 final focus lengthl2, This small acceptance
imposes a very strong stability condition on the rf phase
fluctuation. For example, a small phase fluctuation Ads less
than 4.4 is desired for each multi-stage FEL.

To manifest essential features of the longitudinal
stability and to investigate the output rf phase's sensitivity
against injection errors of the driving beam, we have
developed extensive computor simulations and the
macroparticle analysisS. A set of equations describing the
FEL in one dimension is given by13

b

& =~ iy, ©
kWYo

d ¢

& =kw NG

2c7

% _ e202 k )J<S‘“V @)
2mc w

dé, eZy b

e e ©
2me” W y

where y=(kw—ks)z—®st—0; is a pondermotive phase, es
and ¢ are the normalized signal amplitude and the phase,
respectively, bw is the normalized wiggler field,
Aw=2n/kw is the wavelength of the wiggler, and J is the
current density of the driving beam. Supposing a tightly
bunched beam in the FEL, we adopt the approximation that
the beam bunch in the pondermotive potential is described
by a macroparticle at the bunch center. In this

— 100 —



JAERI-M 91—141

approximation, the average quantities represented by the
parentheses < > are replaced by the quantities of the
macroparticle at the bunch center, and these equations are
combined in the universal gain equation3 as follows for the
wiggler which is tapered im the manner of
bw/vkw=constant depending on the driving beam cutrent.

y©=-Ve iy )+ 2(yen’ a0

where y(s} is a logarithm of the normalized signal field e

y(s) = In{(aibl/k)e ), (1D
and a,b are given by
2
C2me”  kwy 2 oo O by(0) 2

Here s=Iblz is the normalized wigéler distance and
x=sinAy/Ay where Ay is bunch spread in the
pondermotive phase. The validity of this macroparticle
approach in the multi-stage FEL is also confirmed by multi-
particle simulations. The macroparticle approach gives the
spatial evolution of beam energy, pondermotive phase, and
output rf phase in recursion form from period to period.
Assuming a current error AJ=J—Jg and an error of the
injection energy Sp=Y—Yo, the recursion formula for a small
deviation 8y, from the design value vy at the n-th FEL stage

is rewritten in a linearized form

n Ay Al Ay Al
8, = (1-1)" B+ ‘TZ)(TJ)]‘(?%’(E)’ (13)

2 2
24y TN 0, by(©) 2,
S oy G L), (9

Ts—Yy °©

and the tf phase advance in the n-th stage is given by

Ib(Ys)| Ly
YN i1y Pds, %)

(B0 Jn= f
0

where Ly is the wiggler length, Ay is the energy gain in the

energy Tecovery unit, Ys=[{w¢/2¢) {bw (0)/kw Y2/ (kw-
8kw)]1/2 is the resonance energy of the wiggler in the usual
sense, and Y, is the energy of the macroparticle which is
determined by the universal gain equation.

A small energy deviation is known to reach an
equilibrium state, —(Ay/u)}(AJ/Jg), when the stability
condition of O<u<2 is satisfied. This yields a shot-to-shot
fluctuation in the output power of AJ/uJy. This means the
current fluctuation of the driving beam must satisfy the
condition of AJ/Jg € 2u(AE/E)N 12 =+0.6N1/72 %, where
N is the number of the multi-stage FELs (N=6 in this
design). Figure 5 demonstrates how the energy deviation is
damped for AJ/Jp=0 and Fig.6 shows the stable region
represented by a wiggler field and an energy gain in the
energy recovery unit. If the multi-stage FEL is designed to
be =1, this energy oscillation damps within a few FEL
stages. The output rf power is also stabilized in a similar

way.
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Fig.5 Energy deviation damping in the multi-stage KFEL.
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Fig.6 Stable region of the multi-stage KFEL for Ig=2kA.
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The bunch stability in the multi-stage FEL has been also
investigated in a microparticle approach based on the
macroparticle analysis, where the motion of a test particle
around the macroparticle is described by a kind of Hill's

equation,
£'(s)+Gle "W 1-{y'(s)e”)} e(s) — HI ()= 0, (16)

where £ is the deviation of pondermotive phase of the test
particle from that of the macroparticle, E=y—vys,, £(s) is a
step function which takes a value of unity in the wiggler
and zero in the drift region, and G and H are determined by
wiggler parameters, design energy g and longitudinal

space charge force,

[
G:4K(GZO;) 2 . 2, 2 3’ a7
me? (046 b0kl Cri—T0)
4 2 2 A
H= DMy Y0y 0% o 2% g
x  ®Zdo v2 kytkgok  2m

The stable region of the solution of this equation is
shown in Fig.7 on a two-dimensional parameter plane of
G, which is proportional to the driving beam current Iy,
and the drift length d between wigglers.
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Fig.7 Stable region for beam bunching in the multi-stage
KFEL.

The stability criteria shown in this figure are also confirmed
by multi-particle simulations. At the points indicated by
circles, a stable synchrotron oscillation over 100 FEL
stages is confirmed and cross marks indicate remarkable
blow-up of the bunch core and beam loss. These tesults
represent that a beam bunch subject in a mult-stage KFEL
is essentially stable for a moderate magnitude of rf
amplification. In the proposed TBA/KFEL, G is designed
to be around 0.1 to manifest bunch stability.

However, the transient process between the buncher.
FEL and the normal FELs has been demonstrated only by a
multi-particle simulation, and which shows that a fractional
part of the driving beam is lost gradually along the multi-
stage FEL due to phase-space mis-matching caused from
the long tail generated in the buncher FEL and the beam
current reaches to its equilibrium value after the first 15-20
FEL stages (Fig.8). These losses have to be constant in
order to get a constant phasing of the rf signal. Eventually
the conversion efficiency from the beam power to the rf
power will reach more than 84% for a 100 stage KFEL.
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Fig.8 Trapping efficiency of the driving beam in the multi-
stage KFEL.

Although the fluctuations in the pondermotive phase and
rf phase tend to decrease associated with stabilizing of the
energy, the phase shift in the rf phase ¢s is inevitable due to
a combination of the phase advance in the wiggler and the
initial conditions. After the beam current reaches to its
equilibrium state, the rf phase deviation can be described by
Eq.(15) in the macroparticle model, and is expected to be
insensitive to the current error AJ, for example, Ads is less
than 1° for AJ/Jg=10%. However, the major cause of the
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phase fluctuation is due to beam loss in the bunching
process. A typical computor simulation shown in Fig.9
predicts a rf phase fluctuation of about 10° for a 0.3%
deviation of the beam current from the injector. This phase
fluctuation seems to be a little bit too large for the energy
tolerance of the final focus acceptance. More detailed
theoretical and experimental investigations are desired on

this problem.
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Fig.9 Evolution of rf phase in the multi-stage KFEL. A

current error of Al/Jg=0.3% in the injection beam
causes about 10° phase deviation.

Another key issue for the TBA/FEL is to manifest
transverse stability of the high current driving beam. In a
multi-stage FEL, a phase mix damping by an energy spread
Ay/y for the resistive wall instability and beam break-up
instability (BBU) can not be expected since the betatron
oscillation period A is in the same order of the synchrotron
oscillation period v¢6. The growth length, ie., e-folding
distane of the instability is expected to be longer than lkm
for the resistive wall instability but is expecied to be less
than 100m for the BBU,

4nl gy

1
Lysy= (;2)=9%0m, 19
lB(DxZ ., B
where Ip=17kA is the Alfven current, and the beam current

of In=2kA, the transverse coupling impedance of
Z | =4%20Q of the induction gap in the energy recovery

unit , a mode frequency of wy=2x%x800MHz, Ag=2m, and

a period length of Ly=3m are assumed. One of the possible
ways to suppress the BBU growth is to introduce a spread
in the betatron wavenumber kg caused by nonlinearity as
seen in beam transport in the IFR7. The BBU growth in
this example can be suppressed by a phase mix damping
with Akg/kg =n/kglppy =1.1%. Although the hose
instability may cause some problems because the beam
energy is almost constant along the multi-stage FEL, it is
expected that a strong nonlinearity in the IFR will damp
even the hose instability within a few betatron wavelengths.
Furthermore a preliminary estimation in the IFR shows that
a normalized beam emittance of less than 0.5cm-rad is
necessary to prevent beam head erosion and to keep a

reasonable equilibrium beam size.

SUMMARY

A 500GeVx2 linear coflider in the TBA/FEL scheme has
been designed. The linac size will be reduced to about
1.7km by employing six FEL complexes as the rf sources.
The high power of 2.6GW at 17GHz is not difficult to
generate with FEL which is driven by an induction linac of
14MeV. A combination of the induction linac and the
energy recovery units are energized with the magnetic pulse
compressors at a repetition rate of more than 1kiz and
promises a luminosity of 21x1033cm-2sec-! in a single
bunch operation. The intrinsic feature of the longitudinal
stability in the multi-stage KFEL has been proved, and rf
phase sensitivity and rf power fluctuation against the
driving beam current have been investigated by analytic
methods based on the macroparticle approsch and multi-
particle simulations. The rf phase fluctuation due to
fractional loss of the driving beam in the first 15-20 FEL
stages in the multi-stage KFEL may cause a little bit to0
large fluctuation of the linac beam energy for the final focus
acceptance. Optimization of the total system including the
final focus system on the tolerance of the rf phase
fluctuation will be required. As for the long distance
propagation of the high current driving beam, nonlinear
focusing in the IFR is desirable to suppress the strong
BBU. Detail investigations about the hose instability and
the emittance growth associated with the IFR are desired to
establish the TBA/FEL concept.
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22. FREE-ELECTRON LASERS

C. A Brau
Vanderbilt University. Nashville, TN 37235, USA

Abstract: Free-electron lasers represent an altogether new and exciting
class of coherent optical sources. Making use of a simple and elegant gain
medium - an electron beam in a magnetic field - they have aiready demonstrated
broad wavelength tunability and excellent optical-beam quality. For the future
they offer the possibility of generating the greatest focused power ever achieved
by a laser. But even before this is achieved, the unique advantages of free-
electron lasers, especially their tunability, will make them useful for a variety of
important applications in science, medicine, and industry.

1. Basic Principles
1.1. Fundmmental theory

The configuration of the electron beam and
wiggler magnets in a free-electron Taser is shown
in Fig. 1{1]. The rhagnets are arranged with their
poles alternating so that the magnetic field
reverses every few centimeters. The overall length
of the wiggler is typically a few meters, which
corresponds to about 100 periods. The electron
beam is injected into the end of the wiggler, and
travels down its length.

As the electrons proceed down the wiggler
they are deflected alternately left and right by the
magnetic field and follow a wiggly path. The
motions are simple forced oscillations; no subtle

rl ELECTYRON
ACZCELERAYOR

TOTAL
REFLECTOR

Fig. 1. The radiation from free-electron lasers is created
by electrons which are forced to execute a wiggly
motion as they pass through as series of magnets which
forni an alternating magnetic field called the wiggler.

resanant effects are involved. If we place
ourselves in a frame of reference moving down
the wiggler at the mean velocily of the electrons,
we observe that the electrons oscillate back and
forth in a straight line perpendicular to the
wiggler axis[2]. The situation is similar to that of
an electric current running up and down the
antenna on a police car, and like the police
antenna the electrons radiate energy at the
frequency with which they are oscillating.
Observed in the moving frame, the radiation
from the electrons goes in all directions, like the

[c-wit=

[

- V= Ny by —f ot
PR

NN N INGNUNYGNYTR

ELECTAON

WAVE

WIQGLER PACKET

NNYNUNUNUNYNY

Fig. 2. As an electron moves down the length of the
wiggler it emits a wave prcket whose length is {c-v)t,
where ¢ is the velocity of light, v is the electron velocity,
and t is the time for the electron fo move the length of
the wiggler. If the wiggler contains Ny periods, then
the wave packet contains Ny periods as well.

radiation from the antenna. However, in the
stationary frame of the laboratory the electrons are
moving at nearly the speed of light, and radiation
directed toward the sides cannot move very far
from the wiggler axis before the electron and its

- 105 —



JAERI—M 91—141

radiation field have moved down the wiggler. As
a result, the radiation appears to be moving
almost entirely in the forward direction, parailel to
the electron beam. This phenomenon is well
known in high-energy particle physics, where
Bremsstrahlung (the radiation from the electrons
in the wiggler corresponds to magnetic
Bremsstrahlung) is cbserved to be confined within
a small cone around the direction of motion of the
electron. To an observer standing in the
laboratory, then, looking at the radiation produced
by a source moving toward him, the frequency is
Doppler shifted to a higher frequency, which
corresponds to a shorter wavelength.

To calculate this wavelength, we examine the
radiation from a single electron travelling down
the wiggler with a velocity v = Pe, where cis the
velocity of light. As shown in Fig. 2, the electron
executes Ny wiggles as it passes through the
wiggler. If the wiggles are small, the electron
passes through the wiggler in the time

t= Lw/v, ! (D
where
LW = Nwlw (2)

is the length of the wiggler, and Ay the length of
one period of the wiggler (the distance over which
the magnetic field undergoes one complete
alternation and returns to its original vaiue). By
the time the electron has reached the end of the
wiggler, the front of the wave packet, which was
emitted by the electron at the beginning of the
wiggler, has moved a distance ct. But the back of
the wave packet is just at the end of the wiggler, so
the total length of the wave paciet is (c-V)t. Since
the wave packet, like the wiggler, contains Ny
oscillations, the laser wavelength iy is given by
the expression

(et Ay(-p)

}\_L = =
Ny B
We may simplify this expression by
recognizing that for relativistic electrons the
velocity is nearly that of light, B ~ 1, so that

(3)

2 2

B -pasp 1-p2
. (4)

To evaluate this we may use the Einstein formula
for the energy of a relativistic electron,

1

Y= RYNVL )

where 715 just the energy of the electron expressed
in units of its rest energy. The rest energy of an
electron is mc2/e = 0.511 MeV, where m is the
electron rest mass and e the electronic charge. The
wavelength is then given by the formula

Aw
L=37

In these calculations we have ignored the effect of
the wiggle motions on the velocity of the electron
through the wiggler. For moderate to strong
magnetic fields, the wiggles can significantly
increase the path length of the electron trajectory
through the wiggler. This slows the average
velocity of the electrons through the wiggler and
increases the wavelength of the light. When this
effect is properly accounted for, we obtain the
formula

A )

2

N Aw [1 ( eBywiw ) ] -
= + I — ;
L 272 2rmce

where By is the rms average magnetic induction.
This formula is quite accurate for all cases of
interest. It implies that in'a frame of reference
moving with the mean motion of the electrons the
frequency of oscillation of the electrons is the
same as that of the optical field. Consequently, Eq.
(7) is referred to as the resonance condition for
free-eleciron lasers.

Typically, the magnetic field is made as large as
possible to maximize the wiggle motion and the
electron radiation, subject to the constraint that
the wavelength not become too long. This means
that the magnetic field term in Eq. (7},
eByyAy/2nme, is generally of the order of unity.
Using available permanent magnet material, the
average magnetic field strength is typically of the
order of 0.5 T for a wiggler period of the order of 2
cm. For an electron energy of 100 MeV,
corresponding to A = 200, the laser wavelength is
Ap,=0.5 pm, in the green porticn of the visible
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spectrum. Thus, for convenient values of the
wiggler period and the electron energy, we obtain
a very useful wavelength.

Since the wave packet emitted by each electron
contains only a finite number, Ny, of oscillations,
the frequency is imperfectly defined. The
spectrum of the radiation corresponds to the
Fourier transform of the wave packet radiated by
the electron. Thelinewidth of the radiation is
therefore of the order of 1/Ny. Practical wigglers
which have been built so far typically contain of
the order of 100 periods, so that the radiation has a
linewidth of about 1 percent. When this radiation
is used to amplify an incident optical beam,
forming a laser, the radiation becomes coherent
and the linewidth becomes much narrower,
comparable to the linewidth of conventional
lasers. The radiation also becomes much more
powerful.

We can understand how a free-electron laser
develops coherence by examining the behavior of
a single electron in the wiggler when a coherent
optical beam is present. If the optical beam is
propagating parailel to the electron, then the
electric field is transverse to the motion of the
electron. In a coordinate system moving wilh the
mean motion of the electron, as before, we see the
electron oscillating transverse to the axis of the
wiggler. Therefore, the motions are parallel or
antiparallel to the electric field of the optical beam.
Near resonance, given by Eq. (7), the optical field
has the same frequency as the the electron, in the
moving coordinate system. Thus, if the electron
and the electric field are in phase, the electric field
always points in the same direction as the electron
motion and the electron loses energy (since
electrons are negatively charged). If, on the other
hand, we consider an electror which is halfa
wavelength ahead of or behind the first electron, it
is out of phase with the electric field and gains
energy. After a short time, the more-energetic
electrons catch up to the less-energetic ones, and
the electron beam which initially consisted of
randomly distributed electrons soon consists of
bunches of electrons spaced at the optical
wavelength. The waves radiated by the initially
random electrons then add in phase with one
another, and the amplitude of the sum is
proportional to the number of electrons. The
intensity of the radiation, which is proportional to

the square of the field amplitude, is then
proportional to the square of the number of
electrons. Since the number of electrons is very
large, typically of the order of 10° in the length of
the wave packet from a single electron, the
coherent emission is much more powerfut than
the incoherent emission.

The source of the optical beam incident on the
free-electron laser discussed above can be either
external, from a separate laser, or regenerated
from the output of the free-electron laser itself. If
the source is external then the free-electron laser is
referred to as an amplifier, and the source is called
the master oscillator. Clearly, the wavelength of
the output beam is the same as that of the master
oscillator, and the electron energy and magnetic
field must be adjusted to satisfy Eq. (7). If the
master oscillator is a conventional laser, then the
wavelength is restricted to the specific values
achievable with that laser.

Alternatively, the input optical beam may be
cbtained by taking part of the output beam from
previous electrons and returning it to the input
end of the free-electron laser. This is illustrated in
Fig. 1, where a partially reflecting mirror is used to
split the beam coming out of the wiggler into the
output beam and the return, or feedback beam,
which is reflected back through the wiggler. In
this configuration the free-electron laser is referred
to as an oscillator. In this case the wavelength can
have any value, and corresponds, in general, to
the wavelength for which the laser gain, or
amplification, is a maximum. This wavelength is
given by Eq. (7}{3].

1.2. Comparison with conventional lasers

Compared with conventional lasers, free-
electron lasers offer a number of important
advantages. The first and most obvious is the
degree to which free-electron lasers can be tuned.
Wavelength tuning can be accomplished initially
by the design of the wiggler and the electron
accelerator, and various devices have already been
operated at wavelengths from the far-infrared to
the near-ultraviolet portions of the optical
spectrum, as shown in Fig. 3. In addition, it is
possible to tune a given device over a large range
by varying the electron energy. Most accelerators
can be operated over arange of electron energy
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exceeding a factor of two, which corresponds to
more than a factor of four variation of the optical
wavelength. The wavelength ranges achieved in
the experiments at Stanford University, Los
Alamaos National Laboratory, and University of
California, Santa Barbara, shown in Fig. 3,
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Fig. 3. Free-electron lasers have been operated at a
variety of wavelengths from the visible to the
millimeter region of the spectrum, Several devices have
been tuned over broad wavelength ranges.

represent the broadest tuning range ever achieved
by any laser of any type([4,5,6].

An equally important advantage of free-
electron lasers is the high power to which their
output can be scaled. There are two reasons for
this scalability. In the first place, free-electron
lasers are able to reject enormous amounts of
waste heat. In all lasers, most of the input erergy
is converted into waste heat. This must be
removed by cooling the laser medium or, in the
case of gas lasers, which are currently the most
powerful lasers, by flowing the hot laser gas out of
the laser at very high speed. In the free-electron
laser, the waste heat is in the electron beam, which
is moving at nearly the speed of light, about a
million times faster than a high-speed flowing gas.
The electron beam exits the laser in a few
billionths of a second, carrying the waste heat
with it. Moreover, recent experiments at Los
Alamos have shown that the spent electron beam
from the laser can be decelerated to recover as
much as 70 percent of the leftover energy, thereby
increasing the overall efficiency[7]. The second
reason why free-electron lasers can be scaled to
high power is the availability of high-power

accelerators. Although research must be
continued to develop electron beams with the
very high quality which is required for free-
electron lasers, high-power beams already exist.
For example, the large electron accelerator at the
Stanford Linear Accelerator Center (SLAC) has a
200-kW electron beam operating around the clock,
and the large proton accelerator at the Los Alamos
Meson Physics Facility (LAMPF) has an 800-kW
proton beam which likewise aperates 24 hours per
day.

These advantages don’t come without
disadvantages, however. The single, most
important disadvantage of free-electron lasers is
their high cost. Electron accelerators are
expensive, costing more than a million dollars
even for a small one, so free-electron lasers don’t
lend themselves to small devices. On the other
hand, in very large sizes the unit cost of laser
power becomes quite competitive, and it may be
possible, some day, to build free-electron lasers of
100 kW and larger at unit costs of less than $500
per Watt. In the mean time, applications will be
limited to those specialized circumstances which
can bear the high cost. Fortunately, as discussed
below, there are some very important applications
which can do this.

2. Laser Experiments
2.1 Technology vs. wavelength

The broad wavelength range spanned by the
various free-electron lasers shown in Fig. 3
corresponds not only to a broad range of electron
energy but to a variety of accelerator technologies
as weltl. Since almost all wigglers have a period of
the order of a few centimeters long, the
wavelength of a free-electron laser is largely
determined by the electron energy. As a result,
since any given type of accelerator is most useful
over a certain energy range, it is possible to
correlate each type of accelerator with a
wavelength range over which it is most useful.
This correlation is shown in Fig. 4, where the
spectral regions of interest to a number of
applications are also indicated. Of course, the
relation between energy and wavelength is
approximate, since the wiggler period and
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magnetic field are somewhat variable, and the
spectral regions of interest for the various
applications are fuzzy and in some cases overlap.
Most importantly, the operating regions for the
various types of accelerator technology should not
be regarded as well-defined. In particular, the
boundaries keep on expanding as the technology
improves.

APPROXIMATE ELECTRON ENERGY (MeV)
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Fig. 4. Various types of accelerator technology are
useful for different eleciron-energy ranges and,
accordingly, different laser wavelength regicns.

It must also be borne in mind that the electron
energy is not the only factor determining the
useful wavelength range for each type of
accelerator. Both induction linacs and rf linacs can
be operated at electron energies sufficient to
achieve much shorter wavelengths than indicated
in Fig. 7. However, as the wavelength becomes
shorter, it is necessary to focus the electron beam
more carefully inside the laser beam, and this
requires a better electron-beam quality.
Specifically, the laws of diffraction show that the
product of the radius of a coherent optical beam
and the angle with which it diverges is just the
optical wavelength, which is preserved through
any optical system. Similarly, the product of the
radius and divergence of an electron beam
represents a measure of the electron-beam quality
called the emittance. This quantity is preserved
through a good electron transport system. As a
rule of thumb applicable to most free-electron
lasers, if the emittance is very much larger than
the wavelength, then the electron beam cannot be
focused inside the laser beam. The emittance is
determined largely by the electron source, called

the electron gun or injector, and the injector is
different for each accelerator technology. Thus,
the short-wavelength limit of each technology is
set by the injector technology. An exception to
this rule is provided by electrostatic accelerators.
These devices have excellent emittance, which
would make them suitable for operation at very
short wavelengths. However, they become
prohibitively expensive at voltages above 20 MV,
and therefore are not suited for operation at
wavelengths outside the infrared. The advantages
and limitations of the various accelerator
technologies are discussed in the following
sections.

2.2. Electrostatic accelerators

Because of their simplicity and reliability,
electrostatic accelerators are ideal for the far-
infrared spectrum. The first such device is now
operating at the University of California at Santa
Barbara, where it is already in use not only for
free-electron laser research, but also for research in
solid-state physics and biophysics[8}]. Graduate
students routinely operate the free-electren laser
in support of the various experiments. A
schematic diagram of the device is shown in Fig.
5. The operating range of the accelerator is
approximately 2.5 to 6 MeV, which corresponds to
wavelengths in the range from 120 to 800 pm. The
laser operates with an extremely narrow
linewidth, estimated to be better than one part in
10°[9]. Since electrostatic accelerators are limited
to very low charging current, typically less than a
milliampere, the electron beam leaving the
wiggler is transported back to the high-voltage
terminal to keep it charged up. Nearly 9C percent
of the charge in the eleciron beam can be
recovered in this fashion, allowing the accelerator
to run for 10 to 30 us before the loss of current
discharges the terminal and the accelerating
voltage drops appreciably.

To overcome the wavelength limitations
imposed by the low voltage of electrostatic
accelerators, an interesting set of experiments is
about to begin at Santa Barbara in which a high-
power microwave beam will be used to actas a
very short wavelength wiggler{10]. Sucha
wiggler field is quite weak, and the gain is
expected to be small. Butif the experiment is
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Fig. 5. The electrostatic accelerator at Santa Barbara
produces elecirons with energy up to & MeV with
extremely good electron beam quality. These are
transported through the wiggler and then back up into
the high-voltage terminal on the left.

successful, it will point the way to very much
shorter wavelengths, in the visible and ultraviolet,
and perhaps even X-ray regions[11].

2.3 Induction linacs

Induction linacs are another type of accelerator
which has been used for free-electron laser
experiments. The outstanding feature of
induction linacs is the very large current which
they can accelerate. Typically, these devices can
accelerate as much as 10 kA in pulses lasting
about 50 ns. However, the large current is usually
difficult to collimate inside the laser beam, making
these devices most useful at long wavelengths.
The ETA at Lawrence Livermore National
Laboratory is shown in Fig. 6, and its wiggler is
pictured in Fig. 7. This device operates at 3.5
MeV, which corresponds to a wavelength of about
9 mm, in the microwave part of the spectrum[12].
Because of the large current, the gain, or
amplification, is very large, and very high peak
power and efficiency have been achieved. The
laser uses a wiggler specially designed to preserve
the electron resonance even when the electrons
lose energy as they amplify the optical field. As
much as 40 percent of the electron energy has been
converted into microwave radiation, which
corresponds to a peak output power of 1 GW[13].

Because the electron-beam pulse from
induction linacs is so short, these devices do not

have time to feed the optical signal back into the
wiggler and operate as an oscillator. Thus,
induction-linac free-electron lasers operate as
amplifiers for conventional lasers. At the present
time, a more powerful, 50-MeV accelerator is
being used at Lawrence Livermore National
Laboratory to extend the performance achieved in

Fig. 6. ETA, shown in this photograph, is a powerful
induction linac used for free-electron laser experiments
at Lawrence Livermore National Laboratory. It
produces an intense electron beam with energies up to
3.5 MeV, and is used in microwave free-electron laser
experiments.

the microwave region to the mid-infrared
spectrum, using a CO2 laser as the master
ascillator.

Fig. 7. This photograph shows a section of the pulsed
eleciromagnetic wiggler used in the experiments at
Lawrence Livermore National Laboratory.
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2.4, rf linacs and microtrons

Since the original free-electron laser
experiment of Madey and his co-workers at
Stanford, several free-eleciron lasers have been
operated with rf (radio-frequency) accelerators.
Most rf accelerators are characterized by high
energy and low current, but improvements in
injector technology have increased the current and
electron-beam quality for free-electron laser
applications[14]. The rf linac used in the
experiments at Los Alamos National Laboratory,
pictured in Fig. B, is typical of this type of
accelerator. The accelerator has an active length of
3 m, and accelerates electrons to 21 MeV with a
peak current of more than 100 A. The 5-m long
wiggler developed by TRW for free-electron laser
experiments at Stanford is shown in Fig. 9. The
shortest wavelengths achieved with an rf-linac
free-electron laser were obtained recently by a
collaboration between teams from Boeing and

Spectra Technology(15]. Using a 114-MeV electron
beamn from a newly built rf accelerator, the groups
achieved laser oscillation at 500 nm, in the green
part of the visible spectrum. Free-electron lasers
of this type also produce extremely good optical-
beam quality. In experiments at Los Alamos the
collimation of the laser beam was observed to be

Fig. 8. The rf linac used in the Los Alamos free-electron
laser experiments is of conventional design and typifies
accelerators of this type used in free-electron laser
experiments at several laboratories.

within 4 percent of the physical limit of
diffraction, in spite of deliberate misalignment of

the optical system and the electron beam[16].
Microtrons are similar to rf linacs except that
instead of running the eleciron bearn through
many accelerator sections to achieve high energy,
microtrons pass the beam through the same
accelerator section many times. In principle, this
can greatly reduce the cost and size of the
accelerator: a 20-MeV accelerator can fit into a few
square meters of space. Unfortunately, microtrons

Fig. 9. The wiggler used in the Stanford/TRW
experiments uses a permanent magnet structure which
is 5-m long overall.

are generally characterized by low current and
poor electron-beam quality, and experiments to
use them have not yet been successful[17,18,19].
Improvements in these compact devices may
make much smaller and cheaper free-electron
lasers possible in the future.

In the next few vears it should be pessible to
extend the operation of free-electron lasers using
rf accelerators to much shorter wavelengths. The
key to this development will be improved electron
injectors. New concepts are being developed in
which the cathode is placed inside a high-power
accelerator cavity, rather than in a dc eleciric
field{20,21]. This should produce much higher
current and improved emittance, making it
possible to extend free-electron laser aperation to
the vacuum-ultraviolet and even soft X-ray
regions[22].
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Fig. 10. The free-electron laser at LURE operates on the,

electron beam circulating in the electron storage ring
ACO. The wiggler is shown in the near section of the
ring.

2.5. Storage rings

Storage rings offer the most elegant approach
to free-electron laser technology. In operation,
storage rings circulate a “stored beam” of
electrons around a ring which is typically several
meters in diameter. In modern storage rings the
electron beam may be stored for many hours. As
the electrons circulate around the ring, they lose a
small amount of energy to radiation, which is
called synchrotron radiation. This energy must be
replaced at each turn by a small accelerator placed
in one section of the ring. In addition to being
useful for a variety of physics experiments, this
radiation has the effect of damping and cooling
the electrons stored in the ring to a very low
temperature. In this way, the elecirons achieve a
very small energy spread and become very well
collimated. Because they work best at high
electron energy, over 100 MeV, and have such
good electron-beam quality, storage rings are well
suited to free-electron laser operation at very shert
wavelengths.

The first such laser was operated at the
Laboratoire pour I'Utilisation du Rayonment
Electromagnetique (LURE), in Orsay, France. A
photograph of the storage ring is shown in Fig. 10,
and the wiggler is shown in Fig. 11. Operating at
an electronenergy of 195 to 233 MeV, the laser
produced radiation tunable over the range from
486 to 463 nm, in the blue portion of

Fig. 11. The wiggler used at LURE, shown in this
pholograph, consists of magnets above and below the
beam line whick can be moved away from the beam line
while the electrons are being stored in the ring.

the spectrum[23]. Because of the low current
stored in the ring, which is called ACQ, the gain is
quife small. Successful operation was made
possible by the use of low-loss mirrors for the
optical resonator and by the development of a
very clever wiggler, called an “optical klystron.”
Although the laser beam was of rather low
average power, about 60 mW, it continued fer
several hours at a time, which corresponded to the
storage time of the electron beam in the ring.

At the present time, several new experiments
are being undertaken to extend storage-ring free-
electron lasers to the ultraviolet portion of the
spectrum. Lasing in the near-ultraviolet has been
obtained recently in experiments in
Novosibirsk[24], and the first vacuum-ultraviolet
radiation was obtained in the form of coherent
harmonics of a wiggler operating ata
fundamental wavelength of 530 nm[25].

Because of the “figure-eight” motion of the
electrons in the wiggler field, alluded to earlier,
spontaneous harmonic radiation occurs naturally.
To increase the harmonic power and make it
coherent, the electrons were bunched at the
fundamental wavelength by saturating the laser at
that wavelength with a doubled Nd:YAG laser,
Due to the nonlinearity of the electron dynamics,
bunching occurred at the harmonics as well. The
radiation at 177 nm was enhanced a factor of
about 350 above the spontaneous emission, while
that at 106 nm was enhanced about threefold.
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Because the synchrotron radiation, upon which
storage rings depend for electron cooling, exceeds
the laser radiation, storage rings are not very
efficient, and are not suitable for very high power.
Nevertheless, they continue to be interesting for
operation at short wavelengths.

2.6. Technology directions

In the future, free-electron lasers will be
extended to much higher power and shorter
wavelengths. Higher power will depend in part
on the development of higher-current acceierators,

but even more important will be the development

of optics capable of operating at high power
without damage. Damage to optical coatings has
already been observed in free-electron laser
experiments at several laboratories, owing to the
fact that the optical beam is narrowly confined in
the optical resonator and becomes quite intense.
However, new optical resonator configurations
using grazing-incidence mirrors are being
developed, and with improved coatings and
higher laser gain it should be possible in the
future to achieve power levels exceeding those of
any other lasers.

Shorter-wavelength lasers, operating deep in
the ultraviolet and beyond, will depend not only
on the development of improved injectors, as
discussed above, but also on the development of
better mirrors. In parts of the extreme ultraviolet
and soft X-ray regions (roughly 10 to 100 nm),
mirrors have been developed with reflectance
exceeding 50 percent, but in other spectral regions
no mirrors exist. For those regions where mirrors
exist, this reflectance is good enough to support
lasing if the gain is more than a factor of four per
pass. This appears to be achievable, but better
mirrors will help. Alternatively, it may be possible
to build very-high-gain wigglers which can
amplify the spontaneous emission produced at the
beginning of the wiggler and produce a coherent
optical beam without any mirrors at all{26,27].

3. Applications
3.1 Research

As has been the case with many new,
technological advances born in research

laboratories, the first applications of free-electron
lasers will be o research itself, in a variety of
fields. Compared with alternative light sources,
free-electron lasers offer several advantages for
research applications, Feremost among these are
their tunability and their high peak power and
intensity. Among lasers, free-electron lasers are
uniquely able to tune throughout previously
inaccessible regions of the spectrum, especially in
the far infrared, beyond about 20 pm, and
(someday) in the far ultraviolet, below about 200
nm. Although conventional lasers already exist in
the far-infrared and far-ultraviolet spectral
regions, none are continuously tunable and only a
few have very high peak power. Besides lasers,
other sources of light are also available in these
spectral regions. Some, like synchrotrons in the
far ultraviolet and thermal sources in the infrared,
offer continuously tunable radiation, but none
offer the coherence and high intensity (focused
power) of free-electron lasers (or other lasers, for
that matter).

In the field of biology, for example, tunable
lasers may be used to unravel the nonlinear
spectroscopy of the genetic material DNA in the
far-infrared spectral region{28], and begin to
understand the process of “melting,” by means of
which the DNA unravels and begins the
reproductive process. With sufficient laser
intensity it may someday be possible to effect
conformational changes in the DNA or accomplish
other operations. Working at the opposite end of
the spectrum, in or near the X-ray region, it may
someday become possible with free-electron lasers
to create the ultimate image: a hologram of a large,
biclogical macromolecule, ‘

Free-electron lasers offer exciting opporturities
in chemistry research, too. No other tunable
sources exist for precision spectroscopy - such as
Doppler-free spectroscopy - and nonlinear
spectroscopy in the far-infrared and far-ultraviolet
regions. Moreover, the the extremely short pulses
from cerfain types of free-electron lasers will make
it possible to examine the dynamics of chemical
reactions on time scales as short as picoseconds.
Such fast times are particularly important in the
chemistry of liquids. In the emerging field of
surface chemistry, tunable free-electron lasers in
the far-infrared spectrum will be able to analyza
chemical processes occurring on time scales
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Fig. 12. A variety of solid-state physics phenomena are
observable in the infrared part of the spectrum.

shorter than a microsecond.

Solid-state physics is another research area rich
in applications for free-electron lasers. Fig. 12
illustrates the variety of phenomena which occur
in the far-infrared region of the spectrum(29). The
first free-electron laser built specifically for
research in this spectral region is now in active use
at Santa Barbara for research in solid-state physics
and other applications[30]. The first experiments
at Santa Barbara used only the tunability of the
free-electron laser for linear spectroscopy. Future
experiments will include nonlinear spectroscopy
such as excitation of coherent phonons and
transient spectroscopy of electron-phonon and
electron-electron coupling in semiconductors on a
nanosecond time scale.

3.2. Medicine

Medicine also offers a large number of
opportunities for free-electron lasers, The -
interaction of laser radiation with mammalian
tissue produces a wide variety of effects[31],
which can be used for a broad spectrum of
medical and surgical applications[32]. The nature
of the tissue effect depends on both the
wavelength and the pulse length of the laser
radiation. Fig. 13 shows how the absorption of the
laser beam depends on the wavelength of the
laser: because of the properties of water, which is
the principle constituent of most tissue, both
infrared and ultraviolet light are absorbed in a
very short distance, while light in the visible and
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Fig. 13. The absorption of radiation by mammalian
tissue is dominated by the absorption properties of
water,

near-infrared portions of the spectrum is absorbed
more weakly[33]. At awavelength of 3 um the
light is absorbed in less than 10 um, and the effects
of the radiation are extremely localized near the
surface. On the other hand, at a wavelength of 1
um the penetration of light is limited principally
by scattering, rather than absorption, and the
effects of the radiation spread out over a larger
volume. Pulse length is also important in
determining the nature of the tissue interaction, as
shown in Fig. 14, since thermal conduction can
diffuse the heat away from the laser spot. For
example, for pulses Ionger than a second the heat
can diffuse more than a millimeter, whereas the
heat from microsecond pulses is localized to
dimensions of the order of a micrometer. Diffuse
heating of tissue is observed to produce burning,
cauterization, coagulation, and, in special cases,
chemical reactions. On the other hand, intense
local heating of very small volumes leads to
instantaneous vaporization of the tissue or even to
plasma formation and shock wave effects.

These various types of tissue interaction can be
used to effect a variety of surgical procedures[35].
For example, contiruous or long-pulse Nd:YAG
lasers operating at 1 pym have been used to
coagulate blood and to actually “weld” arteries
together long enough for heating to occur{36].
Continuous-beamargon lasers operating at a
wavelength of 0.5 um are conveniently
transmitted through optical fibers but strongly
absorbed by thrombus and arterial plaque. These
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Fig. 14. The nature of the interaction of laser light with
mammalian tissue depends on both the laser energy
and the pulse length{34].

properties have made them useful for removing
plaque which is obstructing blood flow through
arteries[37]. Pulsed CO2 lasers, which deposit
their energy in very small, well-defined volumes,
are used to remove tumors in the central nervous
system by vaporizing them[38]. Very intense
pulses from Nd:YAG lasers have been shown to
fracture kidney stones by means of the shock
produced at the surface of the stene, so that the
fragments can be passed from the body. Helium-
neon lasers, operating at a visible wavelength
which is transmitted through the eye, have long
been used to reattach retinas by a thermal process.
Recently, however, excimer lasers operating in the
ultraviolet part of the spectrum, to which the eye
is opaque, have been used to reshape the cornea in
a process which is believed to be chemical in
nature[39].

Given the diversity of tissue effects and
procedures which are possible, the advantages of
a free-electron laser become clear. Not only are
free-electror: lasers able to provide wavelengths
and pulse lengths unavailable from any other
laser - or even combination of lasers - but they can
be adapted to the requirements flexibly and in real
time. The flexibility makes it possible to get
combinations of laser parameters which not only
achieve the desired result but which adapt to the
limitations of the surgical environment, such as
the need to propagate the radiation through an
optical fiber to the site of the operation. The real-
time adaptability can be used to vary the laser

parammeters while the surgical procedure is in
progress, even using feedback from the operation
to control the laser by means of an expert system.
For example, the fluorescence from the laser-
produced vapor and plasma might be used to
control a laser operating on plague near the
arterial wall. If the arterial wall is punctured, the
laser wavelength and pulse length can be adjusted
to cauterize the wound and seal the perforation.

Fhotodynamic therapy presents a new and
different approach to cancer treatment{40]. It is
observed that certain dyes, such as
hematoporphyrin derivative (HpD).are more
persistently absorbed by tumors than by normal
tissue. After about 48 hours after the dye is
administered, the tumors are selectively stained.
When irradiated by a laser wavelength near 630
nm, the dye releases chemically active singlet
oxygen which kills the cells stained by the dye,
that is, the tumor cells. This procedure works
best, of course, on tumors located in the skin and
other accessible parts of the body, such as the
trachea. In the future, it may be possible to find
more effective dyes, such as dyes which can be
activated by nonlinear, two-photon processes at
longer wavelengths. This would make the dyes
insensitive to low-intensity light, such as sunlight,
which is troubiesome for patients treated with
HpD.

3.3. Industrial processing

Many opportunities for free-electron lasers
exist in the industrial sector as well. One of the
most promising is microfabrication of:
semiconductor circuits. In the conventional
process, the circuit is imaged from a mask onto the .
surface of a silicon chip covered with a thin layer
of 5i05 and a layer of photoresist. When the
photoresist is exposed to light it is either hardened
or softened by the photochemical effect of the light
and can be selectively removed by a chemical
bath. Subsequently, the 5i05 can be etched from
the exposed areas, where the photoresist has been
removed, to form the image of the microcircuit on
the silicon chip. At the present time, shorter
wavelengths are being exploited to extend this
technology to circuit features with dimensions
smaller than one micrometer, and synchrotron
radiation sources are being buiit for this purpose.
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In the future, however, these processes are likely
to be replaced by new technologies which are just
now emerging. For example, it is possible to use a
scanning laser to print the pattern on the
photoresist by direct writing, the way a laser
prints the image in a computer laser printer. With
sufficient laser intensity, the resist can be removed
directly by the laser without the need for
chemicaily developing the image[41]. In fact, with
sufficient!y high laser intensity, the 5i0O5 layer can
be removed directly by the laser. 1t is even
possible to use an ultraviolet laser to initiate
chemical reactions in a gas or liquid over the
surface of the silicon chip to deposit the
microcircuit on the chip[42]. By tuning the laser
wavelength and/or varying the composition of
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Fig. 15. A large number of specialty chemicals are
sufficiently expensive to justify laser processing with a
free-electron laser. However, large-scale chemical
processing is economical only when the quantum yield
(product molecules per laser photon) is large enough to
bring down the laser costs.

the gas or liquid, it should be possible to construct
various features of the microcircuit. The potential
advantages of free-electron lasers in terms of high
intensity and tunability at very short wavelengths
for applications of this type are manifest.

In addition to microfabrication of
semiconductor integrated circuits, lasers may be
used for the microfabrication of microminiature
thermionic vacuum-tube circuits. Almost as small
as semiconductor integrated circuits, the
thermionic circuits operate in environments too
harsh for semiconductors. In addition to electrical

circuits, a variety of miniature mechanical devices,
such as gas chromatographs, can be
microfabricated from silicon.

The power and wavelength tunability of free-
electron lasers makes them intrinsically well
suited to large-scale chemical processing. The
issue is generally one of the cost of a laser
photochemical process compared with the
conventional process[43]. This is illustrated in Fig.
15, where the cost of commercially available
chemicals is compared with the cost of laser
photons[44]. To calculate the cost per ton of laser
photons, the following assumptions have been
used:

(1) The free-electron laser device has a
capital cost of $40/W to $400/W, amortized
over 5 years (1.6 x 108 6), whlch corresponds to
$2.5 x 10-7 /] to $2.5 x 10-8 /] for photons.
Electricity and operating costs are ignored.

(2) Each molecule of product requires one
4-eV (300-nm) photon for its formation, and
has an atomic weight of 100, which
corresponds to 6.02 x 1027 molecules per
metric ton,
1t is clear from Fig. 15 that a wide variety of

specialty chemicals and isotopes are, at least in
principle, economically accessible to
photochemieal preduction with free-electron
lasers. However, to address the interesting
chemicals in the lower right-hand corner of the
chart, the process must be highly leveraged. That
is, each (expensive) photon must produce a large
number of product molecules. In other words, the
quantum yield (product molecules per photon)
must be large, generally greater than 1000. This is
especially true when it is recognized that for large-
scale chemical processes the cost of the raw
materials typically represents 60 percent to 80
percent of the cost of the final product. Thus, the
laser cost must be held to a small fraction of the
value of the final product unless laser processing
increases the yield and reduces the cost of raw
materials, which has been observed.

Two important processes have been identified
in which such a large quantum yield is possible.
In the first process, a laser is used to purify
chemical compounds by removing a few impurity
molecules from a large number of desired
molecules. A good example is the purification of
silane (S5iH4)[45]. High-purity silane is the
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starting material for the production of certain
types of semiconductors and optical materials.
Experiments with an excimer laser at 190 nm have
demonstrated that this method produces
extremely pure product material with high
quantum yield.

A second class of photochemical processes
having high quantum yield is that of laser-
initiated chain reactions. In this case, a single
photon is used to initiate a chain reaction which
may yield thousands of molecules of product
before the chain is broken. A good example of
such a process is offered by the synthesis of vinyl
chloride[46]. Vinyl chioride is the starting
material for the production of polyvinyl chloride
(PVC). Inexperiments with ultraviolet lasers the
quantum yield has been observed to be as high as
20,000.

1. In synchrotron-radiation sources, the magnetic ficld arrangement
shown in Fig. 1.1 is usually referred to as an “undulator.” “Wigplers” are
similar, but have only a few, large, periods and much stronger magnetic
ficlds. However, in free-electron lasers the term wiggler is more commonly
used.

2. Actuaily, if we look closely we observe the clectrons Lo osidllate
back and forth transverse to the wiggler-axis with a slight longitudinal
motion as well. This causes the electrons o follow a “figure eight” motion,
but this is of no consequence for the present discussion. The effects of the
figure-cight motion are discussed in Chapter 2, where it is shown that the
figure eight motions give rise to odd harmonics of the radiadon,

3. Actually, to achicve positive gain the laser must operate ata
wavelength slightly larger than resonance.
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23. Operation and Biomedical Application of the Stanford Mark III
Free Electron Laser in the 0.5~8um Region

R.C.Straight
Utah Laser Institute, Veterans Adminisiration and Univ. of Utah

The Stanford Mark III Free Electron Laser has
been used as a research tool by Utah Laser Institute
and other investigators since September 1986. The
Mark ITI FEL uses an RF linac to produce a 26-44
MeV electron beam. This allows operation of the
laser in the spectral range 2 to 8um.

The fundamental wavelength range has laser
pulse energies from 1 to 120mJ with a peak power as
high as SMW. The macropulse is variable from 0.5 to
3usec at 15Hz and the micropulse from 0.5 to 2psec.

The second and fourth harmonic wavelength
have been generated using non-linear crystals. The
second harmonic has been generated from 0.99mm to
1.12mm using lithium niobate and 1.58mm to 1.64pm
and 1.80um to 2.1pm using silver gallium selenide.
The forth harmonic has been generated from 495nm
to 620nm. A crystal system has been developed to
double and quadruple the FEL light.

Experimental results on transmission of FEL
light through sapphire and zirconium fluoride fibers
will also be presented. The fibers were tested in the
spectral range 2-4um. The theoretical limit for
transmission in zirconium fluoride was achieved.

Investigation in progress:

Laser interaction with hard and soft tissue
Gallstone fragmentation

Bone cutting (Fig.1)

Second and fourth harmonic generation Fig. 1  The comparison of the bone cutting between
Photodynamic therapy FEL and CO, laser

FEL beam propagation in optical fibers

Analytical spectroscopy of plasma and plumes from FEL

Interaction with biclogical targets

Nonlinear effects on semiconductor materials

Nonlinear photochemistry
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Appendix 1
Ode to the Tokyo Symposium

An electron both free and quite fast,
Made a laser whose power was vast,
Whose color could vary,
From black to canary,

And whose price will make us wealthy at last.

But the promises proved quite elusive,
And users became quite abusive.
But don't drown in your sorrow,

We'll do better tomorrow,

And make users turn frankly effusive.

So let's toast to the future before us,
Shout FEL praises in chorus.
Pour each other some wine,

Sit together and dine,

And work together, for them there are more of us.

by Charles A. Brau
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Appendix 2

Tokyo International Symposium 90
on Free Electron Lasers

Tokyo Toranomon-Pastoral(8F Keyaki)

Program

January 29 (Mon.)

10:00 Welcome Address
Y .Fujiie, Chairman of Promotion Committee
on Nuclear Cross-over Research

T.Asaoka, Executive Director, JAERI

K.Ogata, Director-General, Atomic Energy Bureau,
Science and Technology Agency

Session A 10:15 ~ 11:15
Chairman H.Kuroda Chairman of Specialist Committee on Laser
Technology of Nuclear Cross-over Research

A-1 10:15 Birth of FEL and her Future
J.M.J.Madey, Duke Univ.

Coffee Break 11:15 ~ 11:30

- Session B 11:30 ~ 12:30

Chairman R.A.Jameson  Los Alamos National Laboratory

B-1 11:30 Present Status FEL Research in Japan
' K.Mima, Institute of Laser Engineering, Osaka Univ.

B-2 12:00 Recent Developments in FEL Physics in the USA
S.Benson, Duke Univ.
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Lunch 12:30 ~ 13:30

Session C 13:30 ~ 15:28

Chairman K.Mima Institute of Laser Engineering, Osaka Univ.

C-1 13:30 Insertion Device Development in Japan
H.Kitamura, KEK

C-2 14:00 The Photon Storage Ring
H.Yamada, Sumitomo Heavy Industries, Ltd.

C-3 14:22 Coherent Synchrotroﬁ Radiation by a Short Electron Bunch
T.Nakazato, Laboratory of Nuclear Science, Tohoku Univ.

C-4 14:44 Energy Recovered Linac for New Light Sources
I.Sato, KEK

C-5 15:06 Storage—Riﬁg Free Electron Laser Experiment at ETL
K.Yamada, Electrotechnical Laboratory

Coffee Break 15:28 ~ 15:45

Session D 15:45 ~ 17:35
Chairman C.A.Brau Vanderbilt Univ.

D-1 15:45 Studies about High Power FEL Using Induction Linac
K.Imasaki, Institute for Laser Technology

D-2 16:07 Experimental Studies on Various Characteristics
of a Wave Guide Mode Free Electron Laser
Y.Kawamura, RIKEN

D-3 16:29 Present Status of a MicroWave FEL Experiment at KEK
T.0zaki, KEK

D-4 16:51 Pé.rasitic Wave Excitation in Raman Regime FEL
Y Kishimoto, JAERI

D-5 17:13 Long Pulse Experiment on Circular Free Electron Laser
H.Saito, Institute of Space and Astronautical Science
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Reception 17:45 ~ 19:30 (Keyaki)

January 30 (Tue.)

Session E 9:00 ~ 10:30

Chairman T.Tomimasu  Electrotechnical Laboratory

E-1 9:00 FEL Experiments in Europe
Y.Petroff, LURE, Univ. Paris-Sud

E-2 10:00 Present Status of FEL Researches in Israel
S.Ruschin, Tel Aviv Univ.

Coffee Break 10:30 ~ 10:45

Session F 10:45 ~ 12:19
Chairman J.M.J.Madey Duke Univ.

F-1 10:45 Design Study of a Far-infrared Free-Electron-Laser
with 20MeV RF Linear Accelerator
S.Nakata, Center Research Laboratory, Mitsubishi Electric Co.

F-2 11:07 Simulation of Higher Harmonics Generation in FEL
S.Kuruma, Institute for Laser Technology

F-3 11:29 Considerations for High-Brightness Electron Sources
R.A.Jameson, Los Alamos National Laboratory

F-4 11:54 Present Status of FEL Research

at Los Alamos National Laboratory
S.0.Schriber, Los Alamos National Laboratory
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Lunch 12:19 ~ 13:10

Session G 13:10 ~ 14:38
Chairman Y.Petroff LURE, Univ. Paris-Sud

G-1 13:10 The RF Linac Free-Electron Laser Project
at the University of Tokyo
H.Ohashi, Univ. of Tokyo

G-2 13:32 JAERI FEL Program based on Superconducting Linac
Y.Kawarasaki, JAERI .

G-3 13:54 Double-Sided Microtron for FEL at Nihon University
K.Hayakawa, Atomic Energy Research Institute, Nihon Univ.

G-4 14:16 Basic Studies of Free Electron Laser and Development
of Compact Ring for FEL at Research Laboratory
for Nuclear Reactors, Tokyo Institute of Technology

T.Hattori, Research Laboratory for Nuclear Reactors,

Coffee Break 14:38 ~ 14:55

Session H 14:55 ~ 16:46
Chairman Y.Kawarasaki JAERI

H-1 14:55 The Ledatron and the Related Electron Beam Devices
K.Mizuno, Research Institute of Electrical Communication,

Tohoku Univ.

H-2 15:17 A Linear Collider in the TBA/FEL Regime
S.Hiramatsu, KEK

H-3 15:39 The Future of FEL Applications
C.A.Brau, Vanderbilt Univ.

H-4 16:24 Operation and Biomedical Applications of the Stanford Mark III
Free Electron Laser in the 0.5-8uJm Region

R.C.Straight, Utah Laser Institute,
Veterans Administration and Univ. of Utah
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16:46 Closing Address
H.Kuroda, Chairman of Specialist Committee
on Laser Technology
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Participant List
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