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installation and the project status are discussed.

of Photochemical Researches. The features of

facility for especially organized Siberian Center
The goal of this project is to provide the user

construction in the Novosibirsk scientific center.

The high power free electron laser is under

A B S T R A C T

Email: vinokurov@inp. nsk. su

Tel: 743832)-359977 Fax: 7-(3832)-352163
630090 Novosibirsk-90, Russia

Budker Institute of Nuclear Physics

N.A. Vinokurov, and P.D. Vobly
A.N. Skrinsky, A.S. Sokolov, V.G. Veshcherevich

V.M. Popik, I.K. Sedlyarov, T.V. Shaftan

A.D. Oreshkov, V. M. Petrov, I.V. Pinayev,
G.N. Kulipanov, I. V.Kuptsov, G.Ya. Kurkin,

G.I. Erg, N.G. Gavriiov, E.I. Gorrziker,

Using Race-Track Microtron—Recuperator
The Project of High Power Free Electron Lazer

August 23-27, 1993, The Hague, The Netherlands

Presented at the 15th Free Electron Laser Conference



serious problem. There are also some problems with the total OCR Output
dangerous isotopes. So the radiation hazard is to be a
should have a very powerful source of neutrons, 3*—r..ys and
tion in near IR directing such a beam to a beam dump we
the power in electron beam 1 MW/0.01 = 100 MW. For opera

value of the FEL electron efficiency 1%, we obtair easily
the modest undulator period). if we take rather corservative
(i) The electron energy is to have the order 100 Mo=V (for
briefly described below.

Some notation on this design philosophy is- es are

(iii) the use of so—called "electron output" of light.
(ii) the low frequency accelerating RF system;

recuperator;

(i) the use of energy recovery in race—track it on

main distinguished features of this projects are:

FEL for operation in visible and infrared diaper 1 The
During last five years we developed the projec ch

creation of the FEL with average power 0.1 + 1 MW.
One of the prospective goals in the FEL technoizrgg »e
disadvantages are radiation hazard and large sizes r
advantages are tunability and high average power. T! ·» n

another types of lasers (see, for example, [1,2]). T" n
both advantages and disadvantages in the compei ti ih

it is we’1-·-known, that free electron lasers ¥FEE



structure OCR Output

are to estimate the value of power consumption in RF
make a choice between variants from Fig. la, lb, and 2 we
But the instability problems are more severe for N>l. To
passes at acceleration), than for recirculator of Fig. 1b.
system in this machine is N times less (N - the number of
rating structure (Fig. 2). The power consumption in the RF
racetrack microtron) with few passes through the RF accele
we may dc the next stop using the recirculator (or the
suppression were developed). Coming from scheme (a) to (b)
tally investigated in Stanford [10] and methods of its
limitation is very serious {the instability was experimen
cavities (see, for example [9]). For the scheme (b) this
instabilities due to excitation of high order modes in RF

which is to be taken into account is the transverse

field inside just the same space volume. Another problem
electrons take and return the energy to electromagnetic
there is no couplers there. Speaking generally, the
consumption in scheme (b) is at least in factor two less and
decelerator is the same as in accelerator. Thus the power

through the couplers and RF power consumption in the
tion that almost whole electron beam power is to pass
[6]. Comparing schemes (a) and (b) in Fig. 1, we are to men
to the conclusion that the light power can not exceed 10 kW
the optical resonator. The optimization of this scheme leads

multiple (each turn) interaction of electron with light in
have the specific power limitation (Renieri limit) caused by
explored [5,6].It was shown [7,8] that the storage ring FEL

the use of electron storage ring — is now very popular and
of electrons in the same RF cavities [4]. The third approach
first in Stanford, is the use acceleration and deceleration

linac by RF couplers [3]. The other technique, demonstrated
in the special RF linac, connected with the accelerating
Los-Alamos group demonstrate the deceleration of electrons
lities to provide the energy recovery (see Fig. 1). The
move across these obstacles. There are different possibi
The recovery of the electron beam energy make it possible to
is to be in a few times more than the electron beam power.
"from the plug" power for the installation operation, which



Fig. 1. Different possibilities of FEL with energy recovery. OCR Output
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cavity mode the energy sto ed in mode increase with the OCR Output
therefore for the given a. Vpiitude of field in particular
structure is proportional tw the cube of wavelengths, and
tion of this pattern is siw e First, the volume of the
have lower frequency acceler i~·g R; structure. The explana
linear accelerators, for obt; n` g higher current needs to
(ii} As well known from ‘h-· ter ence of operation of
lb or, generally, scheme 2.

ezrconducting RF structure * R l GQ it’s better to use
R? structure scheme la migh p ei .rable, but for non
From expression (2) we may co th: t for superconducting

é L,
tz)N ’ *“"

wer (1). Assuming P<1O MW, wet 0
the power of order 10 MW, so "s the scale for typical
contemporary high power RF systems are capable to provide

tlawce of RF structure, and for 1(~ e are to put N< S,). The

*E and e — electron energy and <.ha·ge, R — the shunt impe

x R (1)E [W]

Fig. 2. Energy recovery with xtiicrt- ron-recuperator.
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beam quality are much more severe. OCR Output
to be much longer and correspondingly the tolerances for the
power light and therefore the undulator length for MOPA is
beam, but bunching occurs during the amplification of low
is the source of coherent radiation from bunched electron
technique with MOPA we may say that the end of MOPA FEL also
necessary ”to arrange an achromatic bend. Comparing this
tron beam'* (Fig. 3b). For the conservation of bunching it is
mirror (Fig. 3a). But it’s better to bend the bunched elec
undulator the coherent radiation might detour the forward
field amplitude in radiator is slightly less than in FEL
radiation there (see Fig. 3). If the period or the magnetic
goes to another undulator (radiator) and produced coherent
only for bunching of electrons. The bunched electron beam
institute [12,13]. In this approach we use FEL oscillator
"electron output" - was developed and partly tested in our
FEL without mirrors as power amplifier. Another — the
possibility to solve the problem is MOPA [ll] — the use of
more power than there exist inside optical resonator. One
typically might not exceed 100 kW. Thus it needs to put out
mode size on mirrors and so the power inside resonator

undulator, therefore it’s rather difficult to have a big
is to provide small mode size along the electron beam in
power output from optical resonator. The optical resonator
(iii) One of the key problems for the high power FEL is the
of the big size RF cavities.
limitation of wavelength is the difficulty of manufacturing
dynamics in the recirculator and FEL operation. The main
long wavelength RF have many assets from the point of beam
tetrod generators instead of klystron generators. Moreover
ties. Another advantage of low frequency is using of simple
problems of thermostability and to suppress beam instabili
fundamental and lowest high order modes to solve the
(uncoupled) cavities. In this case we may provide tuning of
through — the accelerating structure consisting of separated
fields. Further increase of wavelengths leads to the break
iris radius and correspondingly decrease high frequency wake
threshold currents of instabilities. Second, increase the

increase of wavelength and correspondingly increase the



Fig. 3. Differnt schemes of the electron output. OCR Output
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Peak FELs power 20+100 MW OCR Output

Average FELs power 4+100 kW

FELs optical resonators length 79 m

FELs wavelength 6.5+13 pm {4+8 pm)
Undulators parameter K 1+2

Undulatiors gap 4 cm

9 cmFELs EM undulators period

FEL parameters:

Average electron current 4+100 mA

Micropulses repetitions frequency 2+45 MHz
Final peak electron current 20+100 A

Final electron micropulses length 20+1CO ps
Final electron energy dispersion 0.45%
Final electron energy 51 MeV (66 MeV]
Injected electron energy 2.1 MeV (2.7 MeV)
Energy gain per one RF cavity 0.7 MeV (0.9 M<.V)

Number of tracks

20Number of RTM RF cavities

RTM RF wavelength 165.3 cm

CW Race-Track Microtron-—Recuperator parameters:

Table 1

section, and a beam dump 9.

7, a FEL magnetic system 8 placed in the fourth straight
separated straight sections with magnetic quadrupole lenses
extraction 5 systems and solenoidal magnetic lenses 6, four
of different energy), magnets for the injection 4 and

tion with RF cavities 3 ( the section is common to electrons

systems of a 180* separating bend 2, a common straight sec
Table 1. The microtron comprises an injector 1, two magnetic

The layout of the microtron is depicted in Fig.4 and

Photochemical Researches.

variant adapted for the FEL for the Siberian Center of
was published earlier [14]. Here we discuss the updated

The first version of the project of this accelerator





the exit from the FEL magnetic system there is the RF cavity OCR Output
about 2.57l of the wavelength of the microtron RF voltage. At
track is different from the length of the third track by
between 90° magnets are such that the length of the fourth
on the fourth track comprises two 90° bends. The distance
magnetics system 8. To lengthen it, aA180' achromatic bend

The fourth straight section is intended for the FEI.,
sections where there are quadrupole lenses 7.

the matching of B-function on three isolated straight
necessity to reduce the horizontal beam size and to simplify
through RF cavities of the common straight section, the
achromaticity are due to the necessity for the beam to pass
RF system. The choice of this type of bend and its
going from the next microtron track is one wavelength of its
the empty straight section. Variation in the orbit length is
matrices are mutually coincide and look like the matrix of
bend is achromatic, and its horizontal and vertical optical
bending magnets on each track. This magnetic system of 180
of the microtron is a 180' magnetic mirror with two 65

A separating 180° bend 2 for the first three tracks
responds to its resonance frequency f =l81.3 MHz.
wavelength, 7t=165.3 cm, distant from each other, which cor

factor taken into account. These RF cavities are half the

cavity and, hence 14 MV for 20 cavities, with the flight
common straight section of the microtron is 700 kV for one

The working—voltage amplitude of RF cavities, in the
(4). Here the bunches length is equal to 100 ps.
identical 65* bending rectangular magnets opposite in sign
common strlaight section of the microtron using four

equilibrium phase qp_=9V. The electrons are injected into the
the total 1.4 MV accelerating—voltage amplitude in the
rated up to 2.1 MeV in two RF cavities of the injection with
drift straight section 1.2 down to 200 ps and then accele
of the device, the bunch is longitudinally compressed in a
electron energy (velocity) and identical to all RF cavities
Having passed through an RF cavity 3, which modulates the
1-ns electron bunches at a repetition frequency of 45 MHz.

OCR OutputA 300 kV electron gun of the injector 1.1 generates
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case, a mutual influence of the accelerated and decelerated
through RF cavities) with an about 0.8 m interval. In this
direction (i. e. with respect to the time of the passage
bunches are uniformly distributed in the longitudinal
quency), on the common track the accelerated and decelerated
each four periods of its RF voltage (i. e. at 45 MHz fre
are such that with the injection of one electron bunch in

The lengths of the straight sections of the microtron
dispersion on the fourth track is 0.45%.
bunch on four separated straight sections. Electron energy
nal phase—energy diagrams of the position of the electron

<p_= 47.2", and g0A= 0.6 . Figure 5 illustrates the longitudi
12

of four passages through the RF system are q0= q0= 25.39,
pondingly, the microtron geometry). The equilibrium phases
the equilibrium electron energy on each track (and, corres
was optimized by means of small variations in the values of
the longitudinal phase motion of the beam in the microtron
(maximize peak electron current) in the FEL magnetic system,

To minimize the length of the electron bunch
symmetry.

tions. Here the matched B-functions are of the same
to the line going through the center of the straight sec
(except for the fourth track) is mirror—symmetrical relative
rated and the decelerated electrons, the magnetic system

To provide the proper focusing of both tl
and are directed to the beam dump 9.
system 5 (identical to the magnets of the injection system)
electrons are extracted using the magnets of the extraction
case the passages sequence is inverse. After that the
three microtron tracks. Emphasis should be made that in this
during the passage in the same direction through the same
system,the electrons release its energy to the RF system
fourth track, but now in the decelerating phase of RF
section. Entering again the common straight section from the
lizes the electron energy at the exit of the fourth straight
displacement, installed behind a 90° bending magnet stabi
FEL. The RF cavities and a detector of horizontal beam

to compensate the average losses in electron energy in the
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way, b — on the decelerating way.
3rd and 4th straight sections, a — on the accelerating
electron bunch position: 1, 2, 3, 4 — at the lst, 2nd,
Fig. 5. The longitudinal phase—energy diagrams of the

Haxinal ¤0u•r<H): BF: l.264E•0tIJ5

Peak elecifcn current (R): I..31E+0(D2 Eff»d£e¤¢rsi¤n= 4·*\6E··0®3 Gei|’\= B.\7E·G)O1
Phase dls¤ere£¤n(d•qrees)= 2.8%-Owl Relative energy dispersion: 4.306E-0003

ln1e<tl¤nn ¤ha••(d•eree•)= 2.5¤E•®Dl Flnal electron e¤erdgl•U)= S.09<·E•dJ07
Total N’,¤¤uer(H>: 2.0|63I•CDD4 Fine fast S cevitu d•t•.nlng= 2.8712I-OMS
FF v¤|tag•¢U)= 1.399$?E•0¤u1 RF detunlne ¤hue¢d•¤r••s>=-5.96899E-0002
Beans power losses lnetanten•¤u•(H): D.|Jl'DE•0000 and •v•ra••d(H): 4.438E•¤I&
W periods nunher: 1.001 Electron bean; average ¤urr•nt(h>= 1.0005-00Ux
inject inns en•reu<•U): 2..\04E•D006 L¤ne·f¤c.c0•fflci¤¤!¢rad/ev): .l.650E—0D07
Longitudinal nhaee |caI•(deqr••e>= .l..lDOE•0tX.\1 Energy |cal•<•U)= .t.00lI•0006

·-···—··*:

xm): 1.000E-0001 NA): 1.00hE-0001 HM: l..000E··000|. lm): 1.000E-0001

Hm: Luci!-0001 Im): LODGE-0001 lm): 1.00t£—0¤01 lm): 1.0t¤E·-0001
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Fig. 6. The FEL magnetic system.
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and have a 79 m length. The number of periods in each
master oscillator. Optical resonator consists of two mirrors
dispersive sections compose the optical klystron using as
achromatic bend (Fig. 6). First three undulators and two
consists of four undulators, two dispersive sectior and one
last straight line section of the microtron—recuperator. It

The magnetic system of FEL is installed just in the

The FEL

[15] which is under construction now.
plan to change the gridded gun injector by the photoinjector

To decrease the beam emittances and energy spread we

the beam being conserved.
(about 100 A) peak current, small transverse emittances of
track, thereby contributing to the obtaining of a high
the final bunching of electrons occurs only on the last
a steady mode at an average current higher than 0.1 A. Here
dynamics show that the microtron-recuperator can operate in

Calculations of the longitudinal and transverse beam

creases.

beams at different electron energies is drastically de
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tion rate 45 MI-lz it’l1 increase 24 times and at 180 MHz - 96

tition rate of the injector pulses. For example, at repeti
that we may increase the power by the increase of the repe

concentrate on the careful adjustment of all systems. After
mirrors heating) at the regular operating peak power and can
Therefore we’ll have low average power (and so negligible
frequency of the electron bunches (less than 2 Ml-lz).
make possible to obtain oscillations with low repetition
decrease the light intensity on the mirror surface but also
choose the simplest optical resonator. Its big length
forward mirror is 14 cm. For the beginning of operation we

resonator and tht. center of coherent radiation beam near the

Therefore corresponding distance between the axis of optical
radiation we choose the 4 milliradians deflection angle.
(of the optical resonator) and of the coherent undulator
account the angular divergences of the fundamental eigenmode
that discussed ard tested previously [3,4]. Taking Ento

The magnetic system of achromatic bend is similar to
small energy spread in the fourth undulator (radiator).
light power at r easonable bunching of electron beam and
oscillator is optmized for having minimum of intracavity
that this multiel ment magnetic system of the master
dispersion sections with a high speed. It needs to emphasize
wavelength, becax se it’s easy to change the field in
system provides not only fine but also fast tuning of the
will occur more rare. Such a configuration of magnetic

l 2
simultaneously (for different sand $) and so the maxima
are to satisfy iwo such conditions for the wavelength
one, from light). For the case of two dispersion sections we
from the center of first undulator to the center of second

wavelength, n — integer, s — the lag of electron, passed

gain which corresponds to condition s=(n-{JA, (A
in conventional optical klystron there are many, maxima of
good frequency selectivity. To see this, let us remind that
of the using of two dispersive section is obtaining of a
to vary the deflection parameter K from 1 to 2 . The reason
of wavelength we use electromagnetic undulators which permit
undulator is 40, the period length - 9 cm. For easy tuning
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diapason.

techniques it’s possible to create FEL of the megawatt power
generators, accelerating cavities, undulators etc.) and
applications. Therefore using the same components (RF
developed to provide much higher light power for another
the Center of Photochemical Researches. But our approach was
Novosibirsk installation was adapted to meet the demands of

In the conclusion we are to point out that the

Prospects

users in 1996.

middle of next year. The facility is to be available for
of this building is in progress now and should finish in the
of Photochemical Researches is shown on Fig. 7. The updating
manufactured. The existing building for the Siberian Center
finished this year. The hardware for the RF generators is

The mechanical design of installation is to be

Status of the project

we may modulate the wavelength.
another with the round—trip period of the optical resonator
wavelength. Varying the electron energy from one bunch to
ps duration, 2-45 MHz repetition rate and 4-13 pm

The FEL radiation will consist of pulses with 10-30

The radiation parameters

few tens of kW average power.
have few tens of MW peak power and at 0.1 A average current
tance about few kS'2. Then at the 100 A peak current we are to
the radiation gives the value of its characteristic resis
OCR Outputtimes. The estimation of the coherent radiation power from
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