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Abstract

The Self Stimulated Undulator Klystron (SSUK) and its
possible applications in the Particle Accelerator Physics,
incoherent Self-Stimulated Undulator Radiation Sources
(SSUR) and Free-Electron Lasers (FEL) are discussed.

INTRODUCTION

The system of two undulators located one by one in a
sequence at some distance along the straight line is called
an Undulator Klystron (UK). It was invented by R.M.
Phillips in 1960 for generation of spontaneous coherent
UR [1]. In the first undulator (modulator) the electron
beam was modulated by energy in the field of copropa-
gated wave, then in a straight section it was grouped in
the bunches and in the second undulator (radiator) the
bunched beam emitted a coherent undulator radiation
(UR) on the lowest and higher harmonics. Inverse FEL-
accelerator scheme and tapered undulators were sug-
gested there as well. Note that the both spontaneous inco-
herent and coherent UR sources were suggested by V.L.
Ginsburg in 1947 [2]. Later the spontaneous coherent UR
sources were named by parametric (superradiant, pre-
bunched) FELs [3]. Below we will use more suitable term
“prebunched” suggested by A. Gover [4]. The UR emitted

in the UK consisted of ~, undulators located at some

distances along a straight line was investigated in [5]. The
UK with a dispersion element located in its straight sec-
tion for enhancement the bunching process for the ultrare-
lativistic particles was called an Optical Klystron (OK); it
was suggested in 1977 [6].

SSUK is further modification of UK with controlled
delay of the UR Wavelets (URWs) moving between the
undulators [7], [8]. The optical delay line is arranged with
the mirrors and lenses. It serves for proper phasing of the
URWSs with particles for their further interaction in the
following undulator. The special magnet system installed
between the undulators (kicker) serves for separation of
the URWs from the particle beam, see Fig.1. The URWs
and particle beams are focused back at the entrance of the
downstream undulator. The optical and particle’s delays
are chosen so that the particle enters the following undu-
lator in a decelerating phase at the front edge of its own
URW, emitted in a preceding undulator. Under such con-
ditions the superposition of the URW emitted in the first
undulator and the URW emitted in the following one oc-
curs, which yields the field growth ~~, and the energy

density growth in emitted radiation becomes ~~_ . So the

Self-Stimulated UR (SSUR) is emitted by each particle in
the SSUK in the self-fields of its own wavelets emitted at
earlier times in the upstream undulators.
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Figure 1: Scheme of the installation and its equivalent
optical analog.

The SSUK scheme is similar to ones considered in [9],
[10]. It has two undulators also but does not include an X-
ray monochromator or an amplifier located in between.
Overlapping of the URWSs emitted in the first and second
undulators by the same particle was not considered.

Using the SSUK in our case means the generation of
coherent URWs by every particle of the beam in the sys-

tem of N, undulators of the SSUK under conditions of

incoherent emission of coherent URWs by particles of the
beam (incoherent superposition of coherent URWs emit-
ted by N particles of the beam in the SSUK).

MAGNETIC LATTICE PROPERTIES OF
THE SSUK

We considered the case when the optical delays are
tuned so that the wavelets emitted by the particles are
congruent and all particles stay at decelerating phase. For
this purposes the beam delay system in the SSUK must be
quasi-isochronous. To be optimally effective, the optical
part of a system must use appropriate focusing elements
such as lenses and/or focusing mirrors. The mirrors and

lenses form a crossover in the middle of the undulators
with the Rayleigh length Z, = M4, /2, where 4, is the

undulator period, M is the number of undulator periods.
The URWs emitted by each electron on the harmonic
with the number m are overlapped effectively at the exit
of the SSUK by the superposition one by another if theirs
longitudinal shifts satisfy the following condition
Al =|c-AT, gy —n4, K< A, 12, (1)

m

where 4, = A,/ m is the wavelength of the UR emitted by

the electron on the m-th harmonic in the direction of its
average velocity, AT =T —T,,, 1s the difference

e,URW
between the entrance time of the URW and the electron to

the next undulator, Ty =(L,, +Al)/c=const T, =
T,(¢, Kt 6,), Ly, is a distance between the undulators,

L, +Al is the length of the light way in the optical delay
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system, & is the particle energy, Ky is the deflection
parameter of the kicker (the kicker can be considered as a
half - period undulator), &;, is the initial angle between
the particle velocity and the UK axis, n = 0,£1,+2,...
| n[<m-M is the synchronicity condition number.

The electron pass on the way between undulators for
the time T,=L,,/v, 8,,+A6(s)] is
the length of particle’s trajectory between the undulators,
v is the particle velocity, A9(S)=IS[eB(S ) pelds s the
bending angle along the kicker’s axis at the position s,

- L
where L, =[,"" ds/cos|

P=vic | B(s) is the kicker’s transverse bending magnet

field strength. In the relativistic case f=v/c=1-1/2y>,

10,,+A0(s)l<1 , cos[8,, +AO(s)]=1-(0,, + Ae(v)) 12,
02 eZ
L _Luu(1+ 21”) 2 2 4ﬂ2 2_[ [J. B(s)ds dS,
- 2 | | B(s)dsT ds
T;:LW/ :ﬂ(l+&+%)+ J.O J.g — S
' c 2 2y 2m;c’ By
0T, =T,~T, =2 (1+ K} + ) @)
T 2cy

2 . . C
where 7 =¢&/m,” >>1 is the particle’s relativistic factor,

Kix=ellg= [y B(s)ds P ds/ Ly, Im,c*, § =0y, T,o=

B(s) =0]. The shifts of URWs, according to (1), (2) are
Yo = ~2¢(8T,)(A7, | 1) +

7,16,

in

Al = (35T, | 8y) Ay, +(8(5T,) | 89,

m
/.2 2
eT,(0,)" | (1+ K}y ) << 4, /2, where Ay, and o, are the

energy and angular spreads of the particle beam. It fol-
lows from here that the requirements to the beam parame-
ters should be
A7 A7 _ A,(0+KD)
y 2L, (1+K,(k) C4mL, (1+K2,)’

(1+Kz
o)< /

where k, is the undulator deflection parameter. We took
into account the equation for the emitted UR wavelength

=4 (1+K2)/2my* . In this case the local slip factor
Neoe =1 T,)O(OT,)/ Oy = (1+ K.)/7y.

The requirements to the beam parameters for SSUK (3)
are much easier than the ones for SSUR source based on
the storage ring [8]. Note that a small slip factor system of
two undulators separated by the bending magnetic system
was used to study the radiation coherency conditions in
optical region [11], [12]. It means that technical realiza-
tion of tuning of the URWs is possible in the optical and
even harder wavelength regions.

For a kicker with small bending magnet lengths

(lyy =ly3 =1y, 12<< L, ), the value K, =9, , where

(€)
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2 . .
0, =eBl,, / mc"y = 6~104B[gs]~lbl[cm]/]/ is the bending

angle of the first and third kicker magnets (we neglected
the influence of magnetic fields of the quadrupole lenses).
In this case the orbit will be deviated from the SSUK axis

at its center by the value a =1,,6, /2. It must be 5-10

times higher than the rms particle beam size o, .

POSSIBLE APPLICATIONS

Spontaneous Incoherent UR Sources Based on

SSUK

All properties of UR emitted by the particle beam in an
undulator and in the SSUK based on such undulators un-

der main synchronicity condition 7 =0 are identical,
except intensity, which becomes higher by N} times. If

the centers of URWs at the exit of the last SSUK undula-
tor are displaced in the transverse direction inside some
area with a dimension d>4,,7 then the additional degree

of directionality will UR Dbeam:
A0 ~ A, /d < \[I+K] / y . At the same time an increase

appear in the

in the power will be lesser than N (phased antenna ar-

ray analogy in prebunched FEL) [13], [14]. Two bending
magnets with opposite polarity located between the undu-
lators can be used for the transverse displacements of
URWs. If URWs emitted by an electron at the collateral
synchronicity conditions —mM < n < mM are shifted in
the longitudinal direction at the exit of the last undulator

by the distances *4,,,£24,,..2mN, 4, then the additional

directionality AH:\/@ /y m appears in the
UR emitted by every electron (director-type antenna anal-
ogy) [13], [14]. Moreover the intensity will be increased
by min{N 5 ,M?} times for n<mM . The intensity will be
dropped and the monochromaticity will be increased N,
times if the number » — mM (n<mM). The angular

spread of the beam in this case must be small ag <A0.

The considered phenomena of the power, directionality
and monochromaticity increase in the SSUK installed in a
storage ring or in the linear accelerators and recirculators
takes place both for broad band and narrow band mirrors
used in the SSUK in the optical up to to X-ray regions.

The accuracy of the SSUK lattice tuning is

(1+K2)
mN (1+K,M

It follows from the necessity to maintain by the optical
delay line the distance between next URW relative to the

Al “4)

previous one with the accuracy of A I' < 4 /N, .

Free-Electron Lasers

1. Prebunched FELs. In spontaneous incoherent SSUR
sources the URWs are emitted by each particle indepen-
dently from the other particles of the beam. Single micro

1483



TUPOO018

bunch with the number of particles N, the diameter
D << A,y ,n=I and the length / , << A is equivalent

m

to one particle with the charge en, [13], [14]. The trains

of such micro bunches in the prebunched SSUK FEL re-
gime can be used here. In this case the power of the emit-

ted coherent radiation pc ~ peoh le le, where P"" ig

the power of incoherent radiation of the unbunched beam
emitted in one undulator.

A modulator undulator with the driving laser beam, the
radiator SSUK installed in a storage ring (see [15]), ener-
gy recovering linacs and recirculators tuned on higher
harmonics of the microbunched beam can be used.

2. Ordinary FELs. Using SSUK at the condition (1) in
ordinary FELs will permit to decrease the threshold cur-
rent of FELs and to increase their power.

Cooling of Particle Beams

1. Optical cooling. Usage of SSUK klystrons as pick-
ups for optical stochastic cooling [16], [10] and enhanced
optical cooling of particle beams [17] will permit to in-

crease the number of photons in the sample N times
and the cooling rate N, times. Using both pickup and

kicker SSUKs will increase the cooling rate N times.

2. Cooling based on incoherent SSUR. If the revolution
period of a particle in a storage ring is multiple to the
round trip period of the URWs emitted by the particle in
the undulator installed in the straight section of the ring
and circulating in the optical resonator then such URWs
will be effectively stored and overlapped in the resonator
under resonance conditions [8], [18]. Additional losses of
energy and additional cooling appear in this case. Using
an optical amplifier in the optical resonator system,
switching it on for a short time (dozens of particle revolu-
tions) and switching it off for a small number of revolu-
tions can lead to the high rate of the particle energy loss,
its strong dependence versus particle energy and, follow-
ing the analogy with frictional [19] and transit time cool-
ing [10], to the high rate of particle beam cooling in the
longitudinal phase space. In this case the losses of the
energy in the undulator occur with equal probability and
independently on the sign of transverse deviation of the
particle from its instantaneous orbit. The jumps of the
particle amplitudes of betatron oscillations have different
signs and hence in the first approximation the cooling in
the transverse plane is absent. Using SSUK instead of an
undulator may increase the cooling rate of particles in the
storage ring. We suppose that the current of the particle
beam is less than a threshold current for such FEL-like
scheme. Cooling is possible in such a way at the main and
collateral synchronicity conditions as well [8].

The energy interval of the main and collateral synchro-
nicity conditions depends on the slip factor of the ring.
Quasi-isochronous storage rings are desirable in this case.
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CONCLUSION

We hope that the SSUK can be used as a high efficien-
cy pickup for cooling of the proton, muon and ion beams
in the storage rings, as highly effective SSUR source
based on ordinary and compact quasi-isochronous storage
rings, ordinary and Bragg resonators capable generation
both in the short and continuous, quasi-monochromatic
light beams in the optical to X-ray regions. It can be used
effectively both in the ordinary and prebunched FELs as
well [8], [18]. Using SSUK in proposed energy recovery
linacs, International linear collider and FEL sources will
permit to enhance novel X-ray quantum optics experi-
ments in the femtosecond regime and generate » rays

carring the Orbital Angular Momentum for nuclear and
particle physics [20].
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