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Generation of ultrashort radiation pulses by injection locking a regenerative
free-electron-laser amplifier
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We demonstrate how a steady-state train of ultrashort radiation pulses can be produced utilizing a new
free-electron lasefFEL) configuration, the injection-locked regenerative klystron amplifi®&KA). This
configuration consists of two elemen(s) a prebuncher, which microbunches the electron beams at the desired
output wavelength, an@®) a multipass FEL operated at a very small cavity desynchronism and below the
lasing threshold, in the regime of regenerative amplification. The regenerative amplifier is driven by the
microbunched electron beam, so that the pulse-to-pulse stability is provided by the pre-buncher. The broad
amplification bandwidth of this regenerative amplifier enables generation of ultrashort pulses, much shorter
than a slippage length, with high efficiency. The IRKA configuration can produce such ultra-short radiation
pulses while avoiding the chaotic dynamics that limits conventional FEL performance.
[S1063-651%97)12609-5

PACS numbd(s): 41.60.Cr, 42.60.Da

[. INTRODUCTION AND MOTIVATION and N,, is the number of wiggler periods. For electron
bunches much shorter than the slippage distance, the pulse
The free-electron lasgiFEL) can produce tunable high- length is(roughly) determined by the slippage length, To
power radiation. Another potentially important feature of themake more precise statements about the duration and struc-
FEL is its ability to generate ultrashort radiation pul$gs  ture of radiation pulses in short-bunch oscillators requires the
As FEL technology matures, it becomes more important tanclusion of cavity desynchronism and losses. Cavity desyn-
provide the radiation users with some of the capabilities thathronism is introduced to counter the tendency of the ampli-
more conventional lasers have acquired over decades of réied radiation to fall behind the electron bunch after a num-
search and development. For example, many scientific applber of passeglaser lethargy Making the cavity slightly
cations, such as condensed-matter studies and chemical dshorter than required for perfect synchronism with electron
namics, require ultrashort pulse®f order 100 fs in bunches in the absence of the FEL interaction restores the
duration, with precise frequency and timing control, and longitudinal overlap between radiation and electrons.
rapid tunability. In solid-state laser systems, such capability The supermode theory of low-gain FEL oscillators in the
is typically achieved by using the output of a low-power short-bunch limit was recently developg8l]. Many of the
frequency-stable oscillator to injection-lock a high-power,analytical conclusions parallel those of the pioneering nu-
broadband regenerative amplifier. As this paper demonmerical work of Dattoliet al. [6] on the linear radiation su-
strates, a similar approach can be used with free-electropermodes in oscillators driven by electron bunches with an
lasers. Injection-locking of a regenerative FEL amplifier mayarbitrary temporal profile. The equations describing the tem-
become a useful tool for generating short, high-power, tunporal pulse evolution of a short-bunch oscillator are very
able radiation pulses, with low pulse-to-pulse jitter. Shortsimilar to those describing backward wave oscillators
duration radiation pulses are important for studying ultrafastBWQO's) (see, for example, Refl7]). This implies that
phenomena. Small pulse-to-pulse jitter, or steady-state ofgsoundary conditions are specified at the head and the tail of
eration, is essential for high repetition rate pump-probe exthe radiation pulse and is essential to our analysis of the
periments. While separately each of these two characterigpulse-shaping concept described in this paper.
tics, ultrashort pulséwith radiation pulses much shorter than  Here we propose a scheme that circumvents an important
the slippage lengthand stable operation, has already beenlimitation of short-pulse FEL oscillators. Very short radia-
experimentally demonstrated, the challenge still remains téion pulses can only be obtained in the operating regime
develop a single FEL device which has both features. where cavity desynchronism is very small. Radiation pulses
Most FEL user facilitie§2—4] operate as low gain oscil- as short as six wave periodand about one sixth of the
lators and the majority are driven by radio-frequer(cf)  slippage lengthwere recently obtained experimentally].
linacs. The electron beam consists of very slipitosecond The experimental measurement was done inlifear re-
or subpicoseconcklectron bunches, spaced by a multiple of gime. Unfortunately, it is precisely in this regime of small
the rf wavelength. The radiation pulse length is determinectavity desynchronism thatonlinearmultimode effects, such
by the bunch length.,, if A<L,, whereA=N,\ is the as limit-cycle saturation and transition to chaos, dominate the
slippage length(the distance the optical pulse outruns theFEL dynamics. They result in nonrepetitiveness of radiation
electron bunch in one pgss\ is the radiation wavelength, pulses from pass to pass after the oscillator enters the non-

1063-651X/97/5€63)/36065)/$10.00 56 3606 © 1997 The American Physical Society



56 GENERATION OF ULTRASHORT RADIATION PULSE. .. 3607

appropriate normalizatiof5] of “time” (a continuous
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the evolution of a FEL oscillator in the limit of ,<<A is
governed only by and .
The independent variables areand £=(ct—2z)/A, the

FIG. 1. Schematic of the injection-locked regenerative Klystron, majized distance from the head of the radiation pulse
amplifier IRKA) with a FEL oscillator prebuncher. The shading of which is assumed to move with the speed of light The
the electron beam indicates the degree of bunching. Radiatioh

. : eld is described by a slowly varying complex amplitude,
pulses in IRKA are much shorter than in the prebuncher. normalized so thakA|2=477NchP(z,t)/Pe, where P(z,1)

linear regime. The proposed scheme enables the steady-sté;ethe intracavity optical power arie=mcyo(I,/€) is the

generation of ultrashort radiation pulses with high efficiency ectron be"?‘m power. Electrons are characterl_zed by their
(i.e., larger than the typical value of M2). ponderomotive phasé= (k+k,,)z— wt and normalized mo-
The key idea is to operate a FEL as an injection-Iocked“e'gtump:f.d 0{ddz, Whertewtlcd:.k:;%/)‘;[h tial FEL
regenerative klystron amplifigfRKA). The IRKA consists S was Tirst demonstrated in E{ ], the essentia
of a magnetostatic wiggler placed inside a highadiation physics can be captured by following the evolution of four
cavity with a very small desynchronism. This cavity is oper_céoTpleﬁgmo;ne_nts gli‘othe Slectron 33”2!2”“0”_ funzctlon.
ated below the lasing threshold, i.e., the FEL is run as a h._ﬁeh ). thl_<r?e' >I, Q—(_p), a}nb 7 E.«p Q) >,t
multipass amplifier. The seed current at the desired wav whic hi ave the physica n:e;mng ?I dunc Ing,t mo(;n?n um
length is provided by a prebuncher, which can be designed i unching, average momentuaiso ca ed momentum detun-
a variety of ways. For example, masked chicanes can b@g)’ and. momentum spread, respectively. These moments
utilized to prebunch the electrof9]. Alternatively, a free- ahre fu_nctllonssqu, WP'Chhpl?yst the rolet Offr‘]d'Star.'ﬁet along h
running FEL oscillator, operated above the lasing threshold® W'?r? er. mcet re? the eg_ “t“_‘bs te_:n e:c et_osctlja or gac
and nonlinearly saturated in steady state, can be used R&ss, the moments of the distribution function depend on
shown in Fig. 1. Unlike an IRKA, the prebunching oscillator normalized pass numberparametrically through the optical

would then operate with a relatively large cavity desynchro—gelld' This trtuné:gted desctn[latl%n of t_fg)e electrr?ns by Ifoungé(I)_-
nism, ensuring that there is only ofieearly unstableradia- ﬁ moments[S,8] acl_cura eyt est(_:rl esf liLIJECL coml!?_ex
tion supermode which saturates quickly and at low intensityp enomena as nonfinear saturation o amplifiers, syn-

An important difference between the IRKA and a traditionalbhmtron oscillatiqns, nonlinear superradiance, and limit
regenerative amplifier is that the latter is injection locked b cycles in FEL oscHIator;. : .
g b ] y The reduced dynamics of a FEL oscillator driven by ul-

radiation while the former is locked by a microbunched . ) .
beam(thus making it &klystronamplifies). trashort electron bunches is described by a set of equations

The IRKA configuration is analyzed using the formalism (5]
of Ref. [5], which is briefly reviewed in Sec Il. Section lIlI

describes the IRKA scheme and provides a numerical ex- %_y %4_ EA: 7By, 2
ample of its implementation. aT o& 2
By
Il. THEORETICAL BACKGROUND _§: —iPy 3
a 1
Our theoretical model is one-dimensional, low gain, and
we assume an electron bunch length that is much less than a F1= _ _ _
slippage length. The evolution of laser pulses is then con- TE —A—iSB;—2iQP,+2iQ?B,, (4)
trolled [5] by three parameters: the reduced Colson param-
eter,'=jcLy/A, the cavity desynchronis@#iL, and the cav- 9Q
ity lossesag, where Fr3 =—[AB] +c.c], (5)
_ Iof( Ny \ 3 aphwF )2
A b G —2[AP} +c.c], (6)

Here |, is the electron current,,=mc3/e=17 KA is the

Alfven limiting current, f is the filling factor describing the whereS=o0?+Q?=(p?), »(¢)=1 if 0<£<1 andz(£&)=0
transverse overlap between the optical and electron pujses,otherwise. Equation$3)—(6) are integrated betweeé=0

is the relativistic factor of the beam electrong,is the beam and 1. Physicallyé=0 corresponds to the radiation slice
radius, \,,= 27/k,, is the wiggler perioda,=eB,/k,mc  which overlaps the electron bunch at the entrance into the
is the normalized vector potential of the wiggler, ahds 1  wiggler while §=1 corresponds to the radiation slice which
for a helical wiggler and equal to the well-known difference overlaps the electron bunch at the exit of the wiggler. Radia-
of Bessel functions for a linear undulator. Moreover, by antion which has already slipped ahead of the electron bunch
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due to finite cavity desynchronism>0 occupies the region sibility of masked chicane microbunching for a typical infra-
£<0, where it decays exponentially as exgRv). red FEL are given in Sec. IV. If the external source is not
We considerv>0 (shortened cavity for which causality available(as may be the case for infrared frequengiesd
requires that the boundary condition for the radiation ampli-masked chicane microbunching is not practiead)., because
tude beA(¢=1,7) =0. Boundary conditions for particle vari- the energy slew required for microbunching is excessive for
ables are fixed at the wiggler entrance, i.e.£at0. Setting  lasing, a separate oscillator may be needed to prebunch the
boundary conditions at different boundaries for particles andeam, as shown in Fig. 1. The prebuncher muskiresarly
fields is reminiscent of equations that describe backwardinstableand operate as a low-power FEL oscillator. The
wave oscillators[7], where particles are initialized at the initial radiation in the prebuncher is seeded by an infinitesi-
entranceinto the interaction region while the microwave mally small shot noise of beam electrons. However, radiation
fields (which, due to the slow-wave structures, have a grouggrows over time and saturates nonlinearly, reaching the
velocity in the opposite direction to their phase velochdye  Steady state. In steady state, electrons interact with radiation
initialized at theexit of the interaction region. Initializing and develop a finite bunching level toward the end of the
particles and fields at different locations is intuitively clear wiggler (as shown schematically in Fig).1
for a backward wave oscillator, but is less intuitive for FEL ~ The IRKA configuration is governed by experimentally
oscillators, where the “interaction window” €£<1 itself  controlled FEL oscillator parameters, the cavity desynchro-
moves with the speed of light, and is equal to one slippag&ism and cavity losses, such th{gtthe oscillator is operated
length. very close to synchronismy<0.13, and(ii) there are no
Equations(2)—(6) can be linearized by assuming tr@t  linearly unstable supermodes=0.13 corresponds to the
and S are constanfthat is, by discarding Eqg5)—(6)]. A lasing threshold for a lossless oscillator. Conditi@n im-
further simplifying assumption is that electron bunches enteplies
the wiggler with the same level of prebunching, momentum

detuning, and momentum spread from pass to pass. Thus a>3\/§( vI2)?R, 9
B1(§=0,7)=By1y, P1(£=0,7)=Pyo, Hence after a time~1/«, a steady state is achieved. Equa-
. tions (2)—(6), with d/d7=0, can then be used to model the
Q(£{=0,7)=Yo, S(£(=0,7)=Yy5+05. (7)  steady-state operation. We observe from numerical simula-

' _ . _ ' tions that ultrashort radiation pulses are generated in the lin-
The solutions of the linearized equations can be written agar regime, wher€® and S can be assumed constant. The

a sum of a stationary solution withhomogeneouboundary |inearized steady-state equations can then be recast as
conditions, given by Eq(7) at £=0, and a series of time-

dependent solutions witthomogeneous(i.e. vanishing IA  «
boundary conditions. For example, —v 9 + §A= 7B4 (10
+ oo
AET)=ALO+ X Wine, (g ~and
9? _ _
wherey, is thel'th supermode with a complex gain coeffi- —2+02 (B,eYoé)=iAeVof, (11)
cient\, [5]. ¢

Typically, the linearly unstable supermodeg, which
saturate nonlinearly by depleting the electron energy and inhere we assume@=y,, and S=y5+ . Equation(10)
ducing electron energy spread, dominate any steady state séescribes the steady-state radiation emitted by a prebunched
lution. This is not necessarily the case. We demonstrate beelectron beam and deserves a careful physical interpretation.
low how the IRKA concept is realized by a high-cavity Even though Eq(10) is independent of time, it contains
operating near synchronism witfo linearly unstablesuper- ~ the physics associated with laser lethargy. For example, ra-

modes, provided that the entering electron bunches ardiation emitted by the microbunched electron beam not too
slightly prebunched. close to the wiggler exit experiences a strong lethargy, much

exceeding the effect of cavity desynchronism. This lethargy
pushes radiation toward=1 as it amplifies. Thus, for
{<lmax» Where .y is close to 1 for small cavity desyn-
The method used to prebunch the electron beam is uninmshronismv<0.13, the first term in the left-hand side of Eq.
portant to the operation of the IRKA. Here we assume pre{10) can be neglected. This amounts to assuming a perfectly
bunching at the desired radiation wavelength and concentragynchronized cavity. The analysis of the transient behavior
on the physics of pulse generation in the IRKA configura-of radiation in a perfectly synchronized cavity was carried
tion. If a low-power long-pulse radiation source at the de-out by Piovella[10], and will be shown to be in qualitative
sired wavelength is availabl@s may be the case for micro- agreement with our results. In contrast, in the immediate
wave frequencies prebunching can be achieved in a vicinity of £=1 cavity desynchronism dominates over the
separate single-pass bunching structure which is powered bgser lethargy, and the radiation emitted by a highly bunched
an external source. Alternatively, microbunching may beelectron beam at the exit from the wiggler, is pushed toward
generated by sending an electron beam through a maskead=0 by the finite cavity desynchronism. The buildup|Af
magnetic chicanf9]. Simple estimates, confirming the plau- from zero att=1 to its peak value is mainly governed by an

Ill. ANALYSIS OF REGENERATIVE AMPLIFICATION
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interplay of the strong bunchinghe right-hand side of Eq. electron bunchgs In a perfectly synchronized cavity the
(10)] and the cavity desynchronism. radiation pulse evolves nonexponentially according
Equation(10) is a typical example of a boundary layer to |A|?(¢,7)<cexp(3/3/22%?*r 3~ 7). Initially, for
problem, where a term with the highegirst) derivative is 7<= 1/2(y/3/a)%? the radiation pulse builds up, nar-
multiplied by a small parameter. Hence Eqs(10) and(11)  rows, and then decays exponentidB). The peak amplitude
can be solved betweef=0 and¢=&{ma~1 by neglecting  of the radiation pulsdA|2({, Tmad <exd {(3v3/a)¥?], and
the effect of cavity desynchronism, and then betweents width is oo \/o. Radiation in the cavity does not decay if
§{=&max and £=1 to insure the boundary condition g train of radiation pulsegor microbunched bearss in-
A(£=1)=0. This approach will be justified by the results of jected. Instead, a steady state is reached, in which a radiation
the calculation and the assumption of a strongly damped casylse is a sum of the transient solutions corresponding to
ity. Note thatlengtheningthe cavity (#<0) is counterpro- different injection times-. At any timer the most significant
ductive to generation of ultrashort pulses. This is because theyntribution comes from the pulse injected7éts 7— 7.
peak value of A| will occur até=1, and a significant ped- Hence the steady-state solution has the same qualitative
estal will be formed, due to the h|g@ of the CaVity, for properties as|A|2(§,TmaX), i. e. its amp”tude scales as
&>1. By operating the optical resonator withsaortened exple ¥ and its width scales aa'? [in agreement with
cavity (v>0), the peak value ofA| is shown below to Eq. (15)].
greatly exceedlA|(£=0), making the pedestal formation for From Egs.(15) and (16) it follows that the efficiency of
£<0 insignificant. the IRKA increases witly,, for yo<a/v. In other words, it
To illustrate our approach to this boundary layer problemjs advantageous to inject pre-bunched electrons at an energy
assume, for simplicitypy,/a<1. An approximate solution exceeding the resonant energy of the IRKA. In case of a FEL
to Egs.(10) and(11) is then prebuncher this can be achieved by changing the wavelength
B o aa(E—1)/2 and/or the number of periods of IRKA wiggler with respect
A(E)=Ag(§)—Ao(é=1)e ' (12 {0 those of the prebuncher wiggler. The change in the dimen-

where Ay(€) and By(&) are solutions far away from the sionless detuningdyo=Yiria ~ YbuncaS given by

boundary layer at=1, and \ AN - o, .
280(5)/ 2ivyg Yo Ny w Younch— €7 Ny Ny |
AO(g)% o \1_ .

13
whereypunch, AMw, @andN,, are the normalized energy detun-
ing, wiggler wavelength, and number of wiggler periods in

B in Eq. (13) is obtained by solving the linear equation
o(6) I Eq. (13 ! y soving I quat the prebuncher, respectively, anggxa, Awt+AN,, and

P 2 N,,+AN,, are the corresponding quantities in the IRKA. As-
(—2+02 BoeVof=i— (1—2ivyy/a)ByeYof, (14)  suming that the number of wiggler periods is the same for
23 @ both wigglers, Eq.(17) indicates that forAy,=10.0 and

, . N,,=50 the fractional decrease in wiggler wavelength is
with boundary conditions By(é=0)=b, and  gpout 3.2%.

dBy/d&(£=0)=0. The largest amplitudes of the radiation
field are expected when the energy spread vanishes, i.e., for

o=0. More realistic cases witkr#0 are studied numeri- V. EXAMPLE
cally. . _ . Below we demonstrate how radiation pulses much shorter
The solution of Eq14) with 0=0 is than a slippage length can be generated by a typical infrared

FEL, such as compact infrared FECIRFEL) [4]. For typi-

_ 0 ; k& . —kqé cal parameters 0Q=1.5 nC,a,=0.25,N,,=50, \,,=1.0
Aol€) a+2ivy0[(1+'y°/k1)e T(1=lyolkye e, cm, r,=1 mm,E=8 MeV, andL,~1 mm, the resonant
(15  wavelength is\,=20 um, the slippage length is approxi-
here mately equal to bunch length, and the gain paramited.
w

By choosing cavity lossaxg=20%, cavity desynchronism
1 6L=2pu, energy spreadsy/y=0.5%, and assuming that

- Coa electrons are microbunched with periodicity= 20.6u, the

ka \/Z[(l+ Wola) +i(1=vyola)]. (16) normalized parameters are calculated to ¥pg=10.0,

o=1.2,=0.05, andv=0.001. Results of a time-dependent
Equations(15) and (12) indicate that the half-width of the numerical simulation of the nonlinear Eq&)—(6), with ini-
laser pulse is of ordes_ = \Ja for £<£ay, ando,=2v/a tial prebunching,=0.0025, are presented in Fig. 2. The full
for £é<&nax. Because of condition9) for operating the width at half maximum of the optical pulse in Fig. 2 is about
IRKA under lasing thresholdy >0, . one-sixth of the slippage length.

Analysis of the transient evolution of a perfectly synchro-  Micro-bunching on & =20.6u scale using a masked chi-
nized FEL oscillatof 10] facilitates a qualitative understand- cane appears to be technologically feasible on CIRFEL. Fol-
ing of the amplitude and duration of the radiation pulses inlowing the calculation in Ref[9], consider a four-magnet
the regenerative amplifier described here. Consider a singlghicane with a thin-wire mask in the middle. If an energy
radiation pulse injected into the cavity at=0 (which can slew is imposed on a beam by accelerating electrons on the
also be accomplished by microbunching one of the enteringloped part of the rf bucket, a correlation exists between
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FIG. 2. Normalized field amplitude and bunching in IRKéne
slippage window for typical CIRFEL parametersQ=1.5 nC,
a,,=0.25,N,,=50,\,=1.0 cm,rp,=1mm,E=8 MeV, L,~1 mm,
A=20 um, N\=20.6u, ay=20%, 6L=2u, and energy spread
8yly=0.5%. Solid line, field amplitude; dashed line, bunching.
The results are a numerical solution to E(®—(6).

energy and longitudinal position. The chicane can be de
signed to be longitudinally achromatic. However, in the
middle of the chicane electrons with different energies b
come dispersed transversely. A series of thin wires, spac
by distanced in the transverse direction, periodically per-
turbs the beam by knocking out some of the electrons. Thi

perturbation translates into a longitudinal density perturba-
tion behind the chicane. For a chicane consisting of fouf

bending magnets of length=30 cm with magnetic field
B=5 kG, separated by drift® =10 cm, and assuming the
beam energy slew of 0.5%, we find that the longitudinal
perturbation is produced with periodicity~0.14d. Choos-
ing the mask periodicityl=150 xm produces the required
bunching withA=20.6 uwm. Bunching periodicity can be
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tuned by adjusting the magnetic field of the chicane.

An important point to have in mind is that narrow single-
spike solutions, as seen in Fig. 2, can only be obtained in the
linear regime, where overbunching of the electrons does not
lead to nonlinear saturation. To insure that the IRKA oper-
ates in a linear regime, initial prebunching must be small
(0.25% in the numerical example shown in Fig. The
magnitude of microbunching may be adjusted by propagat-
ing the beam through a dispersive section which debunches
the beam. Energy slew, introduced in order for the masked
chicane prebunching to work, will not severely affect the
FEL performance in the IRKA section as long as
27N, 8yl y<\2la. This is because radiation pulses of
width o_ = \JaA are very narrow, making them insensitive
to energy spread.

V. CONCLUSIONS

In conclusion, we have suggested a FEL configuration:
the injection-locked regenerative klystron amplifiRKA).
The IRKA configuration offers a way of producing a steady-
state train of ultrashort radiation pulses, while avoiding the
chaotic dynamics characteristic of operating a FEL oscillator
near cavity synchronism. Our analysis has been restricted to
bunch lengths much less than a slippage length. We conjec-
ture that a similar multicavity scheme would work for elec-
tron bunches longer than the slippage length. As the cavity
desynchronism decreases, the radiation pulse is pushed off
the electron beam by lethargy, and is narrowed to a spike,
vdhich trails the electron bunch. Future work will remove this
assumption and examine the regenerative amplification re-

gime for a wide variety of FEL systems. Extending the one-

dimensional analysis to include laser diffraction and beam
mittance requires further investigations.
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