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Abstract

SLAC/SSRL and collaboratorsel sawhere are studying the phys-
icsof asingle-pass, FEL amplifier operatinginthel —2 A wave
length region based on e ectron beams from the SLAC linac at
~ 15GeV energy. Hoping to reduce the total wiggler length
needed to reach saturation when starting from shot noise, we
have examined the benefits of making thefirst part of thewiggler
resonant at a subharmonic wavelength (eg. 4.5 ,&) at which the
gain length can be significantly shorter. This leads to bunching
of the electron beam at both the subharmonic and fundamental
wavel engths, thus providing a strong coherent “seed” for expo-
nential growth of radiation at the fundamental in the second part
of thewiggler. Using both multi-harmonic and multi-frequency
2D FEL simulation codes, we have examined the predicted per-
formance of such devices and the sensitivity to electron beam
parameters such as current, emittance, and instantaneous energy
spread.

I. INTRODUCTION

Over the past severa years, there has been an on-going study
of thefeasibility of constructingan FEL operating at x-ray wave-
lengths(i.e. 1-5;1) based on 15-GeV energy el ectron beams pro-
duced by the SLAC linac[1]. The device, provisionally hamed
the Linac Coherent Light Source (LCLS), would operate in
a single-pass amplifier configuration employing self-amplified
spontaneous emission (SASE). Since the effective shot noise
seed for SASE in thiscaseis~ 10 kW and the expected satu-
ration power is~ 1 — 50 GW, the wiggler must encompass ap-
proximately 15 gain lengths. For pesk bunch currentsof ~ 5 kA
and normalized emittances of 1 — 2r mm-mrad, gain lengthsare
typically 2 m or longer. Hence, the required wiggler length lies
in the 30-50 m range unless some means is found to shorten the
average gain length. One such possibility ismaking thefirst part
of thewiggler resonant at a sub-harmonic of the ultimate wave-
length sought (e.g. 45A as compared with 1.5,&). In this por-
tion of the wiggler, the electron bunches at the resonant (sub-
harmonic) wavel ength and shorter wavelength harmonics, thus
providing a strong, coherent seed for exponential growth at the
resonant, fundamental wavel ength of the second part of thewig-
gler.

This configuration has been suggested previously (see, eg.,

*Thiswork was supported by the Director, Office of Energy Research, and Of-
fice of High Energy and Nuclear Physics, U.S. Department of Energy, under Con-
tracts No. DE-ACO03-76SF00098 (LBL) DE-ACO03-76SF0015 (SLAC), and W-
7405-ENG-48 (LLNL).

t Permanent address: Univ of Milan & INFN, Milan, Italy

[2][3]), athough in these cases the input signal was provided
by a“master-oscillator” laser. Since SASE's coherence length
is relatively short and spectral bandwidth relatively large when
compared with those of a master oscillator, the positive results
found in [2][3] need to be re-evaluated for the LCLS study. Us-
ing the smulation codes GINGER and NUTMEG [4] [5], we
have examined the performance of the sub-harmonic approach
to a SASE-initiated 1.5A FEL.

Subharmonic bunching is potentially attractive because of its
faster exponential growth rate compared to that of the fundamen-
tal. The growth rate scales linearly with the dimensionless FEL
parameter [6] p where
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Here &, is the wiggler wavenumber, w, is the beam plasma
frequency, «,, isthe dimensionless RMS wiggler vector poten-
tial, fp denotesthe Bessel function couplingterm for alinearly-
polarized wiggler, and v isthe usua Lorentz factor for the beam
electrons. Inthe LCLS, the dominant focusing will be provided
by external quadrupol es (the extremely low beam emittance per-
mits this) so wf, remains nearly constant in the two wiggler re-
gions. For ay, > 2, (p1/p2) ~ [(As1/As2)(Aw,1/Aw 2)]/?
where the subscripts 1 and 2 refer to the first and second wig-
glersrespectively. Although the growth rate can be reduced by
a number of effects such as instantaneous energy spread, trans-
verse emittance, and diffraction, these play arelatively small role
for theadopted L CL S parameters (see Table 1) and we expect the
ratio of gainlengthsbetween 4.5A and 1.5A tofollowcl osdly the
ratioin p whichisabout 1.64. Consequently, one might expect to
achieve an ~ 30% reduction in overall wiggler length presum-
ing good “coupling” efficiency in bunching from thefirst to the
second wiggler.

There are a number of phenomena which might reduce the
coupling efficiency and performance of the second wiggler, in
particular when compared to a singlewiggler resonant its entire
lengthwith A, = 1.5 A. First, asredlized in ref. [2], the instan-
taneous energy spread induced by the first wiggler will reduce
the gain of the second. To limit this reduction, one must limit
bunchingin thefirst wiggler to valueswell below saturation (e.g.
b=]< e > ] <0.1~-0.3). Second, when starting from
broad band noise, the output bandwidth Aw /w of the bunching
(andlight) of thefirst wiggler can belarger than the“ acceptance”
of the second wiggler due to its smaller p. On the other hand,
the coherence length e, o« A;/p induced by the first wiggler
may be much longer than the value corresponding to saturation



Table 1. Parameters and Simulation Results

Standard parameters: I, = 5.0kA v = 2.92 x 10*
Ay=06.0 g,(rms) =10rmm-mrad Xz =22.4m
Sngle A Config. 3, — > A Config.
RUN: A B C D
As 45A 154 45A 154
Aw 40 mm 30 mm 40 mm 30 mm
Uy 4.27 2.75 4.27 2.75
Ly 23m 40 m 16 m 20m
p 24 % 1073|1.5 x 1073|124 x 1072 |1.5 x 103
Avy/y] |5.7 x 1074 1.3 x 1073|[5.7 x 107*| 1.3 x 1073
Pyt 120 GW 30 GW 1.1GW 22 GW
Ti/2 0.17 fs 0.14fs 0.10fs 0.10fs
Aw/w, | 1.6 x 1073 16.7x 107%|[2.8 x 1073]9.4 x 10~

of thesecond wiggler. If so, theeffectiveinput signal for the sec-
ond wiggler is perhaps more similar to achirped coherent signal
than a broad band, shot noisesignal. One might then expect that
certain temporal regionsof the el ectron beam pul se, whose local
bunching wavelength fall within the nomina gain bandpass of
the second wiggler, will have strong exponential gain whilethose
regions, whose local bunching wavelength lies outside, will not.

Moreover, since the bunching at the third harmonic (ie A =
1.5 fél) is proportional to the cube of the bunching at the funda-
mental (iex; = 4.5 fél) inthe exponential gain regime of thefirst
wiggler, at the same z one would expect a significantly shorter
coherence length at the shorter wavelength. All these effects
taken together suggest that the number of spikesthat will grow
in the second wiggler might be similar to that at the output of
the first but whose individual temporal duration will be shorter.
Ref. [7] gives additional analysis concerning the evolution of
“spikes’ in the SASE regime.

I1. SSIMULATION RESULTS

We performed a number of simulations of the subharmonic
seeding configuration for a SASE-initiated, 1.5 A FEL withthe
2D, multiple harmonic code NUTMEG and settled on the wig-
gler parameters listed in Table 1. Although NUTMEG is not
a fully time-dependent code, it gives a reasonably accurate an-
swer for the overall growth in SASE power when initiated with
a monochromatic input radiation field quantitatively equivalent
to shot noise. The NUTMEG results suggest that the first wig-
gler should be about 20 m in length at whose end there will be
about 1 GW of 4.5 A power and afactor of 50 lessat 1.5 A for
alinearly polarized wiggler. All theruns presented here adopted
ahdicaly-polarized wigglers and hence the bunching at the odd
harmonicswill be dueonly to theradiationfield at thefundamen-
tal. According to NUTMEG, a second wiggler of 20 m length
will result in about 40 GW of power at 1.5 A which is not Sig-
nificantly different from what a simpler, singlewiggler configu-
ration resonant at 1.5 A would givefor atota length of 40 m.

The GINGER simulationslistedin Table 1 were donewithfull
temporal and radial resolution of theradiation field and electron
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Figure 1. Autocorrelation time 7, /- Vs, z for different GIN-
GER runs. (A) SASE-initiated A\; = 4.5 A, run to saturation at
z = 23 m (B) SASE-initiated 1.5 A4 runto 40 m, slightly short
of saturation (C) Same as run A but with only 16 m of wiggler
(D) As =15 A begun a »z = 16 m using the bunched output
electron beam of run C as a subharmonic “seed”.

10108

Power (Watts) per bin

107 L
1.490

1.515

1.495 1.500 1.505 1.510
Wavelength (Angstroms)

Figure2. Output spectrafor the 1.5 A runsB and D.

beam, and thusinclude the effects of shot noise, diffraction, op-
tical guiding, and betatron motion of the individual beam par-
ticles. We adopted periodic boundary conditions in time with
an equivaent “window” of 1.2 fs as compared with the slippage
length/c of 0.6 fsin the first wiggler and 0.4 fsin the second.
After making anumber of tria runsfor the subharmonic-seeded
configuration (ie runs C/D), we adopted afirst wiggler length of
16 m which is approximately 8 m (= 4 gain lengths in power
and 2 in bunching) short of overall saturation at 4.54. Thiswig-
gler length is shorter than the value of 20 m suggested by the
NUTMEG runs. The difference lies in the fact that at a given
z, the particle bunching, instantaneous energy spread, and radi-
ation power have tempora “spikes’, with peak bunching values
aA=45A4 being > 1.6 times greater than the average value
of 0.09. Hence, for a given energy spread acceptance of the sec-
ond wiggler, the allowable output bunching of the first wiggler,
when initiated with SASE, will be smaller than that permissible
for amonochromatic input field.

At the end of thefirst wiggler (run C), resonant at 4.5 A, the
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Figure 3. Output power versustimefor runs B and D.

average bunching at thethird harmonic A = 1.5 A (whichisthe
“seed” bunching for the second wiggler = run D) isabout 0.01.
This is about a factor two higher than isproduced a z = 16 m
in run B which employs awiggler resonant only at 1.5 A. Inter-
estingly, the autocorrelation times of runs B and D, as measured
by 712 (the point at which the temporal autocorrel ationfunction
C'(r) fdlstoavalueof 0.5), are nearly the same (see Fig. 1) and
about a factor of two lessthan the4.5 A runsA and C. Over the
next 20 m of wiggler, asthepower inrun D growsby three orders
of magnitude, 7, /- incoreaseﬁ by less than 50%; by comparison,
thesinglewiggler 1.5 A runB has 7,/ double. Comparisons of
the output spectra of thesetwo runs(Fig. 2) showsthat thesingle
wiggler configuration has anoticeably narrower spectrathan that
of the subharmonic seeded configuration as would be expected
from the differences in the autocorrelation times. It is not clear
if thedight redward shift of run D relativeto run B issignificant
or solely due to chance via random number seeds. (Note: The
“bump” in 7y, in the 6 to 10 m region of the 4.5 A runs does
appear to be“real” asit has appeared in numerous runswith dif-
ferent random number seeds.)

The differences in time-averaged output power of the two
1.5 A runsis significant. The single wiggler configuration (B),
if run to saturation, would have exceeded 40 GW, while the
subharmonic-seeded run (D) saturated at the lower power of 22
GW. Although the difference is probably not critical for most
proposed LCL S applications, it is undoubtedly due to the higher
instantaneous energy spread induced by the first wiggler reso-
nant at 4.5 A. Time-resolved plots(Fig. 3) of the output power of
these two runs shows that while the subharmonic seeded run had
less average power, it also has fewer spikes and a greater peak
output flux within the spikes. As predicted in refs. [7][8], the
relative temporal fluctuation of the output power 6 P/ < P > is
of order 1 which may have undesirable conseguences for some
LCLS applications.

We have also studied the sensitivity of the subharmonic-
seeded configuration to LCLS beam parameters such as emit-
tance. With aslittle as a 50% increase of normalized emittance
to 1.5 ~ mm-mrad, the4.5 A power at the output of thefirst wig-
gler dropsto 0.12 GW and the average bunching to 0.03. The
154 output power at z = 40 m from the second wiggler drops
to 1.4 GW (as compared with 22 GW in run D), the gain length

increases to 2.8 m from 2.4 m, and probably another 7-10 mis
needed for saturation. Consequently, alongitudinal variationin
transverse emittance as small as 30-50% will betransformedinto
an extremely large variation in output power for a given wig-
gler configuration. The same sensitivity applies to beam cur-
rent. To be fair, note that any configuration requiring ~ 15

exponentia gain lengthsis likely to be sensitive to parameters
such as emittance and current. Thereisless sensitivity to thein-
stantaneous energy spread because of its relatively small value
compared to p (see Table 1) athough it, together with the effec-
tive energy spread due to emittance, does appear large enough
to preventoLCLS optical klystron configurationsworking well at
As = 1.5A.

Based upon these results, we do not believe that the sub-
harmonic, double wiggler approach to producing a high power
1.5A4 FEL, given its greater complexity, is particularly attrac-
tive relative to the simpler, single wiggler configuration for the
presently adopted LCL S parameters.
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