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MERITS OF A SUB-HARMONIC APPROACH TO A SINGLE-PASS, 1.5-A FEL*

W.M. Fawley, Lawrence Berkeley Laboratory, University of California
Berkeley, CA 94720 USA
H.-D. Nuhn and R. Bonifacig Stanford Linear Accelerator Center, Stanford University
Stanford, CA 94309 USA
E.T. Scharlemann, Lawrence Livermore National Laboratory, University of California
Livermore, CA 94550 USA

Abstract This configuration has been suggested previously Esee,
. 2][3]), although in these cases the input signal was provided
SLAC/SSRL and collaborators elsewhere are studying thé a “master-oscillator” laser. Since SASE'’s coherence length

physics of a single-pass, FEL amplifier operating in the . relativel . :

< . y short and spectral bandwidth relatively large when
|2.A wavelength region based on electrorc; bearr;]s fromlthg SII‘Aé%c;mpared with those of a master oscillator, the positive results
inac at~ 15 GeV energy. Hoping to reduce the total wigg €found in [2][3] need to be re-evaluated for the LCLS study. Us-

length needed to reach saturation when starting from shot notfi 'the simulation codes GINGER and NUTMEG [4] [5], we

we have examined the benefits of making the first part of t ve examined the performance of the sub-harmonic approach
wiggler resonant at a sub-harmonic wavelengtly.(4.5 A) at to a SASE-initiated 14 FEL

which the gain length can be significantly shorter. This leads 05, bharmonic bunching is potentially attractiwechuse of its

bunching of the electron beam at pqth the subharmonic arld i ster exponential growth rate compared to that of the funda-
damental wavelengths, thus providing a strong coherent “se

) . . ental. The growth rate scales linearly with the dimensionless
for exponential growth of radiation at the fundamental in t g y

: ) : . EL h
second part of the wiggler. Using both multi-harmonic and parameter [6p where

multi-frequency 2D FEL simulation codes, we have examined w2a? f2
. . e s 3 _ prwd B
the predicted performance of such devices and the sensitivity to P = 163k 2 (1)
electron beam parameters such as current, emittance, and instan- 7w
taneous energy spread. Herek,, is the wiggler wavenumbeu,, is the beam plasma fre-

guency,a,, is the dimensionless RMS wiggler vector potential,
| Introducti fe denotes the Bessel function coupling term for a linearly-
- Introduction polarized wiggler, ane is the usual Lorentz factor for the beam
Over the past several years, there has been an On-g@'ﬁ}trons. In the LCLS, the dominant focusing will be provided
study of the feasibility of constructing an FEL operating at XY external quadrupoles (the extremely low beam emittance per-
ray wavelengthsife. 1-54) based on 15-GeV energy electrorinits this) saw? remains nearly constant in the two wiggler re-
beams produced by the SLAC linac[1]. The device, provisiogions. Fora, > 2, (pi/p2) ~ [(As1/Xs2)(Aw1/Aw 2)]/3
ally named the Linac Coherent Light Source (LCLS), would opvhere the subscripts 1 and 2 refer to the first and second wig-
erate in a single-pass amplifier configuration employing setflers respectively. Although the growth rate can be reduced by
amplified spontaneous emission (SASE). Since the effect@enumber of effects such as instantaneous energy spread, trans-
shot noise seed for SASE in this case-isl0 kW and the ex- verse emittance, and diffraction, these play a relatively small
pected saturation power is 1 — 50 GW, the wiggler must en- role for the adopted LCLS parameters (see Table 1) and we ex-
compass approximately 15 gain lengths. For peak bunch cpect the ratio of gain lengths between &.&nd 1.5 to follow
rents of~ 5 kA and normalized emittances bf- 2= mm-mrad, closely the ratio irp which is about 1.64. Consequently, one
gain lengths are typically 2 m or longer. Hence, the requiredight expect to achieve an 30% reduction in overall wiggler
wiggler length lies in the 30-50 m range unless some meangdngth presuming good “coupling” efficiency in bunching from
found to shorten the average gain length. One such possibilitytie first to the second wiggler.
making the first part of the wiggler resonant at a sub-harmonicThere are a number of phenomena which might reduce the
of the ultimate wavelength sougte.g.4.5A as compared with coupling efficiency and performance of the second wiggler, in
1.58). In this portion of the wiggler, the electron bunches at thearticular when compared to a single wiggler resonant its en-
resonant (subharmonic) wavelength and shorter wavelength hime- length with\, = 1.5 A. First, as realized in ref. [2], the
monics, thus providing a strong, coherent seed for exponentratantaneous energy spread induced by the first wiggler will re-
growth at the resonant, fundamental wavelength of the secahste the gain of the second. To limit this reduction, one must
part of the wiggler. limit bunching in the first wiggler to values well below satura-
tion (e.9. b = | < ¢! > | < 0.1 —0.3). Second, when start-
*This work was supported by the Director, Office of Energy Research, aiitg from broad band noise, the output bandwidth /w of the
Office of High Energy and Nuclear Physics, U.S. Department of Energy, Uﬂ(ﬁ!ﬁﬂnching (and ||ght) of the first W|gg|er can be |arger than the
\(,:Vc_’;'f{ggfsE“g_ESE('LAS\,OS?mSFOOO% (LBL) DE-AC03-765F0015 (SLAC). ancl s ceptance” of the second wiggler due to its smahle®n the
t Permanent address: Univ of Milan & INFN, Milan, Italy other hand, the coherence length « A,/p induced by the



Table 1. Parameters and Simulation Results

Standard parametersl, = 5.0kA v = 2.92 x 10* (A) -
Ay =6.0 g,(rms) = L.0mmm-mrad Ag =22.4m /,.' (B) -
SingleA; Config. 3X; — > A, Config. T
RUN: | A B C D T e s
s 454 154 454 154 T ()
Aw 40 mm 30 mm 40 mm 30 mm v ]
oy 4.27 2.75 4.27 2.75
Ly 23m 40m 16 m 20m . . .
p 24x1073|1.5x 1072{{2.4 x 1073|1.5 x 1073 20 30 40
Av/y|c 5.7 % 1074 1.3 x 1073 ||5.7 x 1074 | 1.3 x 1073 z (m)
Pt 120 GW 30 GW 1.1GW 22 GW Figure. 1. Autocorrelation time; ,» vs. z for different GIN-
T2 0.17 fs 0.14 fs 0.10 fs 0.10 fs GER runs.(A) SASE-initiated); =45 4, run to saturation at
Awfwy | 1.6 x 1073 6.7 x 10=4[| 2.8 x 10-3]9.4 x 10— z = 23 m(B) SASE-initiatedl.5 A run to40 m, slightly short

of saturation(C) Same as run A but with only 16 m of wiggler
(D) As = 1.5 A begun at: = 16 m using the bunched output

_ _ _electron beam of run C as a subharmonic “seed”.
first wiggler may be much longer than the value corresponding

to saturation of the second wiggler. If so, the effective input sig-
nal for the second wiggler is perhaps more similar to a chirpganfiguration resonant at5 A would give for a total length of
coherent signal than a broad band, shot noise signal. One m#ghm.
then expect that certain temporal regions of the electron beanThe GINGER simulations listed in Table 1 were done with
pulse, whose local bunching wavelength fall within the nominéull temporal and radial resolution of the radiation field and elec-
gain bandpass of the second wiggler, will have strong expon&®n beam, and thus include the effects of shot noise, diffraction,
tial gain while those regions, whose local bunching wavelengoiptical guiding, and betatron motion of the individual beam par-
lies outside, will not. ticles. We adopted periodic boundary conditions in time with
Moreover, since the bunching at the third harmonie ¢ = an equivalent “window” of 1.2 fs as compared with the slippage
1.5 A) is proportional to the cube of the bunching at the furlength/c of 0.6 fs in the first wiggler and 0.4 fs in the second.
damental i(e. A, = 4.5 A4) in the exponential gain regime of After making a number of trial runs for the subharmonic-seeded
the first wiggler, at the sameone would expect a significantly configuration (e. runs C/D), we adopted a first wiggler length
shorter coherence length at the shorter wavelength. All these@f16 m which is approximately 8 mg 4 gain lengths in power
fects taken together suggest that the number of spikes that @ 2 in bunching) short of overall saturatiort&tA. This wig-
grow in the second wiggler might be similar to that at the ou@ler length is shorter than the value 2if m suggested by the
put of the first but whose individual temporal duration will b&NUTMEG runs. The difference lies in the fact that at a given
shorter. Ref. [7] gives additional analysis concerning the evolé-the particle bunching, instantaneous energy spread, and radi-
tion of “spikes” in the SASE regime. ation power have temporal “spikes”, with peak bunching values
atA = 4.5 4 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,
We performed a number of simulations of the subharmoridhen initiated with SASE, will be smaller than that permissible
seeding configuration for a SASE-initiated; A FEL with the for a monochromatic input field.
2D, multiple harmonic code NUTMEG and settled on the wig- At the end of the first wiggler (run C), resonantia A, the
gler parameters listed in Table 1. Although NUTMEG is ndverage bunching at the third harmohie= 1.5 4 (which is the
a fully time-dependent code, it gives a reasonably accurate geed” bunching for the second wiggkerrun D) is about 0.01.
swer for the overall growth in SASE power when initiated witfThis is about a factor two higher thanis produced at 16 min
a monochromatic input radiation field quantitatively equivaleiiun B which employs a wiggler resonant onlyla A. Interest-
to shot noise. The NUTMEG results suggest that the first wiggly, the autocorrelation times of runs B and D, as measured by
gler should be about 20 m in length at whose end there will se/> (the point at which the temporal autocorrelation function
about 1 GW oft.5 A power and a factor of 50 lesstab 4 fora C(7) fallsto a value of 0.5), are nearly the same (see Fig. 1) and
linearly polarized wiggler. All the runs presented here adoptediout a factor of two less than thes A runs A and C. Over the
helically-polarized wigglers and hence the bunching at the ofiéixt 20 m of wiggler, as the power in run D grows by three or-
harmonics will be due only to the radiation field at the fundalers of magnituder, ,» increases by less than 50%; by compar-
mental. According to NUTMEG, a second nggler of 20 nison, the single wigglet.5 A run B hasr,,, double. Compar-
length will result in about 40 GW of power dt5 A which is isons of the output spectra of these two runs (Fig. 2) shows that
not significantly different from what a simpler, single wigglethe single wiggler configuration has a noticeably narrower spec-

[I. Simulation Results



1010 : e 1.5 A output power at = 40 m from the second wiggler drops
c 2 ] to 1.4 GW (as compared with 22 GW in run D), the gain length
o L increases to 2.8 m from 2.4 m, and probably another 7-10 m
o 9 I is needed for saturation. Consequently, a longitudinal variation
f\ 107 ¢ 3 in transverse emittance as small as 30-50% will be transformed
L i into an extremely large variation in output power for a given
2 I ] wiggler configuration. The same sensitivity applies to beam cur-
_ 108 L . rent. To be fair, note that any configuration requirikg15
2 : ] exponential gain lengths is likely to be sensitive to parameters
o i such as emittance and current. There is less sensitivity to the in-
107 . . stantanegus eznergy ipl)rea;d Ibﬁcau:;e of its rﬁlativelﬁl zmalf!f value
compared te (see Table 1) although it, together with the effec-
1.490 1 '4\?\/2%';':922 (A1n.3'sot?om1s:)51o 1.515 tive energy spread due to emittance', doe§ appear I'arge enough
to prevent LCLS optical klystron configurations working well at
Figure. 2. Output spectra for tHe5 A runs B and D. A, =154.
Based upon these results, we do not believe that the sub-
120¢ ' ' ' ' ' ] harmonic, double wiggler approach to producing a high power
100 F () :"\. ] 1.5A FEL, given its greater complexity, is particularly attrac-
L o ] tive relative to the simpler, single wiggler configuration for the
= 80 - ; \ . presently adopted LCLS parameters.
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The differences in time-averaged output power of the two

1.5 4 runs is 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 LCLS applications, it is undoubtedly due to the

higher instantaneous energy spread induced by the first wig-

gler resonant at.5 A. Time-resolved plots (Fig. 3) of the out-

put 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

8P/ < P > is of order 1 which may have undesirable conse-

guences for some LCLS applications.
We have also studied the sensitivity of the subharmonic-

seeded configuration to LCLS beam parameters such as emit-

tance. With as little as a 50% increase of normalized emittance

to 1.5 7 mm-mrad, thel.5 A power at the output of the first wig-

gler drops to 0.12 GW and the average bunching to 0.03. The





