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W.M. Fawley, Lawrence Berkeley Laboratory, University of California
Berkeley, CA 94720 USA

H.-D. Nuhn and R. Bonifacioy, 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

SLAC/SSRL and collaborators elsewhere are studying the phys-
ics of a single-pass, FEL amplifier operating in the1�2 Å wave-
length region based on electron 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 the first part of the wiggler
resonant at a subharmonic wavelength (e.g. 4:5 Å) at which the
gain length can be significantly shorter. This leads to bunching
of the electron beam at both the subharmonic and fundamental
wavelengths, thus providing a strong coherent “seed” for expo-
nential growth of radiation at the fundamental in the second part
of the wiggler. 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 several years, there has been an on-going study

of the feasibilityof constructing an FEL operating at x-ray wave-
lengths (i.e. 1-5Å) based on 15-GeV energy electron beams pro-
duced by the SLAC linac[1]. The device, provisionally named
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 this case is � 10 kW and the expected satu-
ration power is � 1 � 50GW, the wiggler must encompass ap-
proximately 15 gain lengths. For peak bunch currents of� 5 kA
and normalized emittances of 1�2�mm-mrad, gain lengths are
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 is making the first part
of the wiggler resonant at a sub-harmonic of the ultimate wave-
length sought (e.g. 4.5Å as compared with 1.5Å). In this por-
tion of the wiggler, the electron bunches at the resonant (sub-
harmonic) wavelength and shorter wavelength harmonics, thus
providing a strong, coherent seed for exponential growth at the
resonant, fundamental wavelength of the second part of the wig-
gler.

This configuration has been suggested previously (see, e.g.,
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[2][3]), although 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 simulation codes GINGER and NUTMEG [4] [5], we
have examined the performance of the sub-harmonic approach
to a SASE-initiated 1.5Å 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] � where
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Here kw is the wiggler wavenumber, !p is the beam plasma
frequency, aw is the dimensionless RMS wiggler vector poten-
tial, fB denotes the Bessel function coupling term for a linearly-
polarized wiggler, and  is the usual Lorentz factor for the beam
electrons. In the LCLS, the dominant focusing will be provided
by external quadrupoles (the extremely low beam emittance per-
mits this) so !2

p remains nearly constant in the two wiggler re-
gions. For aw � 2, (�1=�2) � [(�s;1=�s;2)(�w;1=�w;2)]

1=3

where the subscripts 1 and 2 refer to the first and second wig-
glers respectively. Although the growth rate can be reduced by
a number of effects such as instantaneous energy spread, trans-
verse emittance, and diffraction, these play a relatively small role
for the adopted LCLS parameters (see Table 1) and we expect the
ratio of gain lengths between 4.5Å and 1.5Å to follow closely the
ratio in�which is about 1.64. Consequently, one might expect to
achieve an � 30% reduction in overall wiggler length presum-
ing good “coupling” efficiency in bunching from the first 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 single wiggler resonant its entire
length with �s = 1:5 Å. First, as realized 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
bunching in the first wiggler to values well below saturation (e.g.
b � j < ei� > j � 0:1 � 0:3). Second, when starting from
broad band noise, the output bandwidth �!=! of the bunching
(and light) of the first wiggler can be larger than the “acceptance”
of the second wiggler due to its smaller �. On the other hand,
the coherence length c�c / �s=� induced by the first wiggler
may be much longer than the value corresponding to saturation



Table 1. Parameters and Simulation Results

Standard parameters: Ib = 5:0 kA  = 2:92� 104

� = 6:0 "n(rms) = 1:0�mm-mrad �� = 22:4m

Single �s Config. 3�s� > �s Config.

RUN: A B C D

�s 4:5 Å 1:5 Å 4:5 Å 1:5 Å

�w 40 mm 30 mm 40 mm 30 mm

aw 4.27 2.75 4.27 2.75

Lw 23 m 40 m 16 m 20 m

� 2:4� 10�3 1:5� 10�3 2:4� 10�3 1:5� 10�3

�=j" 5:7� 10�4 1:3� 10�3 5:7� 10�4 1:3� 10�3

Pout 120 GW 30 GW 1.1 GW 22 GW

�1=2 0.17 fs 0.14 fs 0.10 fs 0.10 fs

�!=!o 1:6� 10�3 6:7� 10�4 2:8� 10�3 9:4� 10�4

of the second wiggler. If so, the effective input signal for the sec-
ond wiggler is perhaps more similar to a chirped coherent signal
than a broad band, shot noise signal. One might then expect that
certain temporal regions of the electron beam pulse, whose local
bunching wavelength fall within the nominal gain bandpass of
the second wiggler, will have strong exponential gain while those
regions, whose local bunching wavelength lies outside, will not.

Moreover, since the bunching at the third harmonic (ie � =

1:5 Å) is proportional to the cube of the bunching at the funda-
mental (ie �s = 4:5 Å) in the exponential gain regime of the first
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 spikes that 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.

II. SIMULATION RESULTS
We performed a number of simulations of the subharmonic

seeding configuration for a SASE-initiated, 1:5 Å FEL with the
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 Å power and a factor of 50 less at 1:5 Å for
a linearly polarized wiggler. All the runs presented here adopted
a helically-polarized wigglers and hence the bunching at the odd
harmonics will be due only to the radiation field at the fundamen-
tal. According to NUTMEG, a second wiggler of 20 m length
will result in about 40 GW of power at 1:5 Å which is not sig-
nificantly different from what a simpler, single wiggler configu-
ration resonant at 1:5 Å would give for a total length of 40 m.

The GINGER simulations listed in Table 1 were done with full
temporal and radial resolution of the radiation field and electron

Figure 1. Autocorrelation time �1=2 vs. z for different GIN-
GER runs. (A) SASE-initiated �s = 4:5 Å, run to saturation at
z = 23 m (B) SASE-initiated 1:5 Å run to 40 m, slightly short
of saturation (C) Same as run A but with only 16 m of wiggler
(D) �s = 1:5 Å begun at z = 16m using the bunched output
electron beam of run C as a subharmonic “seed”.

Figure 2. Output spectra for the 1:5 Å runs B and D.

beam, and thus include 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 equivalent “window” of 1.2 fs as compared with the slippage
length=c of 0.6 fs in the first wiggler and 0.4 fs in the second.
After making a number of trial runs for the subharmonic-seeded
configuration (ie runs C/D), we adopted a first wiggler length of
16m which is approximately 8 m (� 4 gain lengths in power
and 2 in bunching) short of overall saturation at 4:5Å. This wig-
gler length is shorter than the value of 20m 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 temporal “spikes”, with peak bunching values
at � = 4:5 Å 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 a monochromatic input field.

At the end of the first wiggler (run C), resonant at 4:5 Å, the



Figure 3. Output power versus time for runs B and D.

average bunching at the third harmonic � = 1:5 Å (which is the
“seed” bunching for the second wiggler � run D) is about 0.01.
This is about a factor two higher than is produced at z = 16m
in run B which employs a wiggler resonant only at 1:5 Å. Inter-
estingly, the autocorrelation times of runs B and D, as measured
by �1=2 (the point at which the temporal autocorrelation function
C(� ) falls to a value of 0.5), are nearly the same (see Fig. 1) and
about a factor of two less than the 4:5 Å runs A and C. Over the
next 20 m of wiggler, as the power in run D grows by three orders
of magnitude, �1=2 increases by less than 50%; by comparison,
the single wiggler 1:5 Å run B has �1=2 double. Comparisons of
the output spectra of these two runs (Fig. 2) shows that the single
wiggler configuration has a noticeably narrower spectra than that
of the subharmonic seeded configuration as would be expected
from the differences in the autocorrelation times. It is not clear
if the slight redward shift of run D relative to run B is significant
or solely due to chance via random number seeds. (Note: The
“bump” in �1=2 in the 6 to 10 m region of the 4:5 Å runs does
appear to be “real” as it has appeared in numerous runs with dif-
ferent random number seeds.)

The differences in time-averaged output power of the two
1:5 Å 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 wiggler reso-
nant at 4:5 Å. 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 �P= < P > is
of order 1 which may have undesirable consequences 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�mm-mrad, the 4:5 Å power at the output of the first wig-
gler drops to 0.12 GW and the average bunching to 0.03. The
1:5 Å output power at z = 40m 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 m is
needed for saturation. Consequently, a longitudinal variation in
transverse emittance as small as 30-50% will be transformed into
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

exponential gain lengths is likely to be sensitive to parameters
such as emittance and current. There is less sensitivity to the in-
stantaneous energy spread because of its relatively small value
compared to � (see Table 1) although it, together with the effec-
tive energy spread due to emittance, does appear large enough
to prevent LCLS optical klystron configurations working well at
�s = 1:5 Å .

Based upon these results, we do not believe that the sub-
harmonic, double wiggler approach to producing a high power
1:5Å FEL, given its greater complexity, is particularly attrac-
tive relative to the simpler, single wiggler configuration for the
presently adopted LCLS parameters.

References
[1] H.-D. Nuhn et al., “Short Wavelength FEL’s using the SLAC

Linac”, Proc. EPAC 94, London, 1994; also SLAC-PUB-
6541 (1994).

[2] R. Bonifacio, L. De Salvo Souza, E.T. Scharlemann, Nucl.
Inst. Meth., A296, 787 (1990).

[3] L.H. Yu, Phys. Rev. A, 44, 5178 (1991).
[4] R.A. Jong, W.M. Fawley, E.T. Scharlemann, “Modeling and

Simulation of Laser Systems”, SPIE 1045, 18 (1989).
[5] E.T. Scharlemann and W.M. Fawley, “Optical Modeling of

Induction-linac Driven Free-Electron Lasers”, SPIE 642, 2
(1986).

[6] B. Bonifacio, N. Narducci, and C. Pellegrini, Opt. Commun.,
50, 373 (1984).

[7] R. Bonficacio et al., Phys. Rev. Let., 73, 70 (1994).
[8] W.M. Fawley, A. M. Sessler, and E.T. Scharlemann, “Co-

herence and Linewidth Studies of a 4-nm High Power FEL”,
Proc. 1993 Part. Accel. Conf., 93CH3279-7, 1530 (1993).


