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Demonstration of Wavelength Stabilization
in a Free-Electron Laser )

A. Marziali and T. 1. Smith, Member, IEEE

Abstract—Wavelength stabilization of a free-electron laser
(FEL) through the use of negative feedback has been success-
fully demonstrated at the Stanford Picosecond FEL Center.
Short-term wavelength fluctuations have been reduced by an
order of magnitude and drift has been virtually eliminated.

INTRODUCTION

INCE its realization in 1976 [1], the free-electron

laser (FEL) has gained popularity as a scientific tool.
Its use as a tunable high-power coherent-light source in
sophisticated experiments requires that the FEL optical-
beam quality be at least as good as that of conventional
laser systems. Although the pointing and timing stability
of the FEL are very good, its wavelength stability has
sometimes been a problem as a result of sensitivity to the
electron-beam energy and other parameters. Stabilization
of the wavelength can be expected to substantially im-
prove the utility of the FEL as a serious research instru-
ment.

The Stanford FEL emits picosecond laser pulses every
85 ns for the duration of each macropulse; macropulses
are several milliseconds long and occur at a repetition
rate of 10 Hz. The fractional wavelength fluctuation (peak
to peak) within a macropulse can be as small as 2 X 1074,
but more typically is an order of magnitude larger. The
spectral linewidth (FWHM) of an FEL is limited by the
Fourier transform of the electron pulse length. For a
Gaussian pulse, the spectral width is

Ax 2AIn2 .

A wc AT )
where AT is the pulse length (FWHM) in seconds and A
is the wavelength in meters. For an FEL operating at
A =4 pm with 3 ps long pulses, AA/A=2x 107> In
many experiments, it is essential that the FEL optical
spectrum not shift in frequency by more than 10 percent
of its width. The fractional wavelength variation must
therefore be consistently less than a few parts in 10* for
FEL operation with the above parameters. For certain
experiments (2], or different FEL parameters, even greater
stability may be required.
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The FEL wavelength is subject to fluctuation and drift
as a result of changes in wiggler parameters, electron-beam
steering and focusing, and electron-beam energy. Stabiliz-
ing the FEL wavelength directly avoids the difficulties
involved in measurement and control of all of the individ-
ual parameters that can affect it. Direct stabilization can
be accomplished by measuring the FEL wavelength and
adjusting the electron-beam energy to correct for any
deviation from a wavelength value set by the user. Such a
negative feedback system his been successfully imple-
mented. This paper discusses the performance of the
stabilization system and the parameters that influence it.

SyYSTEM RESPONSE TO SMALL SINUSOIDAL CHANGES
iN BEaMm ENERGY

Before negative feedback can be applied to a system, its
response to the feedback signal over the desired fre-
quency range must be studied. In the Stanford case, the
system to be stabilized can be broken down into two
separate systems: the Superconducting Accelerator (SCA)
that generates the electron beam and the FEL. The SCA
is composed of several superconducting structures whose
RF fields are controlled by RF-stabilization loops [3].
Each structure’s loop sets the RF-field amplitudes to a
level determined by the loop’s energy-control input. The
electron-beam energy can be controlled by varying the
voltage applied to one structure’s energy-control input.
The amplitude and phase response of the electron-beam
energy modulation resulting from a small amplitude mod-
ulation of the energy-control input is the SCA transfer
function. The amplitude and phase response of the optical
wavelength modulation of the FEL as a result of small
amplitude modulation of the electron-beam energy is the
FEL transfer function. These transfer functions, particu-
larly the FEL’s, can be nonlinear and time varying. Fur-
thermore, they depend on a large number of parameters
that may vary rapidly and unpredictably. Fortunately, an
approximate characterization of these functions is suffi-
cient for design purposes.

The SCA amplitude and phase response were measured
and found to have much poorer high-frequency response
than expected [3]. The RF-stabilization electronics were
modified to improve the high-frequency response of the
loop, but the phase response, which by 15 kHz was shifted
180° from its dc value, remains a problem. This phase
reversal in the response is the primary factor in limiting
the bandwidth of wavelength stabilization. Though the
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poor high-frequency characteristics of the SCA response
can be partially attributed to the high Q, (10°) of the
superconducting RF cavities, redesign of the RF-stabiliza-
tion loop may result in substantial improvement.

The dynamic response of the FEL wavelength to per-
turbations in the electron-beam energy is complex and
difficult to measure. However, the dependence of this
response function on frequency and other parameters can
be estimated analytically. The optical wavelength gener-
ated by an FEL is generally written as
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where ym,c? is the electron energy, A, is the wiggler

period, and B, is the peak wiggler field. For small changes
in the electron-beam energy, the wavelength changes as
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In these equations, it is implicitly assumed that the elec-
tron-beam trajectory through the wiggler is unaffected by
the energy change. In the Stanford FEL, the transport
system that injects the electron beam into the wiggler is
dispersive, and the assumption is not valid. In this system,
the wiggler beam line is parallel to the accelerator beam
line, but offset by about 10 cm in order that the electron
beam from the linear accelerator not strike the mirrors
that form the optical resonator. The electron beam is
translated the necessary 10 cm for injection into the
wiggler by a matched pair of electromagnets. An identical
pair of magnets places the electron beam back on its
original path after it has passed through the wiggler (see
Fig. 1). As a result of these magnets, electron-beam
energy changes result in changes in the entrance position
of the beam into the wiggler. Furthermore, the orienta-
tion of the wiggler field relative to the deflecting magnets
is such that these position changes excite betatron oscilla-
tions in the electron beam’s trajectory as it travels along
the wiggler. These betatron oscillations decrease the lon-
gitudinal velocity of the electrons and increase the output
wavelength [4]. If the electron beam is assumed to be
injected parallel to the wiggler axis, but offset by a dis-
tance x, from the center, then the FEL’s output wave-
length can be written as
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In our dispersive system, x, is a function of y. Thus, for
our parameters,
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where x,k, is assumed < 1 and x, is in centimeters.
Note that an injection error of as little as 1 mm can
completely cancel the effect of energy changes on the
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Fig. 1. FEL electron beam transport system and wiggler.

FEL’s wavelength. While it is possible to imagine circum-
stances in which this might be advantageous, in the
present case it is clearly undesirable. Although we have
explored the effect of different offsets, in the remainder
of this paper it will be assumed that the beam is properly
steered on the wiggler axis (x, is zero).

In the simplest model of the FEL cavity, it is assumed
that the cavity Q (Q = energy stored in cavity /energy lost
each round-trip) determines the maximum rate at which
the laser wavelength can be shifted. For the Stanford
FEL, with a round-trip time in the optical cavity of 85 ns,
the dynamic response for wavelength shifts is approxi-
mately described by

AA 2A 1

555 (6)

v 1+ joQ X 85ns’

For an optical cavity Q of 100, the roll-off frequency is
near 20 kHz and a roll-off in the phase response should
become visible at a lower frequency. Measurements of the
FEL transfer function up to 20 kHz are consistent with
this prediction.

PERFORMANCE OF A LINEAR FEEDBACK CIRCUIT

Upon consideration of the system response described
above, a linear, analog, feedback system was determined
to be adequate as a first attempt at wavelength stabiliza-
tion. The system, shown schematically in Fig. 2, consists of
a wavelength diagnostic apparatus that sends a wave-
length error signal to a feedback compensator circuit; this
circuit filters and amplifies the signal and sends it to the
SCA RF-stabilization circuit, which adjusts the accelera-
tor energy accordingly. The wavelength is detected by a
SPEX 1000M grating spectrometer with a PbSe two-ele-
ment detector at its output. The detector generates an
error signal proportional to the difference between the
FEL wavelength and the setting on the spectrometer. The
compensation circuit is designed to provide the maximum
possible low-frequency loop gain without causing loop
oscillations at higher frequencies.

The wavelength fluctuation over one macropulse mea-
sured with and without stabilization is shown in Figs. 3
and 4. Wavelength fluctuations have been reduced by a
factor of 10. Furthermore, long-term drift has been virtu-
ally eliminated, and the center wavelength of the FEL can
be set simply by entering a new wavelength setting in the
spectrometer.
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Fig. 2. Schematic diagram of wavelength stabilization system.

Unstabilized Macropulse

at 4.9 microns
0.15 -
0.1 2y
0.05 / \
0 n_/ ANAY
v |

o1 \ [
0.15 \\ /
02 [
o025 /

pi 4

Wavelength Error (%)

q
-U.3

0 05 1.5
Milliseconds

N

25

Fig. 3. FEL macropulse wavelength before stabilization.

POSSIBILITIES FOR IMPROVEMENT

Further improvement of the wavelength-stabilization
loop will most likely require an increased loop bandwidth.
Due to the inherent low-pass characteristic of the FEL
cavity, it seems possible that if a sufficiently high band-
width could be obtained in the feedback loop, the inher-
ent stability of the optical cavity would eliminate wave-
length fluctuations at frequencies beyond this bandwidth.
As we have calculated, the bandwidth may need to be
extended to beyond 100 kHz before this will occur.

In the Stanford SCA FEL, the loop bandwidth may be
increased by adding a low-Q room-temperature RF cavity
to the SCA beamline with RF circuitry designed specifi-
cally to allow fast modulation of the RF fields.

Finally, a nondispersive electron-beam transport system
would eliminate problems associated with the loop-gain
dependence on steering.

CONCLUSION

Wavelength stabilization on 100 us time scales has
been demonstrated. Wavelength fluctuations within a
macropulse were reduced by an order of magnitude and
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Fig. 4. FEL macropulse wavelength after stabilization.

long-term drift was virtually “eliminated, improving the
laser’s reliability and flexibility as a scientific tool.
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