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Saturation Mechanism for a Storage-Ring Free-Electron Laser
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Equilibrium and dynamical properties of a storage-ring free-electron laser are shown as resulting from
the combined effects of two different saturation mechanisms. The first one is the laser-induced energy
spread of the electron beam. The second mechanism is due to an imperfect longitudinal synchronism be-
tween the electron and laser pulses. Consequences are briefly described.
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During the last years, several experiments were devoted
to the free-electron laser (FEL) working with an electron
or positron storage ring (SRFEL) [1-5]: ACO and
Super-ACO at Orsay, VEPP3 at Novosibirsk, and
TERAS and UVSOR in Japan. Their main goal is to
provide a short-wavelength tunable laser. However,
several difficulties appear: The interaction between the
laser light and the electrons leads to a cumulative pertur-
bation for the stored beam since the same electrons are
used at each pass. The beam properties are mainly
defined by the optical gain evolution due to the laser satu-
ration mechanism, which results in a more or less stable
laser after some transient regimes. For an SRFEL, the
classical theory [6] implies mainly a saturation mecha-
nism through a laser-induced energy spread for the elec-
tron distribution: For a particular electron with a given

energy, the laser interaction can lead to an enhancement
(absorption process) or to a diminution (optical gain pro-
cess) of the electron energy. For an electron bunch (10'
electrons), both processes are simultaneously present,
with the laser operation resulting from a dominant optical
gain process. However, the laser intensity induces an
enhancement of the energy spread with respect to the ini-
tial one and then a gain diminution, since a lower number
of electrons corresponds to the resonant condition. An
equilibrium situation is obtained for the peak value of the
electron distribution where the classical threshold condi-
tion (saturated gain equal to losses) is respected. In this
Letter we show that such a simple mechanism cannot ex-
plain all the properties of the FEL, and that experimental
and theoretical features lead to the conclusion that anoth-
er saturation mechanism must be involved, with the FEL
properties resulting from the combination of both mecha-
nisms.

Storage-ring FELs operate with a particular kind of
undulator, an optical klystron, and the optical gain is

determined by the formula

gp~ [(N+Nd)/o]exp[ —8tr (N+Nd) or],

where a~ is the relative rms energy spread, o. is the corre-
sponding bunch length, and N+Nd is the interference or-
der of the optical klystron. For Super-ACO the optimum
values are N+Nd=100 for cr~=8x10 . On Super-

ACO several threshold experiments show that an initial

optical gain of around 2.5% per pass exists, which corre-
sponds to the expected value. With the losses being of
the order of 0.5%, saturation mechanisms must explain a
gain reduction by a factor of 4 or 5 in order to respect the
equilibrium condition. Different experiments conducted
on Super-ACO show that such a reduction cannot be ex-
plained with the classical theory taking into account only
the energy spread.

First of all, the positron bunch length was measured
with a "dissector" (picosecond detector based on a stro-
boscopic electro-optical method [7,8]) for laser-off and
laser-on conditions. From Eq. (I ) the experimental
values lead to a maximum gain reduction of the order of
50%, inconsistent with the factor of 4 necessary to explain
the equilibrium condition. The second experimental test
results from a study of the laser rise time: Starting from
a laser-oA' situation, when the gain is suppressed in order
to obtain a complete relaxation of the positron beam and
then the maximum possible gain (Q-switched laser), the
laser intensity grows exponentially when the gain is rees-
tablished, in accord with the saturation mechanism. For
an optical gain of 2.5% and losses of 0.5%, a rise time of
12 ps must be expected during the exponential growth.
Experimentally we observe a rise time of at least 50 ps
and more generally 80 ps, whatever the experimental
conditions (ring current ranging from 4 to 60 mA,
N+Nd =10 to 100, etc.). These values disagree com-

pletely with the classical theory.
In consequence, one can conclude from the previous

phenomena and from the laser micropulse structure, as
explained below, that a second possible saturation mecha-
nism, resulting from the "tuning, " must be considered.
The laser interaction is due to the longitudinal overlap
between the electron pulse circulating in the storage ring
and the optical pulse circulating in the optical cavity. For
a perfect synchronism, and then a maximum optical gain,
both periods must be equal. A small detuning (difference
between the periods) leads to a cumulative delay between
the electron and laser pulses, and reduces the longitudinal
overlap and the optical gain. Such a situation can be
modeled with the pass-to-pass longitudinal evolution:

y. +)(r) =R'y„(r —c)[1+g(r)]+i,(r), (2)
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(3)

p+oo
1(r)=„y(r,z)dz (4)

(X=I=1 corresponds to the equilibrium for a perfect
tuning). For an optical klystron the gain is extremely
sensitive to the energy spread. We can neglect the varia-
tion of the bunch length rr, so that from (1) the peak gain
evolves as

go=g (I'/g )' (5)

~here g; is the initial gain without laser interaction and I'
is the cavity losses. The coupled equations (1)-(5) were
used in order to simulate the behavior of a laser submit-
ted simultaneously to a detuning and to the energy
spread. Generally speaking, these equations lead to a
complicated nonlinear second-order system for temporal
evolution of each variable [longitudinal profile y(z), laser
intensity I(z), energy spread Z(z)], the solution having
or not having an oscillating behavior. Numerical simula-
tions for various conditions give results in excellent agree-
ment with the experimental results. Only some of them
are detailed in this paper.

The best way to determine the dynamics of this system
is by a Q-switched experiment where the gain is first
completely suppressed (in order to eliminate the previous
laser intensity) and then rapidly reestablished. Figure 1

presents the experimental results obtained with Super-

where y„(z) is the longitudinal profile of the laser pulse,
z is the longitudinal coordinate inside the microspulse,
the origin being the synchronous electron, g(z) =go
xexp[ —(z /2a )] is the longitudinal profile of the opti-
cal gain proportional to the electron density, R is the
mirror reflectivity, i, is the spontaneous emission also pro-
portional to the electron density profile, and c is the de-
tuning per pass for the laser micropulse with respect to
the electron bunch. In the absence of energy spread,
g(z) is time independent. Numerical simulations with

Eq. (2) show that, except for the case @=0, an equilibri-
um situation is obtained where the longitudinal profile
y(z ) does not evolve and has a maximum value for a po-
sition z close to the value corresponding to the threshold
condition g(z ) =losses, even for a small e value. Final-

ly, a simple detuning determines a saturation process, ex-
cept for the case of a perfect tuning e=—0 where the laser
intensity has an exponential divergence.

An actual laser saturation mechanism results from this
"detuning process, " combined with the classical energy-
spread process [6], where the profile g(z) is perturbed by
the laser interaction. The laser-induced energy spread is

defined by the normalized parameter X =(a„—oo)/
(cr, —on) (ou is the laser-off energy spread and rr, is the
laser equilibrium value for a perfect tuning), whose evo-

lution is given by the formula [9]
dZ 2( )
dr

where I is a normalized laser intensity,

On Gain
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FIG. 1. Laser intensity transient regimes measured on
Super-ACO for diff'erent values of the longitudinal detuning
AT/T. (a) Perfect synchronism. (b) hT/T =2 x 10 . (c)-(e)
Higher values of the detuning (maximum hT/T =2 x 10 6).

ACO for different conditions of detuning. Generally, the
transient response is an exponential growth of the laser
intensity, leading to a first intense macropulse when the
saturation mechanism occurs, followed by some relaxa-
tion oscillations more or less damped, and finally a stable
regime. For perfect synchronism [Fig. 1(a)] the relaxa-
tion oscillations are rapidly damped by the synchrotron
damping time z, and the permanent regime is a cw laser.
For a small detuning [Fig. 1(b)] there are no relaxation
oscillations and one obtains a stable pulsed laser immedi-
ately after the first macropulse. For a larger detuning
[Fig. 1(c)] one again finds the same behavior as for per-
fect synchronism. Finally for very large detuning [Figs.
1(d) and 1(e)] there are no longer relaxation oscillations;
the system is completely damped so that the exponential
growth leads immediately to a cw laser.

Simulations made with Eqs. (1)-(5) exhibit exactly
the same behavior. For the long-time regime, Fig. 2
presents the calculated damping time of the relaxation os-
cillations versus the detuning; a small detuning corre-
sponds to an enhancement of this damping time, reaching
several orders of magnitude in a short range of detuning:
In this region a stable pulsed laser is obtained and no at-
tenuation of these oscillations was detected, even after
10 passes; simultaneously all the other parameters (mi-
cropulse position and width, peak power, integrated
power) oscillate with the same period. For a larger de-
tuning the damping time decreases (cw laser as the per-
manent regime) and reaches practically the zero level
when the relaxation oscillations disappear. The calculat-
ed energy spread decreases simultaneously with the de-
tuning, and the position of the laser rnicropulse is dis-
placed with respect to the center of the electronic distri-



VOLUME 69, NUMBER 16 PHYSICAL R EV I EW LETTERS 19 OC.TOBER 1992

Damping
Time

] 04 ~

't 03—

102

~ulsea'
Laser

0.4—

0.2—

POS.

~ x/00

0.5

I

oI

rr

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

/ I aser ""'"~...
I Intensity
I

-- ~—pos.

~ ~ ~ ~ ~ ~ ~ ~ e ~ ~

petUning

(x10 j

—0.5

0.5

2'

0
-2
-4

200

Time

Lls

I og (I)

=30ps
TIA1e

200 zs

FIG. 2. Evolution with the detuning of the main laser pa-
rameters calculated from the theoretical model. For the simu-
lation, go=60% and r, =25 ps were chosen in order to reduce
the calculation time. The damping time is evaluated in units of
number of passes. The position (POS) of the laser micropulse
with respect to the center of the electronic density is evaluated
as a fractional part of the bunch length cr.

bution, as shown in Fig. 2. Such a sensitivity of the
damping time to a small detuning explains why a pulsed
FEL is generally obtained. The stable cw laser obtained
on Super-ACO is due to the exceptional stability of the
storage ring. These simulations also explain why the
measured energy spread is lower than the expected one,
the calculated laser-induced energy spread Z being ex-
tremely sensitive to the detuning.

The second interesting feature is the laser rise time
during the initial exponential growth. Figure 3 presents
the temporal evolution of the main parameters for this re-

gion, resulting from a simulation for the Super-ACO con-
ditions and for two values of detuning. The energy
spread Z is negligible during this process, but the position
of the laser micropulse evolves very quickly [Fig. 3(b)].
Figure 3(c) presents the evolution of the laser intensity,
which is roughly an exponential growth but with a rise
time around 30 ps, higher than the expected one for a
perfect tuning (r =12 ps); this calculated value is in good
agreement with the measured one. These results illus-

trate the sensitive dependence of the exponential growth
to a small detuning.

The validity of the model was also tested with the ex-
perimental determination of the laser micropulse struc-
ture made with a "dissector" [7,8]. Figure 4 presents the
superposition of the laser micropulse and of the electron
distribution measured with the spontaneous emission
from the undulator. Pulses 8 and C correspond to the
case of a large positive and negative detuning. Schemati-
cally, in this case the position of the laser pulse corre-
sponds roughly to an electronic density where g(r )

FIG. 3. Temporal evolution of the main parameters during
the first step of the transient regime, calculated for the Super-
ACO case. Left side: detuning AT/T=l X10 6. Right side:
AT/T =2x 10

go
~ 0

I ~ 0 0 ~ ~ ~ ~ I I ~ ~ ~ ~ 1 0 ~ ~

2QQ psec
FIG. 4. Microtemporal structure of the laser measured on

Super-ACO. . . : longitudinal profile of the electron bunch.
Laser profile: "perfect synchronism" (A), maximum positive
and negative detuning d.T/T= 2&&10 (B and C), —

=losses, showing that saturation depends mainly on the
detuning, with the energy spread being highly reduced.
This feature is in agreement with the results of the simu-
lation (right side of Fig. 3) where the laser micropulse
position varies very quickly with the detuning. Pulses 3
in Fig. 4 correspond to "perfect" synchronism. It can be
viewed that successive micropulses recorded during 0.2 s

evolve rapidly in position. In spite of the good stability of
the storage ring on a long time scale, there are probably
some residual high-frequency fluctuations corresponding
to a small detuning or a perturbation of the shape of the
electron beam, so that, even if the laser macrotemporal
structure is stable, there are some fluctuations of the laser
microtemporal structure. Actually, a perfect synchron-
ism can be maintained only during a very short time (less
than 1 s) and generally we observe a Auctuating micro-
pulse as illustrated in Fig. 4, traces A.

All these results illustrate that general features of a
storage-ring FEL are highly dependent on a small detun-
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ing. The classical saturation mechanism due to the ener-

gy spread is dominant only for a very small detuning or
for a laser very close to the threshold condition. Even for
a particularly stable storage ring such as Super-ACO, re-
sidual fluctuating detunings (or equivalent fluctuations of
the shape of the longitudinal electron beam profile) deter-
mine the main saturation process. The consequence is a
more complicated theory taking into account both satura-
tion processes, with, probably, a rapidly fluctuating situa-
tion for the tuning, so that predictions based only on a
perfect tuning are unreliable. Illustrations of such a situ-
ation are the peak power for a Q-switched laser reduced

by I order of magnitude with respect to the expected one,
the possibility of a naturally permanent pulsed laser (even
in the absence of noise or gain modulation), and the
high-frequency instabilities of the micropulse structure.
Other possible consequences to be reconsidered are those
for the expected average laser power (Renieri limit), the
estimated gain value, secondary laser parameters (tem-
poral width, spectral width, etc. ), and the chaos mecha-
nism [10]. We believe that these consequences must be
considered for the design of future storage-ring FELs.
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