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Abstract. To take complete benefit of the Free Electron Laser (FEL) features, we have developed a feedback
control scheme designed to suppress the dynamical instabilities affecting the FEL output intensity. The
principle is to stabilize an unstable stationary state that coexists with the unwanted limit cycle. This paper
gives a theoretical and experimental description of the stabilized stationary regime of a storage ring FEL
in presence of the feedback control. We present a numerical model of the FEL with control, that describes
the longitudinal dynamics of the laser pulse in condition of detuning between the FEL and the electron
beam. These theoretical results are compared with experiments performed on the Super-ACO FEL. The
established feedback control provides stable operation of the FEL.

PACS. 41.60.Cr Free-electron lasers — 42.65.5f Dynamics of nonlinear optical systems; optical instabilities,
optical chaos and complexity, and optical spatio-temporal dynamics

1 Introduction

In order to convert chaotic behavior into periodic motion,
Ott, Grebogi and Yorke [1] proposed to use a particular
type of feedback control. The core idea is to take advan-
tage of the preexistence of unstable periodic orbits in any
chaotic attractor, together with the fact that it is possible
to stabilize one of these orbits using conventional feedback
control.

Since the first experimental demonstration on a mag-
netoelastic ribbon by Ditto et al. [2], chaos control has
been implemented with success on many systems, in par-
ticular in electronics [3,4], lasers [5-8], chemistry [9], hy-
drodynamics [10], and for controlling cardiac tissues [11]
(see Ref. [12] for a review).

The work of Ott, Grebogi and Yorke not only led to
an extensive activity on chaos control. It also implicitly
emphasized the fact that unstable states (periodic or not,
embedded or not in a chaotic attractor, or in the absence
of chaos) are potentially useful in general because they can
be typically stabilized by a feedback loop involving only
small perturbations on a control parameter. Thus there
has been an increase of interest for the stabilization of
steady states in various situations [13-17].
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In this paper we consider the stabilization of Stor-
age Ring Free Electron Lasers [18,19] (SRFEL), that are
known to present dynamical regimes leading to a pulsed
behavior [20], nefast for FEL use. First experimental con-
trol of the limit cycles has been done on the Super-ACO
SRFEL [18], on the ELETTRA SRFEL [21] and recently
on the UVSOR FEL [22]. In the first section, we review the
properties of FEL oscillators and the model used [20,23],
which reproduces the longitudinal behavior of SRFEL. In
Section 2, the principle of the feedback system for the
laser control is described by means of a theoretical model.
The experimental results obtained on Super-ACO for dif-
ferent control parameters, are analyzed and compared to
the theoretical model ones.

2 Longitudinal instabilities of storage ring
free electron lasers oscillators

2.1 Underlying physical aspects

FEL are coherent tunable pulsed sources. A relativistic
electron beam travelling in a periodic permanent magnetic
field structure, called undulator, emits an electromagnetic
wave, at the fundamental wavelength:
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Fig. 1. The electron bunches (e™), travelling in an undulator,
emit light, which is stored in an optical cavity and is amplified,
interacting with the following electron bunches.
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Table 1. Characteristics of the SRFEL on Duke, ELETTRA,
NIJI-IV, Super-ACO and UVSOR.

Duke ELETTRA NILJI-I  Super-ACO UVSOR
E (GeV) 1 0.9-1.3 0.26-0.31 0.6-0.8 0.5-0.6
A (nm) 194-730 190-250 595-212  300-690 500-260
P (mW) 200 330 1 300 20-1000
Go (%) ~10  10-30 5-10 1-2.5 1-2
T (ns) 360 213 235 120 88.7
o (ps) 2.5 2 6 10 6
or (ps) 33 12 38 89 57

with Ag the period of the undulator, v the Lorentz factor
of the electrons and K the deflection parameter depend-
ing on the amplitude of the magnetic field of the undu-
lator (K2 oc B3 in the case of a planar undulator, and
K? « B + Bj_in the case of a helicoidal one, z and
x being the axes orthogonal to the light propagation di-
rection). This emitted light is the spontaneous emission
of the FEL. The light amplification, for a wavelength near
AR, lies on the interaction between the relativistic electron
beam and the electromagnetic wave, leading to an energy
exchange. The FEL wavelength can be finely adjusted by
a modification of magnetic field of the undulator. On FEL
oscillators, the optical field is stored in an optical cavity,
and its intensity increases non linearly until the saturation
mechanism occurs when the gain is equal to the optical
cavity losses € (see Fig. 1).

Table 1 presents the principal characteristics of FEL,
based on storage ring, and considered in this paper: the
DUKE-OK4 FEL[24], the ELETTRA FEL [25], the NIJI-
IV FEL [26], the Super-ACO FEL [27] and the UVSOR
FEL [28]. The FEL spectral range, A, in the UV is mainly
determined by the energy E of the electrons, in the GeV
range and by the characteristics of the undulator. The
output power P [29] of the FEL is in the order of hundred
milliwatts. The laser gain Gg is small (in the order of the
percent) and depends on the characteristic of the machine
and of the insertion devices. The repetition rate of the
FEL 75 is high (in the MHz range) and is defined by the
round trip time of the light pulse bouncing in the optical
cavity. The rms FEL pulse duration o; is proportional to
the square root of the rms width of the bunch longitudinal
distribution o, [30-32]. The UV FEL source on storage
ring is presently limited to a pulse duration of the order
of 2 ps and a wavelength of 190 nm.

The length of the optical resonator must be carefully
adjusted to satisfy the longitudinal synchronization be-
tween the optical pulses and the electron bunches (i.e. the
detuning condition). As in a storage ring the bunches are
circulating identically spaced, the Free Electron Laser is
pulsed at the repetition rate of the electrons in the un-
dulator. At the millisecond time scale, the train of pulses
can be continuous or can present limit cycles regimes [20].
It has been analytically demonstrated that the transi-
tion from a continuous wave, the so-called cw regime,
to a pulsed regime on Storage Ring Free Electron Laser
(SRFEL) occurs through a bifurcation [19]. As this transi-
tion happens close to a detuning for which the FEL has the
best performances (spectral, temporal, stability, power), it
is of major importance to suppress these limit cycles by
stabilizing them in the steady state [15].

2.2 FEL dynamics
2.2.1 Experimental dynamics as a function of detuning

At the millisecond time scale, the temporal structure of a
SRFEL can be continuous or pulsed depending strongly
on the detuning 0 between the round trip period of the
light pulse in the optical cavity 7r and the electrons bunch
interspacing Tp:

6= TR — To. (2)

The perfect tuning is generally adjusted roughly with a
modification of the optical length, and more finely by
means of a change of the frequency of the RF cavity,
which acts on the orbit length of the electrons. The RF
cavity compensates the energy losses by the electrons at
each turn. Figure 2 presents the macro-temporal struc-
tures of the Super-ACO FEL versus the detuning. At per-
fect tuning (see Fig. 2c), the laser pulse is on a steady
state regime. For the detuning § = 24 fs (see Fig. 2b) and
d = —24 fs (see Fig. 2d), the distribution varies on time to
form macro-pulses with a frequency of a few hundred of
Hertz. For larger detuning, 6 = 84 fs and § = —52 fs (see
Figs. 2a and 2e), the laser exhibits again a steady state
behavior. The time structures, between positive and neg-
ative detunings, differ in period. In fact, the frequency of
the macro-pulses, which evolves in the pulsed zones [33],
is smaller near perfect tuning, and then increases with
the absolute value of the detuning. The pulses duration
increases with the absolute value of the detuning, and
is smaller for perfect tuning. The same behavior is ob-
served on the spectral width, and the FEL can reach the
Fourier limit for perfect tuning [34,35]. The evolution of
the laser time structures versus detuning are summarized
in Figure 3a illustrating a typical detuning curve of the
Super-ACO FEL, which presents the laser intensity ver-
sus detuning. Zone 3 (—=5.6 < ¢ < 2.5 fs) corresponds to a
laser around the perfect tuning condition, where the laser
is cw. For small detuning, the laser presents limit cycles in
the zones 2 (—24.5 < 6 < —5.6 fs) and 4 (2.5 < § < 31 fs).
For larger detuning, the laser becomes again cw in the
zones 1 (=140 < 6 < —24.5 fs) and 5 (31 < § < 140 fs).
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Fig. 2. Macro-pulses structures of a FEL based on a stor-
age ring for different detuning conditions: (a) 6 = 84 fs,
(b)yd =241s, (¢c) 6 =0fs, (d) 6§ = —24 s, (e) § = =52 fs.
The images are taken with a double sweep streak camera
(Hamamatsu C5680). Top of the image: horizontal cut repre-
senting the laser intensity versus time. Left of the image: verti-
cal cut representing the laser pulse distribution. The FEL pulse
width is deduced by the second order momentum of the laser
pulse distribution: (a) oy = 24 ps, (b) 0y = 22 ps, (¢) 07 = 16 ps,
(d) o1 = 17 ps, (e) o1 = 23 ps. These structures have been
recorded on the Super-ACO FEL with the harmonic cavity ac-
tive at 90 kV: the current I. = 45 mA, Go = 1.8%, € = 0.8%,
energy spread in absence of laser op = 10 x 10™*, synchrotron
frequency fs = 27.3 kHz.

The laser in zone 3 presents the smallest spectral and tem-
poral width, the highest intensity stability and the largest
power. These zones are generally observed on SRFEL
as on the OK-4 Duke FEL [36], on Super-ACO and on
UVSOR [39], whereas the zone 3 is not clearly observed
on NIJI-IV [38]. In the ELETTRA [37] case, zone 3 is
very tiny and it is not systematically observed because of
a 50 Hz perturbation on the electron beam [25]. Table 2 il-
lustrates the width of the different zones on the operating
SRFEL. FEL near the perfect tuning exhibit a bifurcation
from a steady state regime towards a pulsed regime. Here,
the proposed feedback aims at increasing the laser power
stability and at extending the central cw zone. As illus-
trated in Figures 2 and 3b, at perfect tuning the center of
mass of the laser pulse corresponds to the center of mass
of the longitudinal distribution of the electron bunch, and
then evolves as an arctangent like function. This rapid
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Fig. 3. (a) Detuning curve of the Super-ACO FEL: laser in-
tensity versus detuning § and the normalized detuning A2 =
0/ec-. (b) Position of the center of mass of the FEL pulse
with respect to the bunch longitudinal distribution one versus
detuning. In zones 1, 3, 5 the laser is cw: the laser intensity
stays constant in the millisecond temporal range. In zones 2
and 4, the laser is pulsed. The experimental detuning curve is
obtained by applying a slow ramp (period: 0.5 s, amplitude:
1 V) on the RF frequency pilot generator (1 V variation corre-
sponds to a variation of 100 Hz i.e. 120 fs in terms of detuning)
and detecting the laser intensity with a photomultiplier. The
position of the FEL pulse center of mass is calculated by the
first order momentum from a double sweep streak camera im-
age. Experimental conditions with the harmonic cavity active
at 90 kV: I, = 45 mA, Go = 1.8%, € = 0.8%, oo = 10 x 107 %,
fs = 27.3 kHz. The signals in Figure 2 corresponds respectively
to the zones (a) 5, (b) 4, (c) 3, (d) 2, (e) 1.

change of the FEL position near perfect tuning has been
exploited for the implementation of a so-called “longitu-
dinal feedback”, which drives back the FEL micro-pulse
towards perfect tuning for compensating the FEL pulse
jitter. This longitudinal feedback has been developed at
Super-ACO [40] and at UVSOR [39].

2.2.2 lterative model of the FEL

This section presents a SRFEL model based on a map that
reproduces the longitudinal dynamics versus detuning of
storage ring based FELs [20,23]. It constitutes our refer-
ence model for the test of the proposed feedback control.

The laser gain results from the energy exchange be-
tween the stored optical wave and a relativistic electron
beam. To reinforce the coherence of the source, optical
klystrons [41,42] are preferred to undulators, consisting
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Table 2. Width of the different zones of the experimental de-
tuning curve for the following FEL: Duke [36], ELETTRA [37],
NIJI-IV [38], UVSOR [39], Super-ACO (see Fig. 4). AZ; are
the width of the zones described in Figure 3.

Duke ELETTRA NIJI-IV Super-ACO UVSOR

AZ; (fs) 115 65 240 60 250
AZs (fs) 0.5 21 120 14 19
AZs (fs) 0.2 0 0 45 4
AZy (fs) 0.5 21 120 23 19
AZs (fs) 115 65 240 50 250

of two undulator sections divided by a dispersion section,
where a high magnetic field is created. The gain for an
optical klystron composed of planar undulators can ex-
pressed as [41,42]:

181 N.K2(NXo)?(JJ)?2Fs(N 4 Na) f
Gop, = 3 . (3)
Tz OyCOTY

With r. the classical radius of the electron, N, the num-
ber of electrons, N the number of periods of one undula-
tor section, Fy the transverse filling factor between the
laser and the electron bunch [43], (Ng) the number of
equivalent periods of the dispersive section, f the mod-
ulation rate of spontaneous emission depending on the
energy spread o and the residual modulation rate fy as
2 2 _2

f = foe 8™ (N+Na)"e" [41] o, and o, the rms width of
the horizontal and vertical electron bunch distribution,
¢ the speed of light, (JJ) = Jo(§) — J1(§) the difference
of the Bessel functions of zero and first order of argu-
ment ¢ = K2/(4 + 2K?). For an optical klystron com-
posed of helicoidal undulators, the gain Gg,, can be ex-
pressed as: Go,, = Go,,/(JJ)?. The term JJ being lower
than the unit, Gg, results to be higher for the same set
of parameters. As the value of gain was very low for the
UVSOR FEL, the previous insertion device has been re-
placed by an optical klystron composed of helicoidal un-
dulators [44], which allows a cw laser at perfect tuning to
be obtained. The light amplification leads to an induced
energy spread for the electron distribution, the so-called
laser “heating”. As a consequence the laser reaches the sat-
uration when the gain is decreased until the cavity losses
as equation (3) shows.

The Supermodes theory [30-32] explains analytically
the optical pulse propagation until the saturation only
for perfect tuning. A model [45] based on the evolution
of the longitudinal light distribution and on the energy
spread, reproduces the saturation mechanism at perfect
tuning. The iterative model described in [46] reproduces
the stationary output power of a SRFEL. Subsequently
it has been considered that the gain depends on the de-
tuning [20], and is equal to the losses at the border of
the detuning curve. The stationary condition of the fully
detuned laser intensity allows then the width of the de-
tuning curve to be determined [47]. This numerical model
neglects electron beam instabilities, and the synchrotron

motion of the electrons, which oscillate around the syn-
chronous electron (the one with the nominal energy) at
the synchrotron frequency fs and are damped according
to the synchrotron damping time 7,. Other models also
take into account the transverse dynamics of the electron
bunch [48,49] or the microwave instability [50,51], i.e. the
interaction of the electron bunches with the vacuum cham-
ber of the ring. To study the longitudinal dynamics of
a SRFEL, let us consider in the following the numerical
equations [20,23]:

—(nt8)?
Yn (1) = (1 = yn—1(T)[1 + Ga(7)] +ise > (4)
2T
En = n—1 — R [En*l - /yn—l(T)dT] (5)
S
and , ,
os — 0
2, =2 0
0’3 — 0'(2) (6)
with
T4l = Tp + 0. (7)

This model is based on the evolution of the laser pulse in-
tensity distribution y, along the longitudinal coordinate
T, centered on the center of mass of the longitudinal dis-
tribution of the electron bunch, and of the evolution of
the normalized energy spread X, at each pass n in the
optical klystron. The normalized energy spread depends
on the initial energy spread og, and the one at the laser
equilibrium .. The laser intensity (see Eq. (4)) at the
pass n, is the laser intensity at the previous pass (n — 1)
non amplified and amplified by the term G,,(7) taking into
account the mirrors reflectivity /1 — €. The last term i
is the spontaneous emission emitted at each pass. Equa-
tion (5) describes the evolution of the normalized energy
spread, which is enhanced by the laser heating and relaxes
via the bunch refreshment due to the synchrotron motion.
Equation (7) includes the fact that a small detuning in-
duces a cumulative delay between the electron bunch and
the laser pulse and thus reduces the longitudinal overlap.
As a consequence, the laser gain is expressed as a function
of the detuning §:

€0

R (8)

Tn _(rp18)2
Gn(1) = Goﬂ [ } e 2

on | Gooo

Go being Gy, or Gop,, according to the types of undula-
tors composing the optical klystron. This model calculates
in particular the time structure and the evolution of the
energy spread whatever is the detuning condition.

2.2.3 Calculated detuning curve

Figure 4a shows a simulated detuning curve in the case of
the Super-ACO FEL. The laser is cw in the central zone,
then a bifurcation occurs, which yields to a pulsed regime,
and then for large detuning, the laser becomes again cw.
The model and the experiments are in qualitative agree-
ment. Some differences can appear concerning the width
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Fig. 4. (a) Detuning curve obtained in the Super-ACO case,
(o) simulated, (—) experimental. The experimental detuning
curve is obtained by applying a slow ramp on the RF frequency
and detecting the laser intensity by a photomultiplier. The
simulated points correspond to the laser intensity in zones 1,
3 and 5, and the envelop of the minimum and maximum one
in the zones 2 and 4 for each particular detuning. (b) Energy
spread versus detuning, (o) simulated, (+) experimental. The
energy spread has been measured for each detuning thanks to
a CCD camera, which gives the horizontal transverse electron
bunch rms width o, linked to the energy spread o by the fol-
lowing relation: Ufc = &0z + 7792502 with e, the horizontal emit-
tance, 7, the dispersion function and (3, the betatron function.
The energy spread is a dynamical variable of the equations, and
its minimum and maximum have been plotted. (c) Position of
the center of mass of the laser with respect to the one of the
bunch longitudinal distribution versus detuning, (o) simulated,
(4) experimental. The position is deduced from the first order
momentum from a double sweep streak camera image and the
simulated laser intensity distribution for each detuning. The
parameters used are those listed in Table 3 for Super-ACO.

of the different zones. The width of the simulated cen-
tral cw zone is smaller than in the experimental case (see
Tabs. 3 and 4) probably due to a non perfect adequacy
between the simulated parameters and the parameters re-
ally employed during the experiment. The experimental
asymmetry of the width of the pulsed zones with respect
to the detuning is explained by an asymmetry of the lon-
gitudinal distribution of the electrons, whereas the model
assumes a Gaussian shape for the electron longitudinal
distribution. It can be also due to the fact that the model
does not include instabilities, which can affect the electron
bunch as the microwave instability. Figure 4b represents

Table 3. Parameters used for the model given by equations (4)
and (5). p is the dipole radius curvature, o the momentum
compaction factor, Pl designates an optical klystron composed
of two planar undulators and H of helicoidal one. The intensity
of the spontaneous emission 4, is arbitrarily fixed at 1072, o is
deduced by the relation: o2 = 0@ — [log(e/Go)]/[87(N + Ng)?],
and or = ao /27 fs.

ELETTRA  Super-ACO UVSOR

E (MeV) 1000 800 600
Tr (ns) 216 120 88.4
o 5 1.7 2.2

Ts (ms) 65 9 20
fs (kHz) 16.1 14.3 12.6
a (10793) 1.6 14.8 26
N+ Ny 120 105 120
Go (%) 20 1.5 1.2
e (%) 1 1 0.5
fo 0.6 0.6 0.8

oo (107%) 13.5 7.5 3.4
I. 20 40 25
OK H Pl H

Table 4. Width of the different zones of the detuning curve
simulated with the model given by equations (4) and (5) by
using the parameters of Table 3.

ELETTRA  Super-ACO UVSOR

AZ; (fs) 550 54 90
AZy (fs) 10 16 27
AZs (fs) 0.2 2 2
AZy (fs) 10 16 27
AZs (fs) 550 54 90

the theoretical and experimental energy spread versus the
detuning, which directly illustrates the reduction of the
gain with the detuning. The lower the gain, less the laser
“heats” the bunch. For the maximum gain, at perfect tun-
ing, the enhancement of the energy spread is of 2.6 x 10™*
with respect to the value when the laser is switched off.
Then, the energy spread decreases with the detuning, and
reaches the “laser off” value for larger detunings. The posi-
tion of the center of mass of the light pulse, with respect to
the bunch longitudinal distribution one, describes an arct-
angent like function versus the detuning, as it is measured
experimentally (see Fig. 4c¢). In the ELETTRA case, the
model points out that it exists a central cw zone, but it is
very tiny (see Tab. 4), as it is experimentally observed (see
Tab. 2). The total simulated width of the detuning curve
is much larger than the experimental one. Concerning the
UVSOR FEL detuning curve, the central cw zone is larger
in the experimental case, and the total simulated width is
much lower. The model reproduces well the saturation and
the longitudinal dynamics of the FEL as a function of the
detuning. There is a slight disagreement due certainly to
the difference between the experimental parameters, and
those introduced in the model (e.g. the gain, the cavity
losses or the energy spread), and the fact that the model
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does not take into account the instabilities of the electrons
beam [52] such as the microwave instability. As a conse-
quence, this model can be used to point out the feasibility
of an experimental suppression of the pulsed behavior un-
der a feedback action.

This iterative model has been simplified in a system of
partial differential equations, expressing the gain and the
spontaneous emission in term of the cavity losses, as:

Gri1(7) = €Gr(T 4 670)
is(7) = enGp (T + 07p) (9)
with 7, linked to the detuning Av, by:

0Ty, = 0Tp—1 + T%Al/n. (10)

Here the envelop of picosecond train of pulses y,(7),
which varies slowly with the number of turn n, the cav-
ity losses €, the gain €G;, and the detuning Awv, are
small, thus a simplification, which is often used in the
case of mode locked laser [53,54], is possible. The discreet
time (macro-temporal scale) is replaced by a continuous
time T expressed in unit of photon lifetime in the cav-
ity [53]: T = en = et/TRr, with ¢ the time. The dimen-
sionless fast time (micro-temporal scale) is expressed as:
0 = (T +97,)/7r. By realizing the following substitutions:

Avy, — e AT /TR
Gn(t) — G(0,T)
Yn(T) = Yn(TRO — d71) — Y (0,T)

I, — I(T) (11)

and using the limited development in order of €: y,,+1(7) =
Y (0,T)+edrY (0, T)—eAR0Y (0, T)+O(e?), one can ob-
tain the master equations at the first order in € as follows:

orY — AN0)Y = =Y + G[Y + 1]

d , 2
d—TJ UO)I],

with kK = 27g/e7s (k < 1), and G(0,T) defined by equa-
tion (8), where the discreet index n is replaced by the con-
tinuous time T and 7 by 6, the fast time. Under these con-
ditions, the SRFEL appears as a spatio-temporal system,
where space and time are respectively defined through 6
and T'. The detuning effect appears as a translation given
by the term A£20yy. Figure 5 illustrates a theoretical de-
tuning curve obtained with the differential equations us-
ing the Super-ACO parameters. In the zones 1, 3, 5, the
lines represent a stable stationary regime of the laser. The
laser intensity is higher in the central zone. The bifurca-
tion occurs at the transition of the zone 3 towards zones 2
and 4, where the laser is naturally pulsed, represented
by the minimum and maximum of the macro-pulses. The
zones of the experimental detuning curve of Figure 3 are
well reproduced.

These two iterative and continuous models reproduce
the temporal structures of the laser intensity as a func-
tion of the detuning. The bifurcation between the cw and
pulsed regime is clearly outlined by simulations too. This
allows the action of the feedback, which should suppress
the limit cycles, to be simulated.

2
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Fig. 5. Detuning curve simulated with equations (12).
Zones 1, 3 and 5 correspond to a steady state regime of the
laser (plain lines) whereas in the zones 2 and 4, the pulsed
laser (black part corresponding to the envelop of the minimum
and maximum value of the laser intensity) coexist with an un-
stable steady state (dash lines). Parameters are: Go = 2.5%,
e = 3.0900, 0 = 1 (by choice of the unit fast time unit),
k =0.0056, n = 1073, e = 0.5%, Tr = 120 ns, 7 = 8.5 ms.

3 Stabilization

The proposed feedback is tested numerically on the itera-
tive (see Egs. (4) and (5)) and continuous (see Eq. (12))
equations and experimentally on the Super-ACO FEL.

3.1 Principle of the feedback system

A feedback consists in an input signal, which is modified
by an electronic device to provide an output signal, which
acts on a control parameter. When the laser intensity of
the macro-pulse increases, the control parameter has to
be perturbed by decreasing the laser gain, and contrar-
ily when the macro-pulse intensity decreases, to force the
unstable steady state to be stabilized. Previous works re-
alized on a Nd-doped optical fiber [15] and on passively
mode locked lasers [16] use the derivative of the laser in-
tensity to perturb the laser gain and control the dynamics.

Experimentally, the FEL intensity, which can be
recorded with a detector such as a photomultiplier or a
photodiode, is employed as an input signal of the feed-
back. Several parameters can be considered to modify the
FEL gain (see Eq. (3)). An orbit change of the electrons,
via dipoles and quadrupoles current modifications, can be
detected by fast Beam Position Monitor and modify as
a consequence the filling factor. Figure 6 illustrates the
electron bunch response to a sinusoidal variation of the
harmonic cavity voltage of the Super-ACO storage ring.
The bunch length stays almost constant (in the uncer-
tainty of the double sweep streak camera of 4 ps during
the experiment) and the center of mass of the bunch lon-
gitudinal distribution evolves sinusoidally in time. This
implies that the longitudinal overlap between the laser
and the electron bunches varies and changes the gain of
the laser. In consequence the harmonic cavity voltage can
be a control parameter for the stabilization of the pulsed
zones. Finally, the detuning acts also on the longitudinal
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Fig. 6. Double sweep streak camera image representing the
bunch longitudinal distribution in response to a sinusoidal
modulation of the 500 MHz harmonic cavity voltage, (ampli-
tude: 40 kV, frequency: 50 Hz). The camera detects the syn-
chrotron radiation emitted by the electrons passing through a
bending magnet reproducing the longitudinal distribution of
the electron bunches.

Derivative filter, amplifier
+ +
FEL
Intensity l
FEL gain Control
parameter

Fig. 7. Sketch of the closed loop of the feedback stabilizing
the unstable steady states of the laser coexisting with the
pulsed ones. The FEL intensity is detected by a photomul-
tiplier, which rise time is too slow to resolve the picosecond
pulses, but relatively rapid to detect the macro-pulses (mil-
lisecond time scale). This intensity, which is amplified and de-
rived, varies the control parameter (RF frequency or harmonic
cavity voltage), which acts on the FEL gain modifying, as a
consequence, the FEL intensity.

overlap, and can be easily changed by a variation of the
frequency of the RF cavity.

The feedback system, aiming at suppressing the pulsed
zones on a SRFEL, derives and amplifies the laser inten-
sity to perturb the laser gain trough a detuning or a RF
harmonic cavity voltage variation, as illustrating in Fig-
ure 7. The feedback can easily be implemented on the
models (see Egs. (4), (5) and (12)) described before.

The detuning becomes a dynamical parameter and it
is expressed as a function of the derivative of the intensity
as follows:

Loy —1,
On+1 = 0o + 5L (13)
TR
dAS?
o [Af2y — AR+ BI7], (14)

~s being the response of the electron bunch revolution
frequency to a RF frequency variation, dg the fixed value
around which the detuning is varied, Af2y the normalized
one and 3 the feedback gain. Equation (13) can be imple-
mented in the iterative model (see Eqgs. (4) and (5)) and
equation (14) in the continuous model (see Egs. (12)).
Figure 8 shows the effect of the control for a simulated
laser previously established in its pulsed regime (negative
time). When the feedback is switched on (positive time),
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Fig. 8. Simulated feedback with the iterative model: (a) laser
intensity, (b) control parameter versus time. Simulated feed-
back with the continuous model: (c) laser intensity, (d) control
parameter versus the normalized time. The laser was first es-
tablished in the pulsed zone (8 = 0), and the feedback was
switched on at the initial time (8 # 0). The control parame-
ter acts on the detuning via the RF frequency. Iterative equa-
tions conditions (see Egs. (4) and (5)): Go = 1.5%, € = 1%,
oo = 6.5 x107% § =24 fs, 8 = 5 x 1072 fs?. Continuous
equations parameters (see Egs. (12)): o = 3.0900, 75 = 0.1,
B8 =01, e = 05%, Go = 2.5%, v = 0.0056, n = 1073,
ALy = 0.01.

the laser becomes cw after a transient regime during which
the control parameter is damped to zero. Then, the laser
is stabilized and does not need anymore the feedback sys-
tem to be kept in the steady state. The different transient
regime from pulsed to cw laser lies in the fact that the it-
erative equations do not take into account the term s and
that the derivative is not exact. In the simulated detuning
curve of Figure 5, the dash lines represent the stabilized
solution. According to this numerical results, the stabi-
lization of the pulsed regime can be done for a SRFEL by
simply deriving the laser intensity and is possible for all
the range of detuning for which the laser is pulsed.

3.2 Experimental feedback

The experimental feedback has been tested on the Super-
ACO FEL with the control parameters being the RF fre-
quency and the voltage of the harmonic RF cavity.

3.2.1 RF frequency

An analogical card has been realized to derive and am-
plify the laser intensity detected by a photomultiplier
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Fig. 9. Experimental feedback on the RF frequency as control
parameter. (a) Laser intensity, (b) control parameter versus
time. The laser was first established in the pulsed zone, and
the feedback was switched on at the initial time. Super-ACO
FEL experiment with the harmonic cavity active at 90 kV: I. =
46 mA, Go = 1.8%, f. = 27.3 kHz, ¢ = 1.2%, 0o = 9 x 107%.
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Fig. 10. Experimental feedback on the RF harmonic cavity
voltage as a control parameter. Streak camera images with
the horizontal cut when the feedback is switched off and on.
The horizontal cut represents the laser intensity versus time.
The voltage of the harmonic cavity was centered on 90 kV.
The experiment was done on the Super-ACO FEL with the
conditions: I. = 30 mA, Go = 1.7%, fs = 27.3 kHz, ¢ = 1.2%,
oo = 7.5 X 1074.

(Hamamatsu R928). For underlining the transition from
pulsed to cw, the feedback can be switched on and off by
putting a rectangular signal on an electronic switch. The
feedback gain was found empirically during the experi-
ment. In Figure 9, the laser is established in the pulsed
zone 4 (negative time) and stabilized on a cw regime after
having switched the feedback (¢ = 0). The control pa-
rameter exhibits after the stabilization some fluctuations,
which maximum peak to peak amplitude is of 8 Hz in
terms of RF frequency variation. After having stabilized
the unstable steady states, the feedback keeps the laser cw
by the corrections of the small fluctuations of intensity.

3.2.2 Harmonic cavity voltage

The stabilization has been also achieved with the RF har-
monic cavity voltage as control parameter. The amplified
derivative of the intensity was acting on the voltage, which
was initially put at 90 kV. Figure 10, illustrating such a
stabilization, represents the FEL time structures when the
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Fig. 11. (a) Laser intensity and, (b) laser intensity fluctuations
versus the detuning. (@) cw laser obtained at perfect tuning,
(o) stabilized solution of the pulsed regimes. The intensity was
measured with a photomultiplier. The experiment was done
on the Super-ACO FEL with the harmonic cavity active at
90 kV: I. = 30 mA, Go = 1.7%, fs = 27.3 kHz, ¢ = 1%,
o0 =T75x10""

feedback is alternatively switched off and on. The laser was
pulsed in the zone 4, and is stabilized on the steady state
when the feedback control is switched on.

A priori, the feedback can be performed with any con-
trol parameter which acts on the laser gain. A stabilization
by varying the transverse orbit, which acts on the filling
factor will be interesting to do. This kind of derivative
feedback can be easily implanted on a storage ring FEL
via any control parameter and a fast time response, to
stabilize the pulsed regimes into a steady state one. As a
consequence, it opens up new perspectives for FEL, which
have some difficulties to maintain a cw regime at perfect
tuning.

3.2.3 Detuning curve with an active feedback

Intensity and stability, which are represented in Figure 11,
are one of the most important features of a laser source
from an user point of view. The maximum laser intensity is
obtained for the natural cw regime, in zone 3, with 100%
and the stabilized steady state laser, whereas in zone 4
it has 99% (£0.3%) of amplitude for 2.4 fs of detuning,
and then the laser intensity decreases as the detuning in-
creases. For the detuning corresponding to the bifurca-
tion, the highest laser intensity is attained for the stabi-
lized laser. The loss of intensity of the stabilized solution
compared to the natural cw regime goes from 1% to 15%
depending on the detuning. The intensity fluctuations, in-
creasing as a function of the detuning, are 0.65% for a
natural cw laser and 0.89% for the stabilized solution at
2.4 fs of detuning, which corresponds to a degradation of
40% of the stability. The fluctuations attain 10.3% for the
larger detuning of the pulsed zone. The stabilized solu-
tion losses intensity and some stability compared to the
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Fig. 12. Detuning curves when the feedback is switched (a)
off or (b) on. To obtain such a curve with an active feedback,
a slow ramp signal has been added to the derived and ampli-
fied signal of the laser intensity on the analogical card. The
feedback gain was constant whatever was the detuning. The
curves was done on the Super-ACO FEL with the harmonic
cavity active at 90 kV: I. = 25 mA, Go = 1.6%, fs = 27.3 kHz,
e=14%, o9 = 7 x 1074

natural cw regime at perfect tuning. The stability is im-
proved compared to the pulsed solution (100% of fluctua-
tion) but it does not reach a so good stability as a steady
state laser in zone 3. Figure 12 shows how the feedback
allows the cw regime to be extended in all the detuning
range. In Figure 12a, the five zones are identified again.
As the zone 2 is still modulated, the control was applied
on the pulsed zone 4. In this region of detuning, the feed-
back modifies the zone from a pulsed regime (see Fig. 12a)
towards a steady state one (see Fig. 12b). Contrarily, the
zone 2 becomes pulsed under the feedback action, and
such a behavior is also observed for the cw zone 1. This is
explained by the symmetric nature of the dynamics ver-
sus the detuning. Anyway, by changing the sign of the
amplification of the derivation once the sign of the detun-
ing is flipped, one can stabilized both pulsed zones of the
detuning curve.

3.2.4 Center of mass of the FEL

Figures 13 and 14 represent respectively the experimental
and simulated laser pulse distribution when the feedback
is alternatively switched off and on. It allows the transition
between the stabilized steady state and the limit cycle
regime to be analyzed and particularly the evolution on
time of the center of mass of the laser pulse. The position
of the center of mass for the stabilized solution changes
in comparison to the pulsed zone one. This variation is
higher for a stabilized solution close to perfect tuning.
Figure 15 represents the position of the center of mass
of the laser for different behaviors: natural steady state,
stabilized steady state and the pulsed one. The position
versus detuning exhibits an arctangent function shape for
the limit cycle and the stabilized steady state solutions. In
addition, the variation of position between the two coex-
isting solutions decreases as the detuning increases and is
quasi zero for the border of the zones 4 and 5. The infor-
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Fig. 13. Experimental double sweep streak camera image for
different detuning conditions: (a) dp & 12 fs, (b) do ~ 4.8 fs,
(¢) do =~ 1.2 fs. The laser was established in the pulsed zone,
and the feedback was switched on. Super-ACO FEL conditions
with the harmonic cavity passive: I. = 40 mA, Gy = 1.8%,
fs =273 kHz, e = 1.2%, 0o =9 x 107*.
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Fig. 14. Theoretical double sweep streak camera image for
different detuning conditions: (a) A2y = 0.01, (b) A2 = 0.02,
(c) Af29 = 0.03, (d) A2 = 0.04. The laser was established in
the pulsed zone, and the feedback was switched on at T' = 0.
These images have been realized with the continuous equations
with the conditions: o. = 3.0900, yane = 0.1, B8 = 0.1, ¢ =
0.5%, Go = 2.5%, v = 0.0056, n = 1073,

mation on the position confirms the fact that the feedback
does not perturb the gain to bring back the laser in the
zone 3 of perfect tuning. Such a behavior reinforces the
fact that the feedback can operate on any SRFEL.

4 Conclusion

We have considered the use of feedback control to extend
the stability range of Storage-Ring FELs. Using the model
given by equations (4) and (5) or (12), we have showed
the feasibility of the suppression of the pulsed regimes by
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Fig. 15. Position of the center of mass of the laser pulse
with respect to the bunch longitudinal distribution one versus
the detuning; (e) stabilized steady state, (o) pulsed solution,
(®) natural cw solution at perfect tuning, which position is
zero. For each detuning two images have been recorded with
the double sweep streak camera alternatively when the feed-
back was switched on and off. The position of the center of
mass of the laser pulse is the first order momentum of the
laser intensity distribution. Super-ACO FEL experiment with
the harmonic cavity active at 120 kV: I. = 31 mA, Gy = 2%,
fs =30.4 kHz, € = 1.2%, 00 = 7.5 x 1074,

applying a feedback control, which consists in amplifying
the derivative of the intensity to perturb the laser gain.
The feedback system has been performed experimentally
on the Super-ACO FEL for different control parameters.
The stabilized steady state solution has been fully ana-
lyzed. The obtained experimental results point out the
fact that the stabilized solution let the power and stabil-
ity to get close to the one of perfect tuning. By analyzing
the position of the center of mass of the laser pulse with
respect to the bunch longitudinal distribution one, it has
been demonstrated that the feedback does not bring back
the laser in zone 3, but stabilizes the steady states coex-
isting with the pulsed one for the same parameter values.
Thanks to this feedback system, the pulsed regimes are
suppressed in favor of a cw laser. It extends the zone of
detuning for which the laser is cw and opens up new per-
spective for users application on SRFEL. The feedback
system should a priori be applied with the same tech-
nique on FEL, which present a pulsed regime coexisting
with an unstable steady state solution. The instabilities
of the electron beam may affect the stability of the FEL.
As the instabilities should be different depending on the
Storage Ring, the feedback system should be adjusted to
the nature of the laser intensity.
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