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We show that the macropulse instability affecting storage ring free-electron laser (FEL) oscillators can

be suppressed using a delayed optical feedback. The principle, known as coherent photon seeding,

consists in reinjecting a very small part of the laser output in the laser cavity in order to create a new

deterministic solution. The feedback is shown to be efficient over a large range of the detuning parameter

of the FEL cavity, even with very small fractions of reinjected power (<10�8 here from inside to inside

the cavity). The experiments have been performed on the UVSOR-II storage ring free-electron laser.
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I. INTRODUCTION

Free-electron lasers (FELs) are coherent light sources
based on the interaction between relativistic electron
bunches and a spatially periodic magnetic field [1,2].
They emit femtosecond/picosecond laser pulses synchro-
nized with the electron bunches. In the so-called oscillator
configuration, the laser pulses experience round-trips in
an optical cavity, and are synchronously pumped by the
electron bunches. The FEL dynamics is mainly governed
by the synchronism between the optical pulses and the
electron bunches either circulating in a storage ring [3,4]
or coming from a linear accelerator [5–8].

In storage ring FEL oscillators (SR-FELs), except near
perfect synchronism, where the FEL emits stable pico-
second pulses of constant amplitude, dynamical instabil-
ities are systematically observed. As a main reason, the
dynamics become hypersensitive to noise, in a way that

is formally equivalent to the case of classical actively
mode-locked lasers [9]. At small values of the detuning,
the pulse train remains relatively regular, and the instability
affects the internal structure of the FEL pulses [10]. At
larger detunings, another instability leads to full scale
modulations of the envelope of the laser pulse train. This
regime, called ‘‘macropulse instability’’ in the case of
SR-FEL, has a deterministic origin [5,11,12], and shares
deep similarities with classical mode-locked lasers [9,13].
Those unstable regimes, either of deterministic or sto-

chastic origin, have motivated studies about their control or
suppression. In the case of the macropulse instability, it
has been shown theoretically [11,12] and experimentally
[14–17] that the envelope can be controlled using an
optoelectronic feedback. Besides, control of the internal
pulse structure instabilities (at a picosecond scale) required
a different type of control strategy. A particularly efficient
strategy is to use an all-optical feedback technique, known
in classical laser physics as coherent photon seeding
[18–20]. The success of noise suppression (or increase of
coherence) has been demonstrated in the case of the
UVSOR SR-FEL [21].
In this paper, we focus on a surprising side effect of this

all-optical feedback (originally designed to increase the
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coherence of the individual FEL pulses): the suppression of
the macropulse instabilities themselves. First, we will
present experimental results obtained on the UVSOR-II
SR-FEL, and show, in particular, that, depending on the
feedback delay, the macropulse instability domain can be
entirely stabilized. Then, the stabilization process will be
investigated numerically, and from the nonlinear dynamics
point of view.

II. EXPERIMENTS

The experimental setup is displayed in Fig. 1. On the
UVSOR-II SR-FEL oscillator, we applied an optical feed-
back using a simple plane aluminum mirror, placed at a
distance of the order of 13.3 m (the choice of this value will

be explained below). The storage ring operates with two
electron bunches, and the FEL is tuned at 420 nm. The fast
evolution of the FEL output is monitored with a double
sweep streak camera (Hamamatsu C5680), allowing to
record directly the pulse shape with a resolution 2 ps. In
parallel, the optical spectrum is also monitored using a
specially designed real time spectrum analyzer composed
of a planar-planar Fabry-Pérot etalon followed by a CCD
line scan camera (Fig. 2). The sweeps of the streak camera
and the recordings of the CCD camera are synchronized.
This allows simultaneous single shot recordings of the
evolution of spectra and shapes.
The feedback is expected to have an effect when

the delay �F is small (of the order of the bunch duration
�B), or near a multiple of the cavity round-trip time
�R, namely,

�F ¼ n�R þ �� (1)

with �� ¼ Oð�BÞ: (2)

Here we choose n ¼ 1, i.e., a distance of the order of
13.3 m. Compared to the n ¼ 0 case, this choice allowed
us to explore the effect for any sign of the delay ��.
From a practical point of view, adjustment of the key

parameter �� over a range Oð�BÞ corresponds to the dis-
placement of the feedback mirror position �L ¼ 2�� over
a range of a few centimeters. A consequence is that stabil-
ity of the feedback delay was not a dramatic issue (as
would have been the case, e.g., if interferometric precision
would have been required). Moreover, stabilization did not
require the use of optics for matching the feedback mode
on the laser mode. Instead, we let the laser beam freely

LCL FP CCD

FIG. 2. System used for recording the temporal evolution
of the optical spectrum. The laser beam is focused by a
cylindrical lens (CL), 5 cm length, on a Fabry-Pérot interfer-
ometer (FP) EXFO TL15, used as an etalon (Finesse >100,
spacing 0.5 mm). The far-field interference figure is then
imaged, using the lens (L) with 10 cm focal length onto a
Perkin-Elmer LD3541 CCD line scan camera (512 pixels,
67 000 lines=s).

FIG. 1. Experimental setup. The feedback mirror is placed
outside the FEL cavity at distance Lþ �L, where L is the cavity
length (13.3 m). The feedback mirror position can be changed
allowing one to produce a positive or negative delay ��L. The
other FEL output is monitored using a double sweep streak
camera and a real time spectrum analyzer. OK is the optical
klystron. M2 is the output coupler (with 0.4% transmission, and
6 m radius of curvature).M1 is a high reflection mirror (with 8 m
radius of curvature). M3 is a plane highly reflecting feedback
mirror.

(a)

(b)

(c)

(d)

FIG. 3. Experimental suppression of the macropulse instability
of SR-FEL using an optical feedback. Upper figures are double
sweep streak camera images of the FEL output, lower figures are
associated optical spectra. (a), (b) Macropulse instability without
feedback; (c), (d) with optical feedback. The feedback delay is
�� ¼ 130 ps (i.e., a mirror position shifted by �L � 2 cm
from the reference position). The fraction of reinjected power
is 0:5� 10�8 (intracavity power reinjected inside the cavity).
The rf frequency detuning is around 6 Hz. Each streak camera
recording is synchronized with its corresponding spectrum.
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diverge and diffract, leading to a beam diameter in the
several cm range (detailed calculations are given in the
Appendix). This point was of great practical interest, as it
relaxed considerably the need for transverse stabilization
of the feedback mirror.

A typical result showing the efficiency of the optical
feedback for the suppression of the macropulse instability
is displayed in Fig. 3. Figure 3(a) shows a double sweep
streak camera image of the FEL output in a regime of
macropulse instability. The optical spectrum, Fig. 3(b),
displays a pulsed structure with a very large width.

When the optical feedback is applied, the pulsed envelope
is replaced by an almost constant envelope as shown in
Fig. 3(c). This stabilization of the envelope is also clearly
visible in the time-resolved optical spectrum recording,
displayed in Fig. 3(d) (in addition to the already known
spectral narrowing [21]). Note that the presence of two
horizontal lines in the optical spectrum of Fig. 3(d) may be
coming from additional reflection. This is currently under
investigation but beyond the scope of this paper.
To obtain information on the parameter ranges allowing

control, we performed systematic recordings of the FEL

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

FIG. 4. Systematic investigation of bifurcation diagrams (detuning curves) of the free-electron laser versus feedback mirror position
�L (feedback delay is �� ¼ 2�L). (a) �L ¼ þ5 cm; (b) �L ¼ þ4 cm; (c) �L ¼ þ3 cm; (d) �L ¼ þ2 cm; (e) �L ¼ þ1 cm;
(f) �L � 0 cm (defined as the value of �L giving an approximately symmetric diagram); (g) reference curve without feedback;
(h) �L ¼ �5 cm; (i) �L ¼ �4 cm; ( j) �L ¼ �3 cm; (k) �L ¼ �2 cm; (l) �L ¼ �1 cm.
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detuning curves versus feedback delay (Fig. 4). These data
show that the macropulse instability can be suppressed
over a large domain of rf detuning that can reach—for
a proper choice of the delay—half the detuning curve
[Figs. 4(c) and 4(j)]. In addition, by using a positive or
negative relative position �L of the mirror, it is possible to
control the positive or negative domain of the detuning
curve, as in the cases of Figs. 4(c) and 4(j).

The amount of feedback can be evaluated by calculating
the projection of the reinjected Gaussian beam onto the
FEL cavity mode, and taking into count the reflection
coefficient of the output coupler. The fraction �2 of intra-
cavity power that is reinjected on the FEL mode inside the
cavity can be written as

�2 ¼ T2
OCRFMj�j2; (3)

where TOC is the transmission of the output coupler
(this mirror is traversed 2 times), RFM is the reflection
coefficient of the feedback mirror, and � is the overlap
integral (scalar product) between the reinjected beam and
the FEL cavity mode. Calculation of the overlap integral is
detailed in the Appendix, assuming Gaussian beams with
perfect alignment. The overlap factor is a small parameter
(j�j2 � 1:6� 10�3), and the overall feedback coefficient
(fraction of intracavity power reinjected inside the cavity
mode) is

�2 ¼ 0:57� 10�8: (4)

III. NUMERICAL RESULTS AND
INTERPRETATION

Numerical investigation of the SR-FEL dynamics may
be performed using the well-known Haus master equation
approach commonly used for mode-locked lasers
[9,13,22–24], and established independently for FELs
[25,26]. Haus-type models basically describe the evolution
of the successive complex envelopes of field profiles enð�Þ
(with � defined by � ¼ z=c and z the longitudinal coor-
dinate of the pulse) at each round-trip n. Here the series
enð�Þ is taken in synchronism with the electron bunch
passage. We are thus in the presence of a spatiotemporal
system for which the relevant space is �, and the relevant
time is the round-trip number n. The continuous limit is
taken, so that we transform the discrete time n into a
continuous ‘‘slow time’’ T [22].
The evolution of eð�; TÞ obeys the dimensionless equa-

tion [9,10,21]:

eTð�;TÞ¼�eð�;TÞþgðTÞfð�Þ½eð�;TÞþe��ð�;TÞ�
�ve�ð�;TÞþ ffiffiffiffi

�
p

�ð�;TÞþ�eð�þa;TÞ; (5)

where the slow time T associated with the round-trips is
expressed in units of the field cavity lifetime �c (typically
in the microsecond range). The fast time � resolving the

pulse shape is expressed in units of tu ¼ �=ð ffiffiffi
2

p
�!gÞ (in

the subpicosecond range) with �!g the gain width of the

operating line [27]. Physically the diffusion operator ac-
counts for the finite linewidth of the gain [22]. Note that a
first derivative operator of the form �gðTÞfð�Þ@�e [22,26]
is also present, and accounts for the refractive index of the
gain medium (lethargy) [22,26]. This latter is neglected
because it is not found to affect significantly the results
(only a shift of the bifurcation points in v by �v), for the
parameters considered here. v expresses the mismatch
between the period of the electron bunch passages Te and

the laser cavity round-trip time TL: v ¼ TL�Te

TL

tU
�c
. v plays

the role of an advection velocity (in units of tU=�c) and is
the main control parameter of the FEL. v can also be
expressed in function of variation of the rf frequency

��rf: v ¼ ��rf

�rf

�c
tU
.

The gain shape due to the electron bunch longitudinal
distribution is characterized by fð�Þ ¼ expð��2=2	2

bÞ,
where 	b is the bunch duration in units of tu. The effect
of spontaneous emission is taken into account by the white
noise term �ð�; TÞ with h��ð�0;T0Þ�ð�;TÞi¼�ð���0Þ�
�ðT�T0Þ. The level of noise is controlled by the parameter
�, which is purely phenomenological. The gain dynamics
gðTÞ depends on the precise accelerator and insertion
device (undulator system). A simple expression for a stor-
age ring can be written in dimensionless units as [8,28]

gðTÞ ¼ A

	ðTÞ expf�½	2ðTÞ � 1�=2g (6)

(a) (b)

(d)(c)

(e) (f)

FIG. 5. Numerical solution of the FEL model (5). Left figures
are the pulse shapes versus time jeð�; TÞj2, and right figures are
the optical spectra [j~eðk; TÞj2, where ~eðk; TÞ is the Fourier trans-
form of eð�; TÞ]. The four upper figures correspond to realistic
conditions: without feedback [(a) and (b)], and without feedback
[(c) and (d)]. The two lower figures are reference cases (with
feedback), considering an artificial condition where the sponta-
neous emission noise � is taken equal to zero. Parameters are
v ¼ 6, � ¼ 1� 10�4, and a ¼ 600. � ¼ 1� 10�14 for (a)–(d),
and � ¼ 0 for (e) and (f).
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with
d	2

dT
¼ 1

Ts

�
1� 	2 þ

Z L

0
jeð�; TÞj2d�

�
: (7)

Equation (6) links the gain g to the energy spread 	, which
is the rms width of the electron energy distribution in units
of its value without laser emission. A is the maximum
gain in units of the cavity losses (laser operation requires
A > 1). Equation (7) accounts for the relaxation of 	2, and
the bunch heating by the laser which provides the gain
saturation process. The heating relaxation time Ts is equal
to the synchrotron damping time in units of the field cavity
lifetime (Ts � 1). L is the round-trip time in units of tu.

The feedback is applied through the term �eð�þ a; TÞ,
with � and a the gain and the feedback delay (shift
parameter), respectively. In the following we use typical
parameters for the UVSOR-II FEL: 1=Ts ¼ 0:0047, 	b ¼
862, A ¼ 4:5, tu ¼ 80 fs, � ¼ 1� 10�14. The unit of T is
�c ¼ 40 
s.

Numerical integration of the model (5) allows one
to study the effect of noise on the feedback process.
Figure 5(a) displays the temporal evolution of the field
amplitude and Fig. 5(b) its associated spectrum in the
‘‘pulsed’’ regime without feedback and in the presence of
noise. When feedback is applied, the pulsed regime can be
suppressed and is replaced by an almost constant ampli-
tude regime with a very narrow spectrum, as illustrated on
Figs. 5(c) and 5(d). These results are in good agreement
with the experimental findings.

As spontaneous noise is known to be an important
ingredient of the FEL dynamics, we have also integrated
the FEL equations in conditions where the noise � is equal
to zero. Indeed, although nonphysical, the results in this
reference case provide important information on the
dynamical processes involved. In Figs. 5(e) and 5(f) is
displayed this reference case (without noise) with the
same parameters as for Figs. 5(c) and 5(d).

At first view, the result may seem trivial, because the two
cases (with and without noise) give almost exactly the
same results. However, this behavior strongly contrasts
with the FEL behavior in usual conditions (i.e., without
feedback), as its behavior is well known to be extremely
sensitive to the spontaneous emission noise [21]. More
precisely, without noise we would observe—instead of a
noisy pulsing laser [Figs. 5(a) and 5(b)]—an FEL in the
‘‘OFF’’ state (zero output power).

Therefore, the interpretation from the nonlinear dynam-
ics point of view can be summarized by the following three
points. The feedback creates a solution that is: (i) new (i.e.,
do not exist without feedback), (ii) deterministic [since it
remains when noise is set to zero, Figs. 5(e) and 5(f)],
(iii) and robust to noise, as (in contrast to the FEL without
feedback).
Moreover, for proper feedback delay, we emphasize that

the amount of feedback can be extremely small, the con-
dition being that the reinjected signal is larger that the
noise level.

IV. CONCLUSION

In conclusion, we showed experimentally and numeri-
cally that the macropulse instability of the storage-ring
free-electron laser oscillator can be suppressed using a
‘‘simple’’ optical feedback. For adequate feedback delay,
the amount of feedback necessary suppressing the insta-
bility can be extremely small (of the order of 1� 10�8

from inside-to-inside the cavity in the experiments). In
addition, we evidenced numerically that this feedback
process is characterized by the creation of a new steady
state solution that is deterministic.
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APPENDIX: CALCULATION OF THE FRACTION
OF POWER REINJECTED IN THE CAVITY

To evaluate the amount of reinjected power, we calculate
the overlap integral between the following two Gaussian
beams at the same location (see Fig. 6): (i) The laser mode
(inside the FEL cavity)—we denote q� the complex cur-
vature radius of the mode just after reflection on the output
coupler M2; (ii) the Gaussian beam provided by the feed-
back mirror, just after passing through M2 (i.e., inside the
FEL cavity)—we denote q�f the corresponding complex

radius of curvature.

−q
−q

+q

f
L=13.3 m

M1 M2

propagation over ~L
mirror

feedback

propagation over ~L

FIG. 6. Illustration of the definitions of the complex curvature radii involved in the feedback coefficient calculations. All radii are
calculated at the same location: the location of the output coupler M2, inside the cavity, and leftwards. q� correspond to the lasing
mode. The feedback beam eventually reinjected and has a complex curvature radius q�f .

SUPPRESSION OF SELF-PULSING INSTABILITIES IN . . . Phys. Rev. ST Accel. Beams 15, 040701 (2012)

040701-5



Assuming perfect alignment, the fraction of power
reinjected by the feedback into the laser mode (from inside
to inside) is

�2 ¼ T2
OCRFMj�j2ðq�; q�f Þ; (A1)

with TOC the transmission of the output coupler
M2, RFM the reflection coefficient of the feedback
mirror. � is the overlap integral defined in a general
way by

j�j2ðq1; q2Þ ¼
jRx¼þ1

x¼�1
Ry¼þ1
y¼�1 ��

q1ðx; yÞ�q2ðx; yÞdxdyj2R
x¼þ1
x¼�1

Ry¼þ1
y¼�1 j�q1ðx; yÞj2dxdy

R
x¼þ1
x¼�1

Ry¼þ1
y¼�1 j�q2ðx; yÞj2dxdy

; (A2)

where �q1 and �q2 are the (unnormalized) Gaussian beam
transverse profile defined by

�qðx; yÞ ¼ e�½ikðx2þy2Þ=2q�: (A3)

The overlap integral may be written in a simple form:

j�j2 ¼ 4
zR1zR2

ðz1 � z2Þ2 þ ðzR1 þ zR2Þ2
; (A4)

where (z1 � z2) is the algebraic distance between the two
waists, and zR1, zR1 are the Rayleigh lengths of the two
beams (we have qi ¼ zi þ izRi).

Hence, we have

�2 ¼ 4
zR1zR2

ðz1 � z2Þ2 þ ðzR1 þ zR2Þ2
T2
OCRFM: (A5)

From the parameters of the cavity, we deduce

q� ¼ ð�6þ 1:51iÞ m; (A6)

and the complex curvature radius of the intracavity laser
mode just before reflection on M2:

qþ ¼ ð6þ 1:51iÞ m: (A7)

q�f is deduced from qþ taking into account the traverse

of the divergent lens (focal length �12 m) formed
by M2, the free propagation (2� 13:3 m), and the second
traverse of M2:

q�f ¼ ð8:61þ 0:055iÞ m: (A8)

Substituting q1 and q2 by q�f and qþ in Eq. (A4), we

can now calculate the value of the overlap integral: j�j2 ¼
0:001 64, and the values of feedback coefficient: �2 ¼
T2
OCRFMj�j2 ¼ 0:565� 10�8.
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066504 (2005).

[15] C. Bruni, M.-E. Couprie, D. Garzella, G. Lambert, G.-L.
Orlandi, M. Danailov, G. D. Ninno, B. Diviacco, M.
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