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The growth and saturation of a storage ring free electron laser (SRFEL) is driven by the beam
behavior, including bunch lengthening or coherent modes of longitudinal motion (the bunch length be-
ing related to the energy spread), detuning effects, and modification of the bunch distribution by the FEL
interaction; all of these phenomena are accumulated for various passes, leading to complex dynamical
processes. The knowledge and understanding of the dynamics, together with the stability over time are
essential for efficient use of SRFEL sources. This is illustrated with the Super-ACO FEL experiment,
analyzed from growth from the positron bunch to laser saturation and induced positron beam
modification. Stability analysis (jitter, shape, intensity) is then performed carefully. A longitudinal feed-
back system can significantly improve it. Information provided with a streak camera reveals the distri-
bution of a single FEL micropulse or synchrotron radiation pulse without any averaging or sampling.

PACS number(s): 41.60.Cr

I. INTRODUCTION

A. General motivation for the study of the temporal
stability for a storage ring free electron laser (FEL)
source for users

FELs are coherent, tunable, pulsed light sources, first
demonstrated nearly 20 years ago [1]. Largely developed
in the infrared where the gain is rather high, several user
facilities based on linear accelerator or a Van de Graaff
accelerator are spread over the world in such a spectral
range. As far as the uv is concerned, the gain drops and
high beam quality is required, leading to the use of
storage rings [2—5] or recent and challenging technolo-
gies of photoinjector and microundulator on linear ac-
celerators [6]. Table I compares the different perfor-
mances of such sources, and mentions the projects under-
way. Storage ring FELs now provide reliable FEL
sources for use, especially on (UVSOR) [4] and on An-
neau de Collisions d’Orsay (Super-ACO) i.e., Orsay col-
lision ring [2], where dynamics is actively studied. The
operating conditions of Super-ACO for the FEL are now
more or less compatible with the users of synchrotron ra-
diation, taking advantage of its temporal structure in the
two bunches mode, opening the possibility of designing a
synchrotron radiation center that offers a variety of tun-
able [infrared (IR) to x rays] radiation from bending mag-
nets and high brilliance insertion devices to a more
powerful, tunable, and coherent FEL source, which can
easily be coupled to synchrotron radiation [7]. The first
experiments performed on the Super-ACO FEL [8,9]
demonstrate that a stage of maturity has been reached,
and that storage ring FELs in the uv-vuv range are com-
petitive compared to conventional lasers. Nevertheless,
the stability is a critical issue for operating a storage ring
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FEL as an user source: both longitudinally and transver-
sally, for temporal scales ranging from the ps scale (the
micropulse duration range) to half an hour (a typical user
data acquisition time). These features will be discussed
mainly on the Super-ACO FEL, but the different theoret-
ical explanations related to the experimental results can
reasonably be extended to the other projects or facilities.

B. Recall of the fundamental principles of FELs

The amplifying system results {from the interaction of
relativistic electrons in a permanent periodic magnetic
field with the optical waves. The electron beam passes
through the sinusoidal vertical magnetic field of the un-
dulator, emitting synchrotron radiation on the fundamen-
tal wavelength A and its harmonics according to

A=—(1+K?*/2), (1)
2y

with A, the spatial period of the undulator, the deflection
parameter K =0.94 [A, (cm)] [ B, (T)], B, being the peak
magnetic field of the undulator, and y the normalized en-
ergy of the particles. By storing this radiation in an opti-
cal cavity, and by ensuring a proper synchronization be-
tween the positron bunches and the optical pulses (so-
called “detuning”), the energy exchange occurring be-
tween them into the undulator can lead to light
amplification, to the detriment of the kinetic energy of
the electrons and to the laser effect. Such sources are
simply tunable by a simple modification to the magnetic
field of the wundulator. The laser transverse-
electromagnetic mode is generally TEM,y, defined by the
design of the optical cavity. The 10-h duration of the uv
Super-ACO FEL for an injected positron beam of 120-
mA at 800 MeV, and the reasonable output power (100
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mW of available output power, the highest for uv FELs)
made the dynamical studies, including streak camera ex-
periments, rather easy to perform.

C. First applications of storage ring FELs

Dynamical studies are really motivated by the im-
provement of the SRFEL sources for users, and the first
applications carried out on Super-ACO pointed out some
critical stability requirements. So far, the feasibility of
using the Super-ACO storage ring as a uv light source
was demonstrated with the study of polarized fluores-
cence decays of the reduced nicotinamide adenine dinu-
cleotide coenzyme in aqueous solution, using the single
photon counting (SPC) technique [8]. A complete
fluorescence experiment required about 30 min of data
acquisition, during which the best integrated instrumen-
tal response had a full width at half maximum (FWHM)
of 110 ps with fluctuations of the absolute position of the
apparatus function smaller than 5-10 ps, and a high
number of counts (10° at the maximum). The tempera-
ture dependence of the two measured lifetime com-
ponents led to the thermodynamical parameters of the
conformational equilibrium, in good agreement with oth-
er spectroscopic techniques. The fluorescence anisotropy
decays versus temperature provides an apparent hydro-
dynamic radius of the folded form (in good agreement
with the results obtained with the method of van der
Waals) and indicates a fast independent motion of the
nicotinamide ring. The quality of the collected data fully
meets the requirements for the study of more complex
systems, such as fluorescent compounds bound to pro-
teins or membranes.

Moreover, pump-probe experiments are now under-
way, using both the uv FEL and the synchrotron radia-
tion from the Super-ACO storage ring, both naturally
synchronized, polarized, and tunable: the dynamics of
the intermediate state excited by the pump beam and
characterized by the probe source being analyzed by
varying the delay between the two-light source (between
1 and 120 ns Super-ACO). Such a pump-probe technique
opens a wide field of applications for storage ring FELs,
where synchrotron radiation covers from the infrared to
x rays, and can be applied to various scientific fields. The
first results were obtained in interface physics for the
study of the surface photovoltage effect at the
semiconductor-metal interface [9-11]. Other experi-
ments are planned for the photoionization of excited heli-
um [9] or FEL induced excitation of photocarriers and
creation of photofragments probed by infrared synchro-
tron radiation [9]. Such experiments provide a challeng-
ing issue for storage ring FEL sources in the uv, with the
specificity of combining synchrotron radiation.

It is then essential to follow the evolution of the tem-
poral features of such sources, and to understand how the
dynamics takes place for this complex system. This pa-
per deals with the specificities of FEL dynamics on a
storage ring, with a particular interest on the evolution of
the temporal parameters of the source, starting from the
bunch at the origin of the FEL interaction to the FEL
micropulse, and its stabilization. It is illustrated on the
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super-ACO FEL case, with, of course, a description of
the employed experimental system of temporal character-
ization.

II. GENERAL FEL TEMPORAL CHARACTERISTICS

SRFEL has a pulsed structure at a high repetition rate,
resulting from the passes of the stored bunches in the
storage ring, but it can produce series of macropulses at
the ms range, depending on the detuning (synchroniza-
tion between the electron bunches circulating in the ring
and the optical pulses bouncing in the optical cavity) and
the stability of the various components involved in the
laser oscillation (electron beam, thermal distortion of
mechanical equipment, etc.). Table II gathers the micro-
temporal characteristics of the uv SRFELs.

A. FEL microtemporal structure

The temporal structure of a storage ring FEL first re-
sults from that of the electron beam from which it is gen-
erated; generally, with a small number of stored bunches
in order to avoid the bunch to bunch longitudinal oscilla-
tions, leading to a rather high repetition rate (of the order
of the MHz). The FEL micropulse duration is 5 to 20
times shorter than the electron bunch, because the
amplification occurs for the maximum of electronic den-
sity (see Table IT). On Super-ACO, the two bunches of 90
to 300 ps rms, depending on the current, lead to a FEL
micropulse of 50 ps FWHM in average for perfect tuning
[12], with the presence of a jitter reaching values as big as
200 ps. It can be noticed that, on UVSOR, the use of a
harmonic cavity leads to 70 ps rms electron bunches and
the FEL offers the shortest pulses (i.e., 15 ps FWHM).
Nevertheless, it would be difficult to reach the fms range,
because of the associated reduction of Touschek lifetime
associated with very short electron bunches; FEL driven
by LINAC with a photoinjector should be preferable for
that purpose.

B. FEL macrotemporal structure

Storage ring FELs can present, in addition to the ps
structure, a macrotemporal behavior at the ms scale, ei-
ther for bad beam stability of for particular conditions of
detuning, with a natural frequency depending on the laser
risetime and the synchrotron damping time (see Table II)
or synchronized on line, on its multiples and harmonics.
It results from a kind of oscillations of relaxation between
the laser rising intensity and the energy enhancement
damped in the ring [13]. This pulsed structure can also
result from any type of instability, and is widely observed
on storage ring FELs [2--5]. When the frequencies are
close to a line or its harmonics, any line perturbation can
drive the laser to a pulsed regime. With an artificial gain
modulation, the laser can adopt a chaotic regime [14]; a
high stability is thus imperatively required. The mea-
surements with the streak camera are then possible be-
cause of the presence of these ‘“‘continuous” regions of
operation of the Super-ACO FEL (at perfect synchron-
ism, and far from perfect synchronism); the high stability
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could result from the use of positrons. On the UVSOR
storage ring FEL [4], the laser is pulsed for perfect synch-
ronism.

C. FEL behavior versus detuning

The dynamics of storage ring FELs is highly dependent
on the tuning condition (synchronism between the optical
pulses in the optical cavity and the bunches stored in the
ring). When the stored beam is not very stable, coherent
motion or rapid perturbations lead to a pulsed FEL at the
ms range, as was usually observed in the first experi-
ments. Nevertheless, the improvement of the beam sta-
bility with the newly built storage rings led to a reprodu-
cible behavior of the FEL macrotemporal structure
versus detuning. On Super-ACO, one can distinguish five
zones of operation (see Fig. 1) [15]. Around area 3
around perfect tuning, the laser power is maximum, the
temporal and spectral widths of the laser micropulse are
minimum, the temporal structure of the laser at the mil-
lisecond scale is cw, but the laser micropulse presents
some jitter and intensity fluctuations. In the two adjacent
zones (2 and 4), with a slight detuning, the laser is pulsed
at the ms range, the widths of the distributions are
enhanced, and the power is smaller. The presence of
these two pulsed regions can be explained numerically in
the Super-ACO FEL case [15]. For a larger detuning
(areas 1 and 5), the laser is again cw at the ms scale, its
power is reduced and the widths of the distributions are
enhanced, but the laser micropulse is more stable in posi-
tion and intensity; the FEL was operated under these
conditions for time-resolved fluorescence experiment, be-
cause of the high stability requirements. On UVSOR, the
cw central region is so tiny that only a main pulsed cen-
tral region appears (corresponding to zones 2 and 4) sur-
rounded by two detuned cw regions.

micropulse
453 ps position

laser
intensity

detuning

FIG. 1. Laser micropulse position (upper signal) measured
with the dissector, as explained further, and intensity (lower sig-
nal) recorded with a photomultiplier versus detuning. One dis-
tinguishes five zones: three with a cw structure and two pulsed
regions from both sides of perfect synchronization. The laser
tuning is scanned by a linear ramp applied to the rf frequency
modifying the synchronization between the electron bunch and
the optical pulses (180-um changes on the optical cavity length
corresponds to 1 kHz).

TABLE II. Temporal structure of existing storage ring FELs.

rms laser pulse Repetition rate Laser rise time Synchrotron Natural laser
damping time (ms)

duration (ps)

rms bunch length

frequency (Hz)

(ps) (ns) (us)

90-300
57-130

Experiment

350
125

80
200

120
178

Super-ACO
UVSOR

125

90

900

VEPP3
NIJI-4

500

47

50
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III. EXPERIMENTAL SETUP
AND DATA TREATMENT

Besides a fast photodiode, two types of picosecond di-
agnostics can be used: dissector sampling the distribu-
tion and streak cameras in order to characterize the FEL
micropulse and the electron bunch. The energy spread of
the beam can be optically measured with the spectrum of
the optical klystron, as described here.

A. Dissector

The dissector is a stroboscopic picosecond detector
[16,17] developed at Novosibirsk for the measurement of
periodic events, such as FEL micropulses or synchrotron
radiation. The device is sketched in Fig. 2. The incident
light is focused onto the photocathode, which transforms
it into a temporal distribution. The electron beam is then
deflected onto a slit plane by a high frequency voltage
synchronized with the recurrence of the pulses. A cer-
tain part of the electron bunch distribution passes
through the slit, whose width mainly determines the tem-
poral resolution of the device (of the order of 10—15 ps).
The electron passing through the slit are amplified with a
system of dynodes, and transformed into an electric sig-
nal, which is sent to an oscilloscope. By adding a low fre-
quency scanning voltage to the deflection plates, the
whole distribution can be scanned through the slit. The
sampling is generally performed at 50 Hz, but was recent-
ly increased to 1 kHz for faster detection. The optical
alignment system with a lens and an iris before the photo-
cathode has been changed recently into a cylindrical lens
with a slit, in order to keep the same resolution, whatever
the position of the incident light might be. The dissector
calibration has been checked with an optical delay. The
advantage of the dissector is to provide an electrical sig-
nal that well suitable for feedback systems; but a unique
pulse distribution cannot be observed.

B. Streak camera

1. Experimental setup

The streak camera (Thomson TSN 506 with a uv S20
tube) from Commissariat a I’Energie Atomique-DAM

Focusing plates Deflecting electrodes

Voltage

Low frequency scal\'lning voltage Time
(50 ~10kHz)
High frequency RF voltage (100MHz)

FIG. 2. Principle of the dissector.
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(Centre of Limeil-Brévannes) was installed in Orsay on
the Super-ACO FEL for two series of experiments of a
few months each [13]. Several calibrations can be used:
10, 5, 2, and 1 ns (35 ps/mm), for a phosphorent screen of
4 cm. The laser micropulse extracted from the rear mir-
ror of the optical cavity or the focused synchrotron radia-
tion from a bending magnet can be alternatively sent on
the dissector or the streak camera (see Fig. 3). The FEL
light is selected from the stored spontaneous emission
with an UG11 filter. The light is focused on the entrance
slit of the streak camera with a cylindrical lens, and onto
the photocathode with a uv entrance objective. Both op-
tical beams can also be switched to the dissector.

2. Synchronization

The camera has been synchronized with a clock at 4.17
MHz (corresponding to the revolution frequency)
delivered by the 100-MHz rf cavity of the storage ring
[12], the signal being noncurrent dependent as in the
pick-up electrode signal case. A lock-in system syn-
chronizes the high repetition rate pulses with the trigger
of the camera at 1 Hz. This limited recurrence, at a max-
imum of 10 Hz, has been chosen in order to protect the
sweeping circuit. However, pulses are arriving on the
tube at 8.17 MHz, and it limits the sensitivity of the cam-
era (see Fig. 4). The installation of a rapid shutter could
solve this problem. The operation of the FEL in the Q-
switched mode requires an additional synchronization for
the laser macropulses. With a double sweep streak cam-
era, micropulse or even spectral features [4] can be mea-
sured versus the FEL macropulse, as performed on
UVSOR.

3. Data analysis

The images are collected on 2484 films, then revealed,
analyzed with a microdensitometer [12,18], and the data
are treated using the specific computer code developed
for this purpose on a VAX station computer, in ADONIS,
a language developed in Limeil [18]. The distributions
are analyzed using the moments M; methods, providing
the center of mass of the distribution with M, the root
mean square with M,, the dissymmetry with M3 without
a Gaussian assumption (see Fig. 5). The smaller calibra-
tion is used for the analysis of one laser micropulse, in or-

Synchrotron radiation
rmm the bending magne

Positron beam
User's
experiment
Photo
, ﬂ- (

Mumpller
/ Optical cavity
Mirror Mirror,

' (for spontancous emission)

Interferential filter Streak Camera

—Phase shifter

Synchronization Signal
from Master Oscillator
of the Ring (100MHz)

FIG. 3. Layout of the experiment.
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FIG. 4. Principle of the synchronization. A Stanford DG
535 pulse-shaping adjustable delay gives the 1-Hz synchroniza-
tion signal from the 4.17 MHz by division per 4 X 10%. This sig-
nal is compared to a clock pulse with rocking-lever D, deliver-
ing a very stable signal. A second Stanford DG 535 generator
reshapes the signal and provides a very stable synchronization
signal (jitter smaller than 50 ps). It also allows the synchroniza-
tion signal to be artificially delayed between 100 ps and a few
ms, in order to record several micropulses (FEL or synchrotron
radiation) on the same film. For measuring the FEL in the Q-
switched mode, the synchronization is indicated with dashed
lines: the stable output A is sent on the rf pilot with optical
fibers PCS 600 (Toshiba transmitter-receiver) to ensure the good
transmission of the signal on long distances, in order to kill the
laser gain for a few ms. A second output B triggers the camera
after being artificially delayed by roughly 50 ms, corresponding
to the laser rise time, delay after the reestablishment of the gain.

o
os
“‘//\\.v
os

% 70 0 0 100 %0 200 780 [ra

time (ps)

density (arb. units)
s \>

I TR
time (ps) time (ps)

time (ps) 7

density (arb. units)

FIG. 5. Example of density profile and intensity laser distri-
bution, this latter analyzed by the moments method. Several
FEL micropulses are viewed, which were registered after apply-
ing an artificial delay.
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der to exploit the 10-ps resolution of the detector.
Several pulses, artificially delayed, can be recorded with a
larger calibration.

C. Energy spread measurement

The energy spread is an important beam parameter to
follow because it is directly modified by the FEL interac-
tion and it is strongly related to the electron longitudinal
distribution. It can be measured with the horizontal
beam size in a location with a dispersive function.
Another very precise method is provided by the spectrum
of the optical klystron, specifically designed to enhance
the FEL gain compared to the simple undulator
configuration [19] for a rather short available straight
section of the ring. It is constituted of two identical un-
dulators of N periods separated by a dispersive section,
creating a large wiggle of magnetic field, introducing the
interference order N, between the two undulators. The
obtained radiation results from the interference from the
undulators, as for two Young slits in optics. An example
of the spectrum is given in Fig. 6(a). The equivalent of
the optical contrast is the modulation rate f, mainly
determined by the energy spread of the beam (o,/7),

f=foexp[—872N+N,(ay /)], )

fo being the residual modulation rate due to other contri-
butions. Since the gain is the derivative of the spontane-
ous emission [20], it is enhanced with this fringe struc-
ture.

3
80x10 —
> 60
ol
@ 40—
2
£
204
o
T T T T T
3000 3200 3400 3600 3800
Wavelength [A]
(a) I= 37 mA
3
30x10
> 20
@
c
2
= 10
0]
i T T T T
3000 3200 3400 3600 3800

Wavelength [A]

(b) : 1=88 mA

FIG. 6. Spontaneous emission of the optical klystron. The
radiation from the two undulator interferes, as from two Young
slits. (a) I=37 mA case of a stable beam, with a modulation
rate of 0.58, N+ N, =114, resonant wavelength of 350 nm. (b)
I=280 mA in the presence of quadrupolar modes: the spectrum
is clearly distorted.
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IV. TEMPORAL FEATURES OF THE
SUPER-ACO FEL MICROPULSE

A. Origin: the longitudinal distribution
of the positron bunch without laser

The longitudinal bunch distribution determines, to
some extent, the laser longitudinal parameters, the gain
of the system, etc. Its modification in presence of the
FEL interaction results from the laser saturation. The
laser does not grow from noise but from synchrotron ra-
diation in the undulator, presenting some preliminary
coherence: spatially (due to the low emittance beam in
Super-ACO, ie., &,=40 nmrad) and longitudinally
(AA/A=1/N, i.e., 5X 1072 for 20 periods in the Super-
ACO case). Roughly, the laser is achieved after one
thousand passes in the optical cavity.

1. Bunch length at zero current

The longitudinal motion of an electron in a storage
ring is described by the two following equations [21]:

4T _ e
dt ’

(3)
9E —[eV (1)~ U,y 1/Eo T, ,

with 7 the temporal coordinate relative to the synchro-
nous electron (de/dt=0), e=AE /E the relative varia-
tion of the energy, ¢ the time, @ the momentum compres-
sion factor, T, the revolution frequency, U4 the radiat-
ed energy per turn, V(¢) the applied rf voltage, e the elec-
tron charge. It leads to a second order differential equa-
tion, with the “synchrotron” pulsation of oscillation Qg,

Qs=(aeV'/E,T,)"? 4)

and the synchrotron damping time 74. Without any ad-
ditional term, due to the stochastic emission of radiation,
the Fokker-Planck equation leads to Gaussian longitudi-
nal distributions. The rms bunch length s, is given by

o,=(ac/Qg)oy/y . (5)

o, is proportional to (ah /V)!/? with oy /y the energy

spread, A being the harmonic number of the rf frequency.
Such a bunch length is measured at quasizero current,
and is of the order of 90 ps rms on Super-ACO for nomi-
nal operation (800 MeV, a=2.48X 1072, V=170 kV,
h=24).

Isochronous operation of the ring (the momentum
compression factor being very small) is very attractive for
providing short electron bunches, and then promising for
FEL [22]. Bunches shorter than 50 ps could be obtained
on Super-ACO but, unfortunately, with a rather poor
beam lifetime or higher emittance. The natural bunch
length could also be reduced by enhancing the harmonic
number of the rf frequency and increasing its voltage,
that is why a 500-MHz rf cavity was initially planned on
Super-ACO, allowing it to provide 40-ps rms bunches. A
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harmonic cavity was installed on UVSOR [4], allowing it
to shorten the bunches down to 50 ps.

2. Effect of the beam current: apparition
of coherent modes of synchrotron oscillation

In fact, for a real beam of intensity I, the electromag-
netic field induced by the beam itself, coupled with the
impedance of the environment (rf cavity, discontinuity of
vacuum chamber, resistive wall, broadband resonator,
etc.) provides an external force to the previous equation
of motion [23]. The stationary solution gives the so-
called “potential well” distortion at rather low current
(with a small modification of the bunch length). When
the current gets higher, i.e., above the threshold of
“anomalous bunch lengthening” (of the order of 8
mA/bunch on Super-ACO) [24], in the so-called “mi-
crowave instability regime,” the electrons in the bunch
start to move in response to the electromagnetic field per-
turbation [25]. In addition, they can also oscillate
coherently close to their natural oscillation synchrotron
frequency, and its harmonics. The modes of oscillations
(dipolar, quadrupolar, hexapolar) depend on the beam
current. The upper limit of current, when the beam be-
comes completely instable (100 mA/bunch on Super-

_
<E h 292
=
4+ =8
S
S
200 L =~
150 4
100 |
60 | Y ‘l | 2 e 2
S B g e POREEWAL W AR SN
1 'f VAN AN M o e
1 NN ity A A Y O i o4
Vet .”H v o e et N g
rtahee § o mp g R R e A 2
30 | A ZLEIIRS oes :
oy S Ay~ P s o N o g A e b o AR g
Prieeny ‘ol e LIRS SR
1. . Mnmrar y P A b kgt by
st A o e Y P T e Sy e
0 At ————}
s
frequency (kHz) 20 kHz

FIG. 7. Synchrotron modes of oscillations observed on the
sidebands of a high harmonic of the revolution frequency (292),
versus the stored current in two bunches on Super-ACO. There
are octupolar modes (O) at 46.4 kHz, hexapolar modes (H) at
36 kHz, quadrupolar modes (Q) at 25.5 kHz, and dipolar modes
(D) at 12 kHz (mainly damped with a feedback system).
E =800 MeV and Vrf=170kV.
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ACO) provides the maximum current filling in the ring.

The coherent modes of oscillations can be visualized in
the frequency space on a spectrum analyzer (Marconi)
with synchrotron radiation collected by a pick-up elec-
trode. The spectrum analyzer is centered on a high har-
monic of the revolution frequency (A =292) and presents
sidebands on the harmonics of the synchrotron frequency
(of the order of 12 kHz). One can distinguish on Super-
ACO several regimes versus current (see Fig. 7): 200
mA <I <130 mA, octupolar modes; 170 mA <1 <80
mA, hexapolar modes; 110 mA <7 <60 mA, quadrupolar
modes; I <60 mA, stable beam (dipolar modes damped
with a longitudinal feedback [26]). The current range is
determined by the beam response to the oscillator, and
depends on how it has been excited. For instance, a 70-
mA beam can be stored on Super-ACO without quadru-
polar modes of oscillations; they have not been excited
yet. For some current range, several modes of synchro-
tron oscillations are simultaneously present. These
modes can be represented in the phase and time spaces
according to Fig. 8. The bunch is actually submitted to
coherent modes of synchrotron oscillations [26], so to the
following behavior in the bunch referential [21],

s =sqsin(nQgt) . (6)

The dipolar mode corresponds, for instance, to a rigid
motion of the distribution, the quadrupolar to a long and
flat form changing into a short and high form; hexapolar
modes lead to clearly asymmetric shapes. The frequency
of the quadrupolar mode is twice that of the dipolar
modes because the elliptic shape in the phase scape has a
twofold symmetry.

In the time domain, these coherent modes of oscilla-
tions can be observed with the dissector operating
without ramping voltage (see Fig. 9) [27].

YQ)

—
_YE>_
> 1

Phase Space Line Density Aom +

FIG. 8. Representation of the coherent synchrotron modes
of oscillation in phase space and in time space.
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FIG. 9. Observation of the coherent modes of oscillations in
the time domain with the dissector: in that case, the linear
sweeping ramp voltage is not applied to scan the entire distribu-
tion, and the displacement of the distribution around the slit is
recorded vs time. These coherent synchrotron oscillations
could also be observed by recording the temporal evolution of
the intensity of a fringe of the optical klystron.

3. Evolution of the bunch distribution
versus current

The streak camera allows one to measure the shape of
the longitudinal bunch distributions of single bunches
versus current in the range where coherent synchrotron
modes are present (see Fig. 10). Obviously, the bunch
distribution is not Gaussian. Several records were per-
formed for the same current and show some shape
change, according to Fig. 8. One can distinguish the qua-
drupolar modes with a long (flat) shape evolving to a
short (high) shape [see Figs. 1(h), 2(f), 2(h)] and sextupo-
lar modes with clearly asymmetric shapes [see Figs. 1(d),
1(e), 2(b), 2(e), 2(f)], and octupolar modes with hollows
sometimes [see Fig. 1(e)] and complex distributions.
Various modes can be superimposed, so it might be more
difficult to recognize the shape of the distribution. Such
shape modification has been also observed at Berliner
Elektronenspeicherring-Gesellschaft fiir Synchrotron-
strahlung (BESSY) [28].

Figure 11(a) illustrates the rms values of the positron
bunch distribution measured with the streak camera, and
analyzed with the moments method. The dispersion of
the data measured with the streak camera results from
the rapid variation of the longitudinal distribution of the
positron bunch. The values measured with the dissector
are in rather good agreement. Dissector measurements
here were not averaged on the oscilloscope, but over the
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various records saved in the computer, and great care is
taken on the data analysis. If not so, a greater discrepan-
cy is found between the data, the wider values from the
dissector measurements resulting from the averaging of
the stroboscopic detection under the regime of turbulent
motion of the particles in the bunch. The analysis of the
moment of third order provides information about the
asymmetry of the distribution measured with the streak
camera, as shown in Fig. 11(b). The evolution of the
bunch length versus I can be scaled for microwave insta-
bility as
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FIG. 10. Shape of the longitudinal bunch distribution vs
current (streak camera measurements), for two series of mea-
surements performed with the streak camera. 1(a) 172.4 mA
(0), 1(b) 163.9 mA (O+H), 1(c) 149 mA (O +H), 1(d) 141 mA
(O+H), 1(e) 129.3 mA (O + H) with a clear hole in the middle
of the distribution, signature of an octupolar mode of oscilla-
tion, 1(f) 117.4 mA (H), 1(g) 109.8 mA (H+Q), 1(h) 98.8 mA
(Q). 2(a) 156.8 mA (0), 2(b) 137.3 mA (O +H), 2(c) 126.3 mA
(O+H), 2(d) 115.6 mA (H+Q), 2(e) 105.8 mA (H+Q), 2(f) 96
mA (H+Q), 2(g) 87.3 mA (H+Q), 2(h) 73 mA (Q). These ex-
perimental shapes should be compared to the theoretical ones in
Fig. 8, according to the type of modes versus the current given
in Fig. 7. (O for octupolar, H for hexapolar, Q for quadrupo-
lar.)
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FIG. 11. Evolution of the positron bunch longitudinal distri-
bution vs current per bunch in Super-ACO. (a) Streak camera
measurements (squares) and dissector (at 800 MeV, triangles
and at 600 MeV, crosses). (b) Streak camera measurements at
800 MeV: dissymmetry.

Ula(§ZOR3)1/(2+a) , 7

with R the machine radius, Z, the impedance parameter,
&=Ia/vE, with a the momentum compression factor.
The fit with the dissector gives a =0.79 and 0.57 with the
streak camera, not so far from a =1, the limit for very
long bunches [25,28]. The bunch length values are identi-
cal at 600 MeV down to /=3 mA/b and at 700 MeV
down to =8 mA/b, providing some information about
the threshold of anomalous bunch lengthening, from
which one could deduce the effective impedance.

4. Evolution of the energy spread versus current

The knowledge of the energy spread versus current is
also a good diagnostic of the longitudinal behavior of the
bunches. Figure 12 shows the evolution of the energy
spread versus current measured with the spectrum of the
optical klystron, and can be compared to Fig. 8. A
strange behavior is observed below the threshold of mi-
crowave instability, with even a reduction of the energy
spread when the current increases. With the spectrum of
the optical klystron, the energy spread can be properly
measured in the range of current where the dipolar
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FIG. 12. Evolution of the energy spread of the bunch vs
current, recorded with the fringes of the optical klystron spec-
trum.

modes of synchrotron oscillations are damped by the lon-
gitudinal feedback, but in presence of quadrupolar modes
of coherent synchrotron oscillations, the optical klystron
spectrum is completely modified [see Fig. 6(b)], because
the distribution is moving and changing in shape during
the acquisition time of the spectrum. The behavior of the
energy spread and the bunch length are similar.

5. Comparison of the operation
with 24 bunches or 1 bunch

For the 24 bunches operation of the Super-ACO, the
coherent modes of synchrotron oscillations from the
different bunches couple together, leading to a really un-
stable beam, due to the bunch to bunch longitudinal os-
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FIG. 13. Comparison of the stability with two stored
bunches and 24 bunches observed with the signal from a pick-
up station.
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cillations, and consequently, to jitters bigger than 1 ns
(see Fig. 13). Besides, the operation in one single bunch
of Super-ACO is analogous to that of the two opposite
bunches stored in the ring, with the longitudinal feed-
back, the bunch to bunch interaction in that case being
neglectable.

6. Consequence for the FEL operation

The synchronization condition between the positrons
and the light pulses require a very stable beam, so two
opposite bunches, stabilized by a longitudinal feedback
[26], are stored for FEL operation. The presence of
coherent synchrotron oscillations on the beam modifies
completely the longitudinal bunch distribution (non-
Gaussian, distorted spontaneous emission spectrum) and
thus the gain, preventing the laser to start [29] or allow-
ing it to work (with a rather high gain over cavity losses
ratio), but in a rather unstable regime. As a consequence,
the Super-ACO FEL is generally operated with two
stored bunches below 70 mA, the threshold for quadru-
polar and hexapolar modes of oscillations. A recent
operation at 100 mA results from the improvement of the
cavity losses, when the gain G over cavity losses P is not
too small, leading to a laser risetime

7,~Ty/2(G—P) )

the laser can start, even in the presence of coherent syn-
chrotron oscillations. It results also from the fact that
the laser rising time (between 17 and 120 ms) and the syn-
chrotron oscillation period are of the same order of mag-
nitude. Probably, working with shorter synchrotron fre-
quency would improve the situation. The synchrotron
frequency can be reduced with the same means as the
theoretical bunch length (isochronous operation, har-
monic operation of the rf cavity).

B. FEL gain and saturation

1. Gain
The FEL gain in the optical klystron case is given by
Go=1.12X10" (N +N KL, .JJ*fF;p/7*
with
JP=[J(E)—Jo(E)] )

with £=K?/(4+2K?), L, being the length of the opti-
cal kiystron, r the electronic density, F s the filling factor
representing the transverse overlap between the optical
and electron pulses. The gain is increased for lower beam
energies, high beam quality (low emittance), and long in-
teraction region (long insertion device). Nevertheless,
working at low energy on a storage ring dramatically
reduces the Touschek lifetime, whereas several hours of
lasing are required for an FEL source for users (of the or-
der of 10 h in the Super-ACO case).

The gain varies with Nd, the interference order of the
dispersive section, obtained by a simple change in the
dispersive section gap, as illustrated in Fig. 14(a).
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The gain also evolves with the current I [see Fig.
14(b)], and particularly changes below 20—-30 mA. This
results from the electronic density p variation with
current, proportional to I/c,;: above the threshold of
anomalous bunch lengthening, the enhancement of o,
and I compensate; below, o, increase due to potential
well distortion being low; the gain evolution is mainly
dominated by the increase of current. It can be approxi-
mated by

8ol /1y for I<I,,

£~ 8off for I>IO 3 (10)

with g 4=2% and I,=16 mA. For I >70 mA, the gain
relationship, based on a Gaussian distribution for the
bunch distribution, is really approximative.

2. Laser evolution and saturation

The position of the laser micropulse or even of the
stored spontaneous emission compared to the longitudi-
nal distribution determines the gain for a given pass. Of
course, the maximum gain occurs for the laser micro-
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FIG. 14. FEL gain on Super-ACO: (a) vs the interference or-
der of the dispersive section, experimental values at 600 MeV,
630 nm; (b) vs the bunch current, assuming a Gaussian shape.
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pulse centered in the bunch distribution for a perfectly
Gaussian beam, the slippage being neglectible. Neverthe-
less, it has been clearly observed that the bunch distribu-
tion can be asymmetrical, deviating from a Gaussian dis-
tribution. In addition, the perfect tuning condition (1 Hz
over 100 MHz) is very difficult to keep for long, so the
laser tuning condition can easily be modified after several
passes. Such a situation can be modeled with the pass-
to-pass longitudinal evolution [15]:

Vo 1(T)=R?%, (r—e)[ 1+g(T)]+i, , (11)

»y,(7) being the longitudinal profile of the laser pulse, 7
the longitudinal coordinate inside the micropulse (the ori-
gin being taken at the synchronous electron), R ? the mir-
ror reflectivity, € the detuning with respect to the elec-
tron bunch, and i; the spontaneous emission. The total
laser dimensionless intensity 7, is then given by

nw=[""y,ndr . (12)

The evolution of the energy spread is given by

ds

at 20—2)/t, ,
with I=(oy/v*—oy/vi) /oy /vi—0ov/V3s), ov/
Yeq Standing for the energy spread without laser off and
0Y/Yeq With the laser at equilibrium. X=I=1 corre-
sponds to the equilibrium condition. These equations
represent the increase of laser intensity and the start of
the generally admitted saturation process due to the ener-
gy redistribution in the bunch, called “bunch heating.”
The energy exchange between the positron bunches and
the laser pulses modifies the energy distribution, and thus
the longitudinal distribution of the positron bunch. With
an ideal beam (without anomalous bunch lengthening),
the laser interaction should ‘“heat” the beam, enhance the
energy spread, and consequently slightly enhance the
bunch length [30].

In first approximation the longitudinal distribution

profile of the electron bunch can be assumed to be Gauss-
ian, so

g=gq exp(—72/20%) (13)

the laser saturation results from the laser detuning pro-
cess combined with the enhancement of the energy
spread leading to the gain reduction according to

gO-_—goﬂ'(P/goff)2 ’ (14)

8o being the initial gain without laser and P the cavity
losses (P=1—R?). Here, in fact, a competition occurs
between the phenomena responsible for the anomalous
bunch lengthening and the laser heating, and the bunch
length remains smaller than expected. No significant
change was measured with the dissector.

The previous equations lead to the natural laser oscil-
lating period,

T,=2m(r,7,/2)"% . (15)

According to the tuning condition and the relative values
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of 7, and 7, the response of the laser can be damped os-
cillator, leading to a cw regime (as in zones 1, 3, 5 for the
Super-ACO FEL) or an oscillator of relaxation (as in
zones 2 and 4).

In addition, according to (11), the saturation (corre-
sponding to the gain evolution from its initial value to the
losses level) can also result from the laser micropulse
jittering [12] accumulated over passes, without great
modification of the positron bunch distribution. Around
the perfect tuning (corresponding to the maximum initial
gain), the position of the Super-ACO FEL micropulse is
changing rapidly for very small modification of the
synchronization condition (as shown in the upper part of
Fig. 1), so the gain partly decreases from the change of
position of the micropulse compared to the bunch distri-
bution, and from the enhancement of energy spread.
Starting from a detuned condition, the initial gain is
smaller and closer to the losses level, so the FEL micro-
pulse is more maintained in its position and a very small
increase of energy spread is sufficient to saturate. Such a
phenomenon has only been observed on Super-ACO, be-
cause it is the only FEL being cw for a small detuning
range around perfect synchronism, and the electron
bunch distribution is rather wide. When the FEL is
pulsed around perfect synchronism, it is much more
difficult to dynamically follow the FEL micropulse posi-
tion.

C. Laser micropulse narrowing

1. Laser micropulse width

The FEL gain is proportional to the electronic density,
and the FEL builds for the maximum of gain at perfect
synchronism, i.e., around the maximum of the longitudi-
nal distribution of the positron bunch, or when the gain is
equal to the losses when it is detuned (i.e., with a dis-
placement of the center of the electronic distribution).
The laser pulse, generated from the bunch longitudinal
distribution, narrows it by a factor of 5-10, providing an
improved source, compared to synchrotron radiation, for
its temporal structure. When the laser is detuned, the
FEL does not grow from the maximum electronic densi-
ty, so more electrons are required to generate the laser,
and the laser width is wider.

The streak camera measurements of the FEL distribu-
tion width (for various adjustments not too far from per-
fect synchronism) lead to an average value of the order of
25 ps rms, with extreme values of 8 and 44 ps. The histo-
gram of the measurements is shown in Fig. 15.

This FEL micropulse width is smaller than the values
obtained by other ways. The bigger width, measured
with the dissector [15], i.e., 40 ps, results from the in-
tegration by the detector of the laser jitter (30 ps) de-
duced from the relationship

2 =2
adiss—ostreak+ A'rjzitter .

Besides, the instrumental function of the time-resolved
fluorescence performed on a biological sample [8] gave an
rms value of 30 ps, after deconvolution with the estimat-
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FIG. 15. Histogram of the laser micropulse measured with a
streak camera.

ed time-response of the electronics, for a FEL slightly de-
tuned from perfect synchronism for stability require-
ments (without laser longitudinal feedback, see Sec. I and
next section). As a consequence, there is a rather good
agreement between the streak camera and the fluores-
cence experiments. The FEL micropulse width is then
significantly narrower than the positron bunch from
which it originates.

. Nevertheless, with a spectral width of the order of 0.4
A [10,31], the FEL is not Fourier transformed, because
the saturation process occurs too early, when the laser
line has not reached its ultimate narrowing. Recent
theoretical investigations show that the spectral and tem-
poral narrowing of the FEL micropulse could continue
towards the Fourier limit after the gain saturation, if the
beam was stable enough during a sufficient time (ms to s)
[10].

2. Behavior versus detuning
and the dispersive section gap

As mentioned previously (see Sec. II), the position of
the laser micropulse at perfect synchronism is very unsta-
ble; this jitter can detune the laser and modify its satura-
tion. With more careful measurements of the FEL mi-
cropulse versus detuning [see Fig. 16(a)], it appears that
the laser micropulse is minimum, of the order of 20 ps,
for perfect synchronism in zone 3, and the width of its
temporal distribution enhances smoothly with the
desynchronization. The behavior is not completely
symmetrical between zones 1 and 2 and zones 4 and 3,
probably because of the asymmetry of the positron bunch
distribution. The lengthening of the laser micropulse
with the detuning results from a smaller electronic densi-
ty, due to the nonperfect longitudinal overlap. Such a
behavior has already been recorded with the dissector
[see Fig. 16(b)] [17], but not so clearly, because of the
convolution with the FEL jitter. From Fig. 16, the evolu-
tion versus detuning is similar for different gaps of the
dispersive section, corresponding to various theoretical
gains (actually, the experimental gain does not seem to
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FIG. 16. rms FEL micropulse vs the detuning zone and the
dispersive section gap. (a) Measurement performed with the
streak camera. The errors bars correspond to the rms values of
the measurements for each point. (b) Measurement performed
with the dissector: full circles, gap of the dispersive section
=43.5 mm and N,=79; empty circles, gap SD=73 mm and
N,=43; lozenge, gap SD=75.4 mm and N, =41.

depend on the dispersive section gap, except at threshold,
as we could expect from theory).

3. Laser micropulse evolution
versus the stored current

Figure 17 illustrates the laser micropulse for I <20 mA
previously measured with the dissector. The laser micro-
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FIG. 17. Evolution of the laser micropulse width (in ps) vs
the stored current (dissector measurement).

1883

pulse width is reduced for a smaller current, which is
probably related to a diminution of the width of the elec-
tronic density of the positron bunch. For laser threshold,
the measurement gives 30-35 ps; that should, in reality,
correspond to 15 ps, taking into account the widening
due to the sampling of the dissector.

D. Effect of the FEL on the positron
bunch of Super-ACO

1. Longitudinal bunch distribution with the FEL

The laser interaction leads to a small bunch “heating”
of the positron bunch of Super-ACO. The bunch
lengthening is smaller for a detuned FEL, where the satu-
ration occurs more rapidly (see Fig. 18). The relative
enhancement of the longitudinal bunch distribution
width is smaller than the expected value considering the
saturation by energy spread (70 ps), starting from an ideal
distribution. Such a phenomenon has already been ob-
served on the ACO FEL [32], with even a bunch shorten-
ing, resulting from a competition between the anomalous
bunch lengthening and the laser heating. The measure-
ments that were performed with the dissector gave more
or less the same bunch length with and without laser. A
complete theoretical model including all these phenome-
na is underway [33]. Greater bunch lengthenings were
observed on VEPP3 and UVSOR.

2. Effect on the synchrotron sidebands

With high reflectivity mirrors, the laser has been estab-
lished at rather high current (of the order of 120 mA) in
the presence of strong and stable quadrupolar modes of
oscillation. The laser destroys these quadrupolar modes
and fluctuant hexapolar modes of synchrotron oscilla-
tions appear, so the laser heating competes with the phe-
nomena responsible for coherent motion of a quadrupolar
type. Maybe, according to the bunch lengthening due to
the laser, the longer bunch is closer to a situation at
higher current (where the hexapolar modes are present),
but the synchrotron motion is nevertheless less coherent
because of the redistribution of the electrons inside of the
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FIG. 18. Laser induced bunch lengthening measured with
the streak camera.
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bunch due to the heating of the laser, so it could explain
why fluctuant hexapolar lines appear. If the laser is
stopped (mirror misalignment or desynchronization), the
quadrupolar modes reappear (see Fig. 19). The laser in-
duced bunch heating is in competition with the phenome-
na originating these quadrupolar modes. In addition, the
laser establishment leads to a beam lifetime increase of
the order of 1 h. A feedback system on the quadrupolar
modes of synchrotron oscillations (based on a modulation
of the rf voltage at the synchrotron frequency), under de-
velopment, should allow the stabilization of the laser in
the considered current range. The first preliminary tests
showed no coherent motion on the beam with the laser
when the quadrupolar modes were partially damped.

The FEL saturation on Super-ACO is in reality more
complex than the presumed bunch lengthening from sim-
ple theories. Various effects, such as the coherent modes
of synchrotron oscillations, beam excitation, relative
values of the laser risetime, and synchrotron damping
time in the ring can completely modify its dynamics.
Consequently, its stability can also be affected by various
sources of perturbation, as described in the next section.

V. THE SUPER-ACO FEL STABILITY

A. Under natural regime of operation

The Super-ACO FEL stability is first studied for natu-
ral lasing, mainly in zone 3, or slightly detuned in zones 1
and 5. The FEL stability is a very critical issue as far as
using such a source is concerned. The analysis is restrict-
ed to temporal aspect, the spectral features being de-
scribed elsewhere [31]. The laser jittering mentioned pre-
viously (cf. Sec. IT), the possible modification of shape of
the laser micropulse observed with the streak camera,
and intensity fluctuations are detailed here.

1. Laser micropulse jitter

The micropulse jittering (FEL micropulse jittering
around its reference position, corresponding to the center
of mass of the positron bunch longitudinal distribution)
previously observed with the dissector [17,19] was also
measured with the streak camera. In Fig. 5, for example,
the laser micropulses are not regularly spaced in time, al-
though identical delays were applied to the synchroniza-
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FIG. 20. Laser micropulse jitter vs detuning and dispersive
section gap (44, 54, and 70 mm), measured with the streak cam-
era.

tion of the streak camera. The jitter is maximum around
perfect synchronism (see Fig. 1). It is partially responsi-
ble for the Super-ACO FEL saturation [15]. The stability
of the synchronization of the streak camera has been
properly checked with synchrotron radiation with two
stable bunches stored in Super-ACO. In Fig. 20, the mi-
cropulse jitter decreases when the laser is detuned, and
when the gain is smaller. It can reach as much as 200 ps,
especially in zone 3 (see Fig. 1), where the position of the
micropulse is significantly changing compared to a de-
tuned laser, so the laser is much more sensitive to a per-
turbation and can jitter much more.

This jitter occurs at rather high frequency, as observed
with the dissector (up to 1-10 kHz). Rapid changes
could not really be attributed to mechanical distortion or
dilatation, but more probably, to modifications of the lon-
gitudinal bunch distribution, or to sudden excitation or
perturbation on the beam. This jitter is a real prejudice
for time-resolved experiments using the FEL. To damp
it, a longitudinal feedback system specifically designed
has been developed [34], (see Sec. VB 1).

2. Laser micropulse shape modification

A single laser micropulse from the Super-ACO FEL,
observed with the streak camera, does not always exhibit
a Gaussian shape, as shown in Fig. 5: several single laser
micropulses, artificially delayed by 500 ps, show different
shapes, with quite a strong deviation from the Gaussian
one. A change in shape and intensity is observed but the
RMS value remains more or less identical. Such a
phenomenon cannot be observed with the dissector, be-
cause of the averaging over many pulses. The structure
in the micropulse could reveal the presence of several mi-
cropulses inside the same micropulse, as has been ob-
served systematically on the UVSOR FEL [4]. In that
case, the evolution of the macrotemporal structure has
only three zones (with a pulsed laser for perfect synch-
ronism) and the electron bunch is significantly shorter,
resulting in a slightly different dynamics.

However, the observation of non-Gaussian laser micro-
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FIG. 21. Dissymmetry of the laser micropulse recorded with
the streak camera vs detuning and the dispersive section gap; it
is deduced from the moment M3 of the distribution.

pulses does not occur systematically. The laser micro-
pulse asymmetry deduced from the third moment of the
distribution is illustrated in Fig. 21, for various condi-
tions of laser operation. The dissymmetry is reduced for
a detuned laser or for the laser operating at threshold
(dispersive section at a gap of 70 mm). When the gain
over losses is small, the laser saturates, whereas the pulse
narrowing is still very small, but there is no possibility for
various pulses to develop simultaneously because of the
insufficient gain. When the gain is higher, several laser
micropulses could probably develop together, and the
laser dynamics is then very sensitive to perturbations. As
the FEL micropulse is generally Gaussian, the structures
probably do not result from an intrinsic feature of the
super-ACO FEL dynamics. It might be due to some en-
ergy fluctuations, or changes in the longitudinal bunch
distribution of the Super-ACO beam, especially with the
structures observed on records of synchrotron radiation.
A real theoretical interpretation of these structures is,
in fact, very complex, because it requires the complete
study of the FEL dynamics, and in particular, the
response of the system to various perturbations, such as
modification of the current in the magnetic elements of
the ring, of the rf cavity parameters (voltage, frequency
change, etc.), of the cavity length. In addition, modeling
a storage ring FEL is more complex than for a LINAC
type FEL, because of the constant action of the FEL on
the beam, and of the beam on the FEL. Preliminary re-
sults on correlation experiments to investigate the cou-
pled spectral and temporal behavior seem to show that
the laser features are very sensitive to the beam rapid
changes, such as in energy or in the transverse motion.

3. Laser micropulse intensity fluctuation

Related to modifications of shape are observed intensi-
ty fluctuations on the laser micropulse. Figures
22(a)-22(c) give the intensity stability of the delayed
pulses recorded on the same films, for various conditions
of detuning. As previously observed with the dissector, it
appears that the cw detuned laser is more stable in inten-
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FIG. 22. Laser intensity contour vs detuning: (A) perfect tuning, (B) detuning of —3 Hz, (C) detuning of +9 Hz, (D) laser contour

in the Q-switched mode.

sity and position.

The operation of the laser at high current (between 120
and 70 mA, with coherent synchrotron oscillations) leads
to a general pulsed structure, generally on the line har-
monics, for the whole detuning range [see Fig. 23(a)]. Ex-
ceptionally, a fine adjustment of the cavity mirrors and of
the synchronization can lead to a cw FEL [see Fig. 23(b)].
In the usual range of current (70-20 mA), the laser is cw
in the regions 1, 3, 5. In addition, for some specific beam
injections a line modulation appears on the macrotem-
poral structure [see Fig. 23(c)], and no solution has been
found so far to get rid of it.

B. Forced regimes of operation of the FEL

Here the stability of the FEL under forced regimes of
operation, such as in presence of a longitudinal feedback
[34], or in the Q-switched regime, is analyzed. Both
modify the synchronization condition between the FEL
light stored in the optical cavity and the bunches circu-
lating in the ring, by slightly changing the revolution fre-
quency of the particles.

1. Stabilization with a longitudinal feedback system

A longitudinal feedback system detecting the temporal
change (see Fig. 24) of the FEL micropulse, with the
dissector sampling at 300 Hz and readjusting the synch-
ronization condition with the rf frequency, allowed the
laser micropulse jitter, intensity fluctuations, and spectral
drifts to be stabilized [34]. The sampling frequency of the
dissector was recently upgraded from 50 Hz to 1 kHz in
order to compensate rapid changes in synchronization.
For a dissector operating at 300 Hz, the temporal jitter of
the laser micropulse can be reduced to 10-50 ps, the
spectral drift to less than the resolution of a scanning
Fabry-Pérot (0.01 A), and the intensity fluctuation down
to 1% [see Fig. 23(e)]. The feedback can allow the laser
to work without any readjustment during more than 3 h,
as illustrated in Fig. 25 (stabilization over more than 3 h
without any readjustment) with the applied voltage to the
if driver. One also observes from this figure the presence
of sudden transient changes inducing a very rapid
modification in the synchronization. Nevertheless, such
results are achieved for a rather original stable beam, and
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FIG. 23. Macrotemporal structure of the laser (a) at high
current, pulsed structure, strongly synchronized on line, (b) cw
regime, occurring for very specific conditions of detuning and
mirror adjustment (88 mA), (c) case of double modulation de-
rived from line (25 and 350 Hz), (d) natural lasing without feed-
back, (e) with the feedback system (I <70 mA).

it happens that, for some experiments, it is very difficult
to stabilize the FEL, and the feedback is less efficient.
The perturbations might be related to transverse instabili-
ties on the laser, as one could suspect from the rapid
modification of the laser transverse modes under such re-
gimes. This point will be investigated further in the fu-
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FIG. 24. Effect of the longitudinal feedback on the laser in-
tensity and micropulse jitter.

ture. In addition, the feedback can only be established
only below 70 mA, because of the presence of the quadru-
polar modes of synchrotron oscillation above this thresh-
old. The stabilization of these modes of synchrotron os-
cillation is really required in order to insure a reliable
laser stability. However, the longitudinal feedback allows
a better laser source to be provided, which can now be
employed for use at perfect synchronism.

It could be mentioned that such a feedback can be real-
ly efficient at perfect synchronism in the case of a cw nat-
ural lasing for such tuning conditions. If the laser is
pulsed in the central region, as on UVSOR [4], a feed-
back should be developed in the cw detuned region. Oth-
erwise. one can Q-switch the laser at perfect tuning, but it
introduces an additional macrotemporal structure, lead-
ing to different FEL features.

2. Operation in the Q-switched mode

The laser stability is generally improved in the Q-
switched mode. An advantage can be taken from the nat-
ural oscillating laser frequency for operating the FEL in
the Q-switched mode: the gain is artificially suppressed
during 10-50 ms [31] by changing the revolution fre-
quency in the ring by few hundreds of Hz, thus modify-
ing the longitudinal overlap between the electron bunches
and the optical pulses stored in the optical cavity, and
suddenly reestablished. Thus, the laser starts from a non-
perturbated situation, with a rise time of the order of 50
ms and presents a forced macrotemporal structure, a
peak power enhanced by the order of 30, compared to the
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FIG. 26. Comparison between the laser in its natural mode of
operation (a) and in the Q-switched mode (b).

natural mode, and the pulse to pulse intensity is more
stable.

The measurement of the FEL in the Q-switched mode
with the streak camera has been possible with the double
synchronization between the laser micropulses and ma-
cropulses. This measurement is more difficult and less
precise with the dissector, because the ramp and the gain
modulations should be synchronized and the micropulse
has to be deconvoluted from the laser macropulse.

The results obtained with the streak camera, which are
illustrated in Fig. 26 and in the contour plot of Fig. 22,
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confirm the enhancement of peak power, show a more
stable intensity, a shape closer to a Gaussian shape than
in the natural regime. A detuning leads to an enhance-
ment of the laser micropulse width, analogous to the
behavior in the natural operation.

VI. CONCLUSION

It appears that the temporal dynamics of storage ring
free electron laser sources is very complicated, sometimes
involving the presence of several laser pulses inside the
same micropulse and strongly related to the behavior of
the positron bunch from which it is generated. A careful
analysis requires the use of sophisticated detectors, such
as dissectors and streak cameras. Nevertheless, the laser
stability, which is very sensitive to any perturbation, can
significantly be improved with the help of feedback sys-
tems, providing thus a tunable source of a high stability
for various applications.
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FIG. 22. Laser intensity contour vs detuning: (A) perfect tuning, (B) detuning of —3 Hz, (C) detuning of +9 Hz, (D) laser contour
in the Q-switched mode.
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FIG. 24. Effect of the longitudinal feedback on the laser in-
tensity and micropulse jitter.



X

units)

density (arb.

AL

s w e = e w5 m e
time (ps) time (ps) time (ps)

density (arb. units)

time (ps)
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