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High current operation of a storage-ring free-electron laser
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The operation of storage-ring free-electron las€@&®FEL at high current still represents a challenge
because of the growth of longitudinal beam instabilities. One of these, the quadrupolar coherent synchrotron
oscillation, is very harmful for free-electron-lag&EL) operation. On the Super-ACO storage ring, they either
prevent the FEL start-up, or result in a very poor stability of the FEL source. A new feedback system to damp
the quadrupolar coherent synchrotron oscillation has been installed on the ring and the stabilized beam param-
eters have been systematically measured. As a result, the FEL gain is higher and the FEL operates more easily
and with a higher average power. Its stability, which is very critical for user applications, has been significantly
improved as it has been observed via systematic measurements of FEL dynamics performed with a double
sweep streak camerg51063-651X98)10011-9

PACS numbeps): 41.60.Cr, 41.60.Ap

I. INTRODUCTION nal energy of the ring is more compatible with normal users
of synchrotron radiation, providing reasonable lifetime and
Free-electron lasers are coherent tunable sources thpbwer for applications. The Super-ACO FEL is “cw” at
presently cover the wavelength range from IR to the UV.perfect tuning but the laser micropulse can present an impor-
Their principle lies on the interaction between an electrotant jitter resulting either from residual longitudinal instabili-
magnetic wave stored in an optical cavity and a relativisticties of the beam and/or from a slow drift, which probably
electron beam traveling through the magnetic field of an underives from thermal expansion of the cavity mirrors.
dulator[1]. Because of the requirement of a higher electron First applications using the Super-ACO FEL were per-
beam energy with good quality for the ultraviolet radiation, formed in 1993 in biology5] on a coenzyme molecule. One
FELs have been developed either on linear acceleratorgdvantage of a SRFEL is the natural synchronization be-
(FELI[2], Los Alamos3]) or on storage rings, following the tyeen the laser and synchrotron radiation light pulses. This
first sugcessful operation of a SRFEL on Anneau de Colli55 allowed the combination of both sources, for the perfor-
sions d'OrsayACO), Orsay collision ring4]. mance of a pump-probe experiment to study the surface pho-
The length of th? SRFEL optllcallresonator must pe Cal®ovoltage effect in semiconductof§]. These experiments
fuII.y chosen to satisfy the longitudinal sync.hromzat'mn re- notivated a study of the laser temporal behayieg] in
quirement between electron bunches and light pufses order to improve the stability of the laser and to increase its

the “detuning condition’): The electron revolution time in . - .
the ring musgtJ be a multi)ple of the photon round-trip time in average power. First, a longitudinal feedhk efficiently

the cavity. Moreover, the tuning of the laser is precisely ad_reduces the jitter of the laser micropulso .f"flSt (_jnfts of
justed by changing the electron revolution period through 41€ 1aser, probably due to sudden beam position junfifes
slight modification of the storage ring rf cavity frequency. drift of the laser position, measured by the disseftr 11,
The laser temporal structure is intimately related to the delS compensated by a change of the rf frequency so that the
tuning between electron bunches and laser pulses stored fSer is brought back into perfect synchronism. The FEL can
the optical cavity. The laser can be either quasi “continu-b€ kept stable over 10 h with very few readjustments of
ous,” i.e., reproducing the periodicity of the bunches, orMIrrors.
pulsed (due to some beam instabilities or detuning opera- Nevertheless, above 60 mA in the ring, parasitic electric
tion). The maximum average power and the minimum temJields can arise due to the complex interaction petween the
poral width of the laser micropulse are obtained at the perfecglectron bunches and the vacuum chamber and induce strong
tuning. perturbations of the electrons. Depending on their frequency
The gain of the FEL depends both on the beam paramand their location, these fields can lead to a motion of the
eters(energy, electron densjtyand on the insertion device Whole bunch, called coherent synchrotron oscillatioh]
characteristics. The temporal features of the Super-ACO FEL
are described in Table I. We find that operating at the nomi- TABLE |I. List of the Super-ACO FEL temporal structure pa-
rameters at perfect tuning.

*Present address: CEA/SPAM, Centre detude de Saclay, Repetition rate 8.32 MHz
91191 Gif-sur-Yvette, France. Temporal width 50 ps

"Present address: Bessy I, Geb. 15.1, Rudower Chaussee 5, D- Spectral width 0.6 A
12489 Berlin, Germany. Maximum jitter 200 ps

*Present address: ESPCI, 10 rue Vauquelin, 75231 Paris Cedex, Resonance frequency 300 Hz
France.
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TABLE Il. Beam parameters of the Super-ACO storage ring:radiation. Depending on the phase of the electrons with re-
Es, nominal energy of the rindl;s, revolution time of the electrons  spect to the rf wave, they will be either accelerated or decel-
in the ring, V¢ and f¢, rf cavity voltage and frequency, respec- erated, leading to a bunching of the electrons around the
tively, «, momentum compaction factol)(Es), energy lost by  synchronous particle for which the energy loss per turn is

synchrotron radiation per tur;, synchrotron frequencys, syn- exactly compensated by the rf cavity.
chrotron damping timeg, /y, value of the energy spread at quasi-

zero current andr,, bunch length(rms) at quasizero currentry

and o, bunch transverse sizesms in the undulator,L 4 the A. Longitudinal single particle motion and bunch lengthening

length of one undulator of the FEL optical klystron. Because of the energy loss by emission of synchrotron
radiation and the compensation due to the rf field, the elec-
Es (MeV) 800 trons naturally undergo damped sinusoidal oscillations at the

Ts (9 240 synchrotron frequencyfg, with the synchrotron damping

time 7, (see Table ). The motion of each electron in the

;/rf ((,\%)Z) %8 bunch is not coherent with the others because the interactions
it (collisions between electrons, different positions on the rf
° 0.0142 voltage slope, quantum emission of synchrotron radiation,
;J(iﬂz()kev) ill etc) are different for each particle. Thus the stationary solu-
S

tion of the Fokker-Planck equation leads to a Gaussian dis-
75 (M9 10 tribution of energy and position of the electrons in the bunch.

gy 4 At quasizero current, the bunch lengt, the rms width of
— at 0 mA 5,4.10 g L ¢ i
v the electronic temporal distribution, is proportional to the
oe at 0 mA (p9 86 energy spread,/y according to
ox andoy, 380 and 390

a o
() oo=— 2, 1)
I—und (m) 113 QS Y

with Q¢=27f4 and« being the momentum compaction fac-

and dramatically reduce the laser gfli8]. The gain is pro-  tor- _ _ .

portional to the electronic density and therefore the laser has However, for higher currents, bunch instabilities appear
the largest growth rate at the maximum of the electron bunc/nd induce a blowup of the bunch length called “anomalous
density. If the bunch average position is longitudinally oscil-Punch lengthening”[14]. This effect, widely observed in
lating at, for example, the coherent synchrotron frequencie§torage rings, is attributed to the complex interaction be-
of the nth order, the laser cannot follow the bunch positionfWeen the beam and the ring vacuum chamber or resonators.
as the laser time constants are very |¢see Tables | and ) The frequency spectrum of the bunch can spread over several
In this case the laser keeps a constant position while th&Hz for the usual rf frequency of a few hundred MK00
bunch oscillates around it, so that the laser gain oscillates g4Hz in the Super-ACO cageParasitic high-frequency elec-

a function ofe— (a sin nQSt)Z/Zcrg, a being the amplitude of tric fields are induced by the |mpedance_of_the ring pipe
the coherent synchrotron oscillatior@¢/27 its frequency, (kickers and vacuum vessglSThese parasitic fields lead to
and o, the rms bunch length. Averaging over the period ofthe so-called po_tentlal-welllc_jlstortlon re_sultmg in w_wcoherent
the oscillation leads to a gain reduction proportionaleto bunch Iengt_hemng. In add|t!(_)n, thes_e fields may mduce the
—a2/402. In addition the laser is sensitive to a low fre- so-called microwave instability leading to both an increase
guency evolution of the amplitude of the coherent synchro-Of the energy spread and an incoherent bunch lengthening.

tron oscillations and laser instabilities appear in the fre—on new storage ringsl5,16l, vacuum chambers are de-

R signed to be as smooth as possible, with fewer cross-section
guency range of=0-500 Hz. Such behavior is generally : . : L g
. . jumps and with special features to minimize the impedance.
seen whatever the frequency and the type of oscillatidins
polar, quadrupolar, etcmight be and is only governed by
the amplitude of the oscillation. The laser stability is ex- B. Coherent synchrotron oscillations
tremely sensitive to gain variations; oscillations of a few  Apove a given threshold of current, coherent instabilities
picoseconds are sufficient to degrade it, thus these must kgise in which all electrons in the bunch can oscillate coher-
reduced to improve the laser stability. ently at the synchrotron frequency and its harmonics either in
This paper analyzes natural behavior of the electrorphosition and/or in profile shape. These oscillations can be
beam, its stabilization, and consequences for the FEL opergneasured with a spectrum analyZ€ig. 1) connected to a
tion. The influence of the FEL on the beam is flna”y dis- beam pick_up electrode. At low current, dipo|ar modes of
cussed. coherent synchrotron oscillation may appear and the bunch
centroid moves sinusoidally at the synchrotron frequency
These dipolar modes are damped by a Pedersen-type feed-
back[17]. Between 60 and 110 mA, the quadrupolar modes
at ~2 f are established and overlap with sextupolar modes
In a storage ring, the transverse motion of the electrons iat ~ 3fg around 90 mA. Figure 2 shows double sweep streak
defined by the magnetic elements. In addition an rf cavitycamera(DSSQ images[18,19,2Q, clearly illustrating the
supplies the electrons with the energy lost by synchrotrorevolution of the bunch distribution shape versus time. In the

II. NATURAL LONGITUDINAL BEHAVIOR
OF THE ELECTRON BEAM AT HIGH CURRENT
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FIG. 1. Evolution of sidebands as a function of the total current
I (20 mA/div), measured with a Marconi spectrum analyzer cen-
tered on the 292nd harmonikl) of the revolution frequency. The
vertical scale is the amplitude in dB. Dipolar modBEs are damped
by a feedback, coherent synchrotron oscillations of a growing order
appear vs the current: quadrupolar mo@@s at 26.6 kHz, sextu-
polar modegS) at 37 kHz, and octupolar modé®) at 46.4 kHz.

‘ O =180ps

guadrupolar mod¢Fig. 2(a)], the bunch distribution sym- D
metrically shortens and lengthens with respect to the center,
while in a sextupolar modgFig. 2(b)], the distribution de-
forms asymmetrically. In the 120—200-mA range, octupolar
modes at=4f4 are present. FIG. 2. Double sweep streak camera images. Horizontal

The sextupolar and quadrupolar modes have also begange=200us, vertical range-1.7 ns. (@) 1=94 mA, quadrupolar
measured in the time domain with the dissector and the&oherent synchrotron oscillation;(b) sextupolar modes, |
DSSC; the results are shown in the Figs. 3 and 4, respec=110 mA. Examples of electronic density profileB( and P2)
tively. In Figs. 3a) and 3c), the intensity is modulated at 2 are displayed on the right-hand side of the figure. () |
and 3 times the synchrotron frequency. Figufie) 3hows an =80 mA with the quadrupola_r feedback damping the quadrupolar
intermediate case where both types of synchrotron oscillacoherent synchrotron.oscnlatlon, the b.unch shape is no Ionger de-
tions are present. However, the measurement with the dissef@'med as ina. A profile of the electronic density corresponding to
tor only gives the frequency of the coherent synchrotron os?2 Vertical slice of the image is displayed on the right.
cillations and does not allow one to clearly distinguish
between a position variation and shape deformation of the
bunch distribution. In fact, as displayed in Fig. 4, the rms  The operation of this feedback system modifies the longi-
value of the bunch length oscillates with the frequency of thdudinal behavior. All beam characteristics, relevant from the
quadrupolar coherent synchrotron oscillation mode, inducind EL point of view, have been measured with the quadrupolar
a periodic variation of the intensity at any point in the elec-feedback in operation and compared with the case without
tronic distribution. Note that the amplitude of the quadrupo-feedback.
lar motion is rather important, 60 ps peak-peak, representing
30% of the average bunch length.

©

A. Coherent synchrotron oscillations

Il STABILIZATION OF THE ELECTRON BEAM The quadrupolar feedbadlQFB) system appears to be

WITH A FEEDBACK ON THE QUADRUPOLAR MODES quite effective and reliable. Figure 6 shows measurements
made with the spectrum analyzer for three current values.

A feedback system to damp the quadrupolar coherent syrifhe quadrupolar feedback clearly damps quadrupolar oscil-
chrotron oscillations was developed and installed on Supeiations with respect to the usual situation without feedback
ACO in February 1996Fig. 5. Quadrupolar oscillations are over the whole current range where they are present. In ad-
detected with a pick-up electrode on the 288th harmonic oflition, the current threshold of the sextupolar coherent syn-
the bunch revolution frequency. Passing through a mixer athrotron oscillations is lowered to 84—-85 mA, in contrast
1.2 GHz to get rid of the 288th harmonic and a pass-bandavith 90 mA previously. Probably, in this current range, the
filter centered on 28 kHz~2f), the signal is used to competition between the quadrupolar and the sextupolar
modulate the rf cavity voltage after loop phase and gain admodes has disappeared thereby allowing the sextupolar co-
justments to cancel the quadrupolar oscillations. herent synchrotron oscillations to start and develop more
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FIG. 5. Sketch of the feedback damping the quadrupolar coher-
ent synchrotron oscillations.

B. Bunch length versus current

In the presence of the QFB, the bunch length could be
modified. As this parameter is a critical one for the FEL
operation, measurements have been performed with two di-
agnostic systems, dissector and DSSC. As the bunch shapes
generally deviate from a Gaussian distribution, the data have
been treated using the moment method, based on the statistic
calculation of the mean value and the root mean square of
the distribution without any assumption of shape.

The analysis of measurements shows that the evaluation
of the rms bunch length assuming a Gaussian distribution is
30% larger(on averaggthan that obtained with the moment
method. In fact, the agreement with the theory predicting a
Gaussian electronic distribution is only verified at very low
current before the beginning of the potential well distortion
regime.

Figures Ta) and {b) show the measurements of bunch
length made using the dissector and the DSSC, respectively
with QFB and without QFB as a function of the total current
in the ring. The agreement between the two kinds of mea-
surements is rather good. However, there is a slight discrep-
ancy that grows with current. This could be due to the very

ing the dissector in the phase oscillation mode: plain quadrupolar
mode in(a), mixed quadrupolar and sextupolar modeghi and
plain sextupolar mode ifc).

easily. Temporal measurements with the DS$@). 2(c)]
show that the bunch distribution shape is not deformed as in
Fig. 2(@ and remains stable below the sextupolar synchro-
tron oscillations threshold.

17 : PP R S
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time (us)
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1 =87 mA

1=81 mA

FIG. 6. Images of the Marconi spectrum analyzer, the vertical
axis stands for the amplitude in dB m and the horizontal axis the
frequency(20 kHz/div). In order to have a clear detection of side-

bands, the measurements are made close to the 292nd harmonic of
FIG. 4. Quadrupolar mode of coherent synchrotron oscillationthe revolution frequency. The amplitude of the sextupolar m{&le

for =94 mA with two stored bunches, the rms bunch lengthvs
time [data from Fig. 2a)].

of coherent synchrotron oscillation decreases and no quadrupolar
modes(Q) appear because of the quadrupolar feedback.
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FIG. 8. Energy spread,,, vs the total current, quadrupolar

feedback off((]), and quadrupolar feedback ¢®) measured using
the optical klystron fringe method.

2
f=f0exp—2(2w(N+Nd) %) . 2

fo represents the contribution of the size, divergence, and
(b) 1 (mA) position of the beam in the optical klystron and is constant
FIG. 7. RMS bunch lengthr, vs the total current, in the two (0.95 as a function of the curren+ Ny is the interference

bunch mode measured using the dissedtr, QFB on (M), QFB order, depending on the gap of the dispersive section. The
off (0)); using the DSSC(b): QFB on (@), QFB off (O). The  curve of o, /y versus currentFig. 8) is deduced from the
dissector takes 3.3 ms to measure the longitudinal distribution whiléneasurements of spectra for several gaps of the dispersive
the double sweep streak camera, only a fesv The intensity of the  section as a function of the total current in the two bunches
light pulses measured by the DSSC are only sampled over 8 bitsnode.

namely, 256 levels. It is not possible to compare the energy spread, with and
different acquisition times for the two detectors. At high cur- without quadrupolar feedback at high current beqause of the
rent, the bunch is shaken by the phase oscillations, which Cag]uadrupolgr coherent synchro_tron oscillation '|tself. The
fluctuate in amplitude during the dissector acquisition periodSpeCtrum is deformed and the fringes are excessively blurred

: : ; for precise measurements. However, the energy spread has
Besides, it appears that the average bunch length in the pr.é)een previously measured up to 60 rithout the quadru-

ence of the quadrupolar coherent synchrotron oscillations i

not very different from its value when the oscillations are Polar feedbackand we haye been able to extend these mea-

suppressed with the QFB. surements up to 115 mAwith a good overlap between both
even in the presence of sextupolar coherent synchrotron os-

cillations, with the quadrupolar feedback.

Between zero and 32 mA, the energy spread remains con-
The evolution of the energy spread versus beam current istant in the regime of potential-well distortion. Above 32
an important issue not only for FEL operation but also formA, in the microwave instabilities regime, the energy spread
the knowledge of the various instability regimes of the lon-increases quickly versus current, growing very fast between
gitudinal beam behavior. The Super-ACO FEL uses an opti80 and 95 mA. This could be attributed to the rise of the
cal klystron to enhance the laser gain. This insertion devicsextupolar coherent synchrotron oscillations, which usually
is composed of two permanent magnet undulators separateyerlap with the quadrupolar modes of coherent synchrotron
by a dispersive section that produces a strong magnetic fieldscillations. The consequences could be quite dramatic for
to reinforce the microbunching effect. Usually, the energythe operation of the FEL because the gain is proportional to

spread is deduced from the measurement of the beam hotihe modulation rate.

zontal dimension in a ring dispersive section. However, we The interaction of the electron beam with the vacuum
prefer to use a more sensitive method based on the measui@amber in a storage ring results in complex longitudinal
ment of the synchrotron radiation emitted by the optical kly-behavior. Studies on the dynamics of the free-electron laser
stron[21]. The emission spectrum of the latter is a set ofshould rely on models taking into account anomalous bunch
fringes resulting from the interference between the emissiofengthening and the various types of instabilities. Experi-
in each undulator. One defines a fringe modulation fate mental analysis on this subject is carried out in the following
which depends on the energy spreagl y as follows: section.

C. Energy spread versus current
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FIG. 9. GainG of the Super-ACO FEL vs the total currenin through the two mirror¢®) and a linear fitsolid line).
the ring, with the QFB.
ments requiring higher laser extracted power, the FEL has
IV. FEL PERFORMANCES been operated at up to 120 mA.

FEL characteristics such as average power, tunability, and
emission spectral range in the UV are mainly determined by
the laser gain, which strongly depends on the beam param-
eters (beam transverse sizes, bunch length, and energy According to the Reniefi30] limit, the average laser ex-
spread and losses of the optical cavity. Moreover, the sta-tracted power is proportional to the average power emitted
bility and the availability of the shortest optical pulse widths by synchrotron radiatiorisynchrotron powerin a bending
are also critical issues for reliable application experimentsnagnet of the storage ring. The synchrotron power is also
using the FEL, thus most of our studies are dedicated to thgroportional to the total current stored in the ring, and there-

B. Laser extracted power

accurate observation of the FEL temporal behavior. fore the laser power should grow linearly with the current.
Indeed, measurementBig. 10 of the total laser power use-
A. FEL gain ful for experimentgextracted from both sides of the optical

cavity) confirm this relationship. Without the quadrupolar

rived from the shape of the spontaneous emission spectru{ﬁedba(:k’ the laser could only be operated for users below

of the optical Klystror[22]. An optical klystron small signal e threshold of the quadrupolar coherent synchrotron oscil.-
gain can be expressed (23] lations, around 60 mA and the laser power was only 35 mW,

now, with the quadrupolar feedback and the present mirrors
- peFi set with a transmission of 0.01% one can operate the laser at
G=2.22x10 K%L} (JHAN+Ng)f =, (3 100 mA with a power of 70 mW with rather good stability.

Y Taking into account the absorption of the cavity mirrors and
the reflection of the sapphire interfaces, the total laser power
extracted from the beam is 7.1 W at 100 mA. In the near
future, we expect to increase the transmisgammd therefore
the useful laser powgby a factor 10 due to the recent in-
stallation of a new 500 MHz rf cavity, which enhances the
laser gain by more than a factor 2.

The gainG, according to the theorem of Madey, is de-

with K the deflection parameter equal édBy\o/27mc, \g
the magnetic field perioce and m represent the charge and
the mass of the electron, respectivatythe light speedB,
the maximum vertical magnetic field on axis,,q the length
of one undulator, JJ)=[Jo(£)—J1(£)] the difference of
Bessel functions with argumenf=K?/(4+2K?), p, the
electronic densityF; the filling factor (taking into account
the transverse overlap between the electron and photon
beam$, and y the Lorentz factor. The laser width(rms value, evaluated from the moments

G is evaluated versus the total currdnin the ring(see  of the micropulse distributiondepends strongly on the FEL
Fig. 9 according to the bunch dimensiofisig. 7) and en-  stability. Indeed, at perfect tuning, after the saturation state
ergy spread measuremerii&g. 8 shown previously in the has been reached by damped relaxation oscillations, the laser
case of operation with the quadrupolar feedback. line should continue to narroj25], but this requires a stable

At low current, the gain grows almost linearly with cur- beam lasting from several 100 ms or 1 s. Measurements per-
rent, reaches its maximum between 65 and 70 mA, and ddermed with the double sweep streak camera as a function of
creases at higher current, i.e., the growth of the energgurrent show a very large dispersi@fig. 11), because this
spread and the bunch length becomes larger than the lineaondition is not always satisfied. One can observe a smaller
increase of the current. The laser is usually operated belowidth between 50 and 70 mA due to the lack of phase oscil-
80 mA, close to the maximum gain of the laser, because itations and one can reach rather low values even at very high
this regime the sextupolar coherent synchrotron oscillationsurrent(12 ps at 94 mA because of the longitudinal feed-
have disappeared. The stability is therefore improved antack, which allows the laser line narrowing to occur due to
mirror heating and degradation due to the synchrotron radiathe reduction of the laser jitter. The average values of the
tion [24] are moderate. Though, in the case of user experiwidth are shown in Table IIl. At lower current, the laser

C. Temporal structure



6590 R. ROUX et al. PRE 58
4’0.:-- 1'0-'||.I||"Illlllilllllllllllll'Ill"""
35k
7] E -~ 0.8
230 !
£25E e I
2 E Jo.6
s 20 -é- 'E i
515 Boaf
210F o |
sE % 02] -
of - ‘ J |
40 50 60 70 80 90 100 0.0 mJyuuU I 1
1 (mA) -400 -300 -200 -100 0 100 200 300 400
detuning (Hz)
FIG. 11. QFB on, rms laser width vs the total current in the ring.
Crosses are for measurements with the longitudinal feedback on, 1.0 ey T TrrrY
. . . 8 "
while circles are with feedback off. - .
— u e
[2] 0.8 | -
temporal width is naturally smaller because the electronic g ' ]
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_ To4l .
D. Detuning curve n;a r ]
The maximum gain of the laser is obtained for perfect 00_0.2 ! ]
synchronism between the electron bunch and laser light [ j
pulse stored in the optical cavity. But, even for a slight de-

tuning, the laser average power can adopt quite different
temporal behaviors as a function of the detuning according to
the so-called detuning curve. On the first SRFELs such as
ACO, VEPP3, TERAS, and UVSOR, the laser intensity was
pulsed at perfect synchronism and when detuned, became
guasi cw as seen in the case of UVSOR with an optical
klystron (see Fig. 2 in[19]). On Super-ACO, we usually
distinguish five areatsee[26], Fig. 1) as illustrated in Fig.
12(d): at perfect synchronism, the laser is most powerful,
guasi cw and has the smallest temporal and spectral width.
However, it also suffers from a jitter and intensity fluctua-
tions. For a small detuning, there are two zones where the
laser is pulsed at 300 Hz, is less powerful and has larger
widths (temporal and spectiathan in the previous case. For
an even larger detuning, the laser becomes cw again with
even less power and the largest widths. Recently, the
UVSOR FEL obtained a cw regime at the perfect synchro-
nism due to a new helical undulator and higher gié].

The detuning curve shape is actually determined by the laser
gain, the bunch length, and the beam stability; therefore
slightly different situations are observed for different
SRFELs. The detuning curve has already been theoretically
explained using a pass-to-pass longitudinal evolution model
[28], taking into account the longitudinal detuning at low
current(below 60 mA. So it appears that the laser intensity
is an oscillator-type system in which damping time depends

TABLE lll. FEL rms temporal widtho for three total current
ranges.
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o
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50-70 16-4.9
70-80 214.8
80-100 22.46.8

FIG. 12. Detuning curves of the las@verage laser power vs
the detuning expressed in frequency differences with respect to the
rf frequency for exact synchronism between the electron bunch and
the laser pulsefor four values of the currenfa) 91 mA, (b) 85.4
mA, (c) 84 mA, and(d) 80 mA.
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FIG. 13. Detuning curve width vs the total current in the ring tral drift (0.001 A, and intensity fluctuation$1%) in the
(X), linearly growing with current except for the points below the current range below the threshold for coherent quadrupolar
line due to poor mirrors adjustme(®). modes. We will now consider the case of the laser operating

in the 60—90-mA range, without the quadrupolar feedback.

on the detuning. Numerical simulations with an iterative Once the laser starts, it totally suppresses quadrupolar modes
model in the frequency domali25] confirm the presence of but not the sextupolar modes starting above 85 mA. We ob-
the five areas shown in the experimental results. serve a competition between the ring-induced collective os-

Figure 12 shows measured detuning curves versus Cutillations and the heating effect of the laser. It seems that
rent. For the Super-ACO FEL operated with the quadrupolagain reduction due to the sextupole oscillations is not signifi-
feedback, seven areas are observed with two pulsed zones f@int as compared with that of the quadrupole modes. The
larger detuning in addition to the usual filféig. 12a)]. The  jntensity begins to decrease just after the excitation of the
detuning curve width b_e_comes smalle_r when the current dequadrupole oscillatiosee Fig. 14 Due to this competition,
creases. The two additional zones disappear below 85 Mg intensity of the laser fluctuates, and the laser macrostruc-
[Fig. 12b)] and the detuning curve recovers the usual fivey o hecomes unstable and pul§8H It is thus impossible to
areas patterfFig. 12c)]. The presence of seven zones COUIdactivate the longitudinal feedback. The collective oscillations

be att.rlbuted to the increase of the laser gain due to.th%hange the longitudinal bunch profile and increase the beam
damping of the quadrupolar coherent synchrotron oscnla-energy spread, strongly decreasing the gain. Because of the
tions. For example, a slightly higher gain on the UVSOR ' i

FEL with the installation of the new helical undulator led to collective motion of the bunch, the laser never reaches equi-

the presence of two additional zones. Yet, the change frorﬂbriur_n. The resulti_ng unstable macrostructure has a Ia_rge
seven zones to five zones occurs precisely at 85 mA, whicfinewidth, 1.2 A_’ dispersed between 0.7 and 2.5 A, while
is also the threshold for the sextupolar coherent synchrotroR€lOW 60 mA, with the longitudinal feedback, the line width
oscillations. Thus, one could imagine that the two additionalS narrower and more stable, 0.4 A on average dispersed
zones could be related to their presence. Clearly, the degretween 0.3 A and 0.76 A. In addition, the collective oscil-
dation of the beam stability resulting from the coherentlations of the bunch produce a significant wavelength drift,
modes of coherent synchrotron oscillation prevents “cw” more than 12 A over 3 min.
operation of the FEL and introduces zones where the FEL is When the quadrupolar feedback is used, the sextupolar
erratically pulsed adjacent to zones where the FEL adopts itsiodes of coherent synchrotron oscillations are damped by
natural macropulsed regime. the laser actionsee Fig. 15 According to the saturation
The width of the laser detuning curve is linearly depen-process model, the laser increases the energy spread in an
dant on the currentFig. 13. However, the width can be incoherent way. At each interaction point of the laser wave,
reduced by poor transverse overlap due to a slow drift of thejifferent electrons inside the bunch see a slightly different
beam transverse dimensions or due to mechanical deformgerturbation, so the bunch cannot evolve coherent and the
tion of the mirror surface heated by the absorbed synchrotroggherent synchrotron oscillations are prever@g). Indeed,

radiation power(see the points before mirrors readjust- the |aser acts as a feedback system to prevent coherent syn-
ments. The detuning curve also narrows due to the decreasgnrotron oscillations.

pf the electronic distribution width versus current. Therefore, Moreover, the laser has a “cw” zone at perfect tuning,
I appears more advantageous to operate the FEL gt hlgWhere the longitudinal feedback can be used. Due to the
gg:t‘iglt ;‘gtnhea tlﬁégsqgitegﬂ?;?gs%ﬁwiow'dth' Asﬂ? rtlesult in theb(gFB, the laser can be kept “cw” in this perfect tuning area
NN . : g for users, the laser can bg, its jitter will be smallefFig. 16(c)]. In contrast the laser
!?32: i ; Vgaseigfrt"ovggba"iilégggi?]etttﬁén%%V?{uﬁ?n;jf:ggggsk will be naturally more unstable in intensity and in position
J g 9 " [Figs. 16a) and 1&b)] without the QFB. Due to the longi-
tudinal feedback on the laser position, the jitter is efficiently
reduced Fig. 16d)] to 13 ps on average, with 4 and 30 ps at
its extreme values. Therefore, with the QFB and the longitu-
The FEL operation strongly depends on the beam longidinal laser feedback, the laser can be kept cw at the perfect
tudinal stability. Without the quadrupolar feedback, the lasetuning condition without any other adjustments of the elec-
can be stabilized with the longitudinal feedback on the lasetron beam from 100 mA down to 30 mA owv8 h of auser
position, reducing significantly the laser jitté20 p9, spec-  experiment.

V. FEL STABILITY AND EFFECT OF THE LASER
ON THE BEAM
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FIG. 15. Images from a Marconi spectrum analyzer, vertical I“ml’-“' ~10,ms

axis: —10 dB m/div, horizontal axis: 10 kHz/div for a total current

of 104 mA in the ring. In(a), sextupolar coherent synchrotron os-  FIG. 16. Double sweep streak camera images of the FEL re-

cillations from each side of the bunch line at 38 kHz FEL off. In corded over 100 ms for 3 configurations at high curren{arand

(b), FEL on, sextupolar coherent synchrotron oscillations are(), quadrupolar and longitudinal feedback are off at 87 mA(cin

damped. quadrupolar feedback is on and the longitudinal feedback is off at
90 mA, and in(d), both are on at 91.5 mA.

VI. CONCLUSION and the extreme sensitivity of the FEL to longitudinal beam

Three feedback systems that damp the most important id’pstabilities. Nevertheless,_to further improve the stabiliza-
stabilities are necessary for a stable operation of the FEL; tOn, the transverse evolution of the beam and of the laser
dipolar feedback(ii) quadrupolar feedback, ar(di) longi- should be carefully followed and possible instabilities
tudinal feedback. Under these conditions, the Super-ACCSiamped' Therefore, for future SRFELS, very strict conditions
FEL is able to operate at high current up to 120 mA and thé" the beam stability are required, and feedback systems

useful average extracted power is increased and the stabiliﬁPOUId be foreseen.
improved. This has allowed us to perform user experiments
that have provided both original and reliable data, thus con-
firming the interest of the SRFEL as a coherent UV light We would like to thank T. Hara for his contribution to the
source for applications experiments. In addition, the operawork, A. Delboulbeand B. Visentin for their help during the
tion of the FEL at higher current increases the compatibilityFEL shifts, G. Flynn, J. Darpentigny, and L. Cassinari for the
with the synchrotron radiation users of Super-ACO. More-realization of the quadrupolar feedback, the Super-ACO op-
over, the new temporal behavior, which has been observedrator group, and D. Jaroszinski and G. Flynn for their com-
shows the complexity of the “laserelectron beam” system ments on the manuscript.
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