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Formation of multiple subpulses in a free-electron laser operating in the limit-cycle mode
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The evolution of the longitudinal pulse shape and the spectrum of the short-pulse, far-infrared free-
electron laser FELIX are investigated. Depending on the amount of cavity desynchronization applied,
the laser is found to operate in the stable-focus mode or in the limit-cycle mode. In the latter case, auto-
correlation measurements that are made with a setup that is based on second-harmonic generation in

CdTe show the formation of a train of up to four subpulses. These are separated by the synchrotron
length, and the corresponding sidebands in the spectrum are separated by the synchrotron frequency, in

excellent agreement with theory. The measurements are made at a wavelength of 24.5 pm.

PACS number(s): 41.60.Cr

I. INTRODUCTION

In recent years, there has been a strong interest in the
production of short, intense optical pulses in the far-
infrared spectral range. This interest is driven mainly by
the importance of these pulses for studies of the dynamic
properties of a wide variety of semiconductor systems.
Impressive progress has been made in the generation of
intense pulses using nonlinear optical techniques, such as
parametric oscillators [1—3]. However, there is a grow-
ing awareness that the free-electron laser (FEL) could
well become the key player in this field. This is related to
the fact that the FEL does not suffer from the transparen-
cy problems which are inevitably connected with the use
of nonlinear crystals. The latter limits the spectral range
in which intense pulses can be produced to wavelengths
typically below 20 pm.

The absence of the transparency problem in an FEL is
a consequence of the fact that laser radiation is generated
and amplified in vacuum, by relativistic electrons travel-
ing through the spatially periodic field of a so-called un-
dulator magnet [4]. The radiation, which is emitted due
to the periodic deAection of the electrons, is captured in
an optical cavity and is amplified to saturation on succes-
sive passes through the undulator. An important feature
of the FEL is the property of rapid and continuous tuna-
bility over a wide spectral range, which is achieved by ad-
justment of the electron energy and/or the undulator
field strength [5].

The temporal structure of the laser output is related to
the temporal structure of the driving electron beam. The
latter consists of short bunches (with a duration of a few
picoseconds) when a radio-frequency accelerator is used
to accelerate the electrons. These bunches are separated
by periods of zero current, which are a multiple of the
period of the rf field. Consequently, also the laser beam
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consists of a train of short pulses.
The so-called slippage distance is a key parameter in

the design and operation of a short-pulse FEL. This pa-
rameter gives the distance over which an electron bunch
slips back relative to a stored optical pulse on their tran-
sit through the undulator, due to the fact that (i) the ve-
locity of the electrons is somewhat smaller than the ve-
locity of light and (ii) they move along an undulating
path. The slippage distance is given by the product of the
laser wavelength and the number of undulator periods
[4]. It has often been anticipated that laser start-up
would be "lethargic" in the case that the slippage dis-
tance is longer than the electron bunch length, i.e., that
the gain per pass would be too small to achieve a saturat-
ed laser output. For this reason, most FEL's have been
designed to operate in the regime of weak slippage, in
which the slippage distance is (much) smaller than the
bunch length. This includes the majority of rf-
accelerator based FEL's, which use picosecond electron
bunches but operate at wavelengths below 10 pm. The
situation is different in rf-accelerator based FEL's for
longer wavelengths. As an example, the free-electron
laser for infrared experiments (FELIX) [6] covers the
spectral range from 5 to 110 pm and uses electron
bunches with a duration of the order of 3 —6 ps [7]. In
particular at the long-wavelength end of the spectral
range, the slippage distance is thus (much) longer than
the electron bunch length. The situation is similar for the
long-wavelength FEL at Stanford [8] and possibly also
for CLIO at Orsay [9].

The success of operation in the strong slippage regime
is related to the fact that it has been realized that the
"lethargy" phenomenon can be looked upon as a reduc-
tion of the optical group velocity [10]. The correspond-
ing loss of synchronism of circulating optical pulses and
electron bunches can be restored straightforwardly by a
(slight) reduction of the length of the optical cavity, i.e.,
by a reduction of the round-trip time of the stored pulses.
Depending on the amount of cavity length reduction
(which is usually called "desynchronization") applied, ei-
ther the gain per pass or the saturated power can be max-
imized [11].
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In spite of the usefulness of cavity desynchronization
for circumventing a lethargic start-up, there is the prob-
lern that with a fixed cavity length it is impossible to
maintain synchronism during the growth phase and dur-
ing the saturated phase. This is due to the fact that the
optical group velocity returns to the vacuum value as the
stored power saturates. The corresponding loss of synch-
ronism has the consequence that a new pulse can develop
from the tail of the initial pulse. It has been predicted
that eventually this leads to the formation of a train of
subpulses, which are separated by a distance of the order
of the slippage distance [12]. The underlying mechanism
will be discussed in Sec. II. Needless to say, the forma-
tion of subpulses is undesirable for many applications, in
particular for those that depend critically on a short
pulse length.

The periodic growth and decay of subpulses leads to a
modulation of the (time-averaged) power envelope. This
limit-cycle oscillation has indeed been observed [12], but
first attempts to visualize the subpulses by means of opti-
cal autocorrelation measurements were not very success-
ful [11]. In this paper we report autocorrelation measure-
ments made with a greatly improved setup, based on
second-harmonic generation in CdTe [13]. The auto-
correlator setup will be discussed in Sec. III.

A series of measurements of the evolution of the initial-
ly "clean" laser pulse into a train of subpulses will be
presented in Sec. IV. The objective of the paper is two-
fold: (i) to confirm that the limit-cycle oscillation report-
ed earlier in [12] is due to the formation of subpulses and
(ii) to compare the experimental results with existing
theoretical treatments. The latter is done in Sec. V and
will provide the basis for our final objective: the produc-
tion of clean pulses over the largest possible spectral
range. Techniques for achieving this goal are under in-
vestigation already. Examples are dynamic desynchroni-
zation of the laser cavity [14] and the use of a step-
tapered undulator field [15].

II. THEORETICAL BACKGROUND

Pulses FEL's can be characterized by the value of the
longitudinal coupling parameter p„which is defined as
the ratio of the slippage distance I., =NA, (where N is the
number of undulator periods and iE is the radiation wave-
length) to the variance associated with the longitudinal
electron density profile, o, [4]. In FEL's operating with
values of p, that are smaller than unity, it has been ob-
served that at saturation the initially smooth laser pulse
breaks up into a train of short spikes [16], separated by
the slippage distance [17]. This is related to the fact that,
at a high stored field, the electrons are bunched efficiently
at the early stages of the undulator (and therefore emit
intense radiation) but can reabsorb part of the radiation
at the later stages, due to the oscillation of the electron
bunch in the ponderomotive potential which is formed by
the combined undulator and laser fields. In combination
with slippage, this reabsorption leads to a longitudinal
modulation of the optical field intensity.

In FEL's operating with a value of p, greater than uni-
ty, i.e., with electron bunches shorter than the slippage

~a
~
=(4vrN)

2 [Jo(g)—J,(g)]
I +IC 2 2m mc

1 X
I+X (2)

where K is the (rms) undulator strength and E is the en-
velope of the complex electric field. The parameter E is a
dimensionless parameter proportional to the peak mag-
netic field, 8„,in the undulator,

distance, Hahn and Lee showed theoretically that the
spikes are not separated by the slippage distance but by
the so-called synchrotron length [17]. The synchrotron
length is the slippage experienced by the electrons during
a synchrotron oscillation period in the ponderomotive
potential. Therefore, FEL operation (at p, ) 1) with elec-
tron bunches shorter than the synchrotron length charac-
terizes a regime which is distinctly different from the
spiking mode: since each spike extracts energy from the
electron bunch over a length that is equal to half the syn-
chrotron length, an electron bunch shorter than Lsy im-
plies that only a single spike can grow within the electron
bunch. However, at saturation this optical pulse moves
forward on successive round trips due to the applied cavi-
ty desynchronization and therefore loses eontaet with the
electrons. The pulse subsequently decays because there is
round-trip loss, while a new pulse is generated by the
electron bunch, at a distance of one synchrotron length
behind the first pulse [17]. The process is then repeated
with this new pulse. The formation of a train of sub-
pulses leads to a stable limit-cycle oscillation of the ma-
cropulse power, which is quite different from the irregu-
lar modulation observed in spiking FEL's [18]. The
limit-cycle regime is considered in this paper.

Hahn and Lee have found that the various regimes of
FEL operation can be identified with the parameter
p=I., /l. ,„„[17).The radiation pulse remains quasicon-
tinuous in the stable-focus region (p(0. 8), i.e., no sub-
pulses develop. The range 0.8&p&1.5 is identified as
the limit-cycle region. The sidebands in the spectrum,
which are present due to the existence of subpulses, dou-
ble sequentially in the period-doubling region,
1.5 &p & 2.0. Finally, the chaotic regime is characterized
by p) 2. To reach the regime where p&1, L,y„has to
become smaller than L, . This means that the intracavity
power has to saturate at a sufficiently high level.

An ab initio calculation of the intracavity power (in or-
der to determine the value of p) is nontrivial and requires,
for instance, knowledge of the electron bunch length.
Note that the optical power saturates when the corre-
sponding synchrotron length approaches the electron
bunch length. However, for a working FEL one can esti-
mate the intracavity power from the measured output
power and the pulse duration. This gives an estimate of
L,„„,which in our analysis is compared to the measured
subpulse separation.

For the determination of the intracavity power, the di-
mensionless complex optical field, a =

~
a

~
exp(i P ), is ex-

pressed as [19]
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n= &/a/
NA,

and the slippage of the electrons during the execution of
a cycle of the synchrotron oscillation is [17]

The value of L,„„canbe calculated from Eqs. (1)—(4), if
the electric field amplitude E is known. An estimate of
the intracavity power allows us to calculate the intracavi-
ty electric field since

I =-,'cco~E

where A is the mode area in the cavity at the waist posi-
tion. This area is given by

w I„k

under the assumption of a transverse Gaussian beam
profile (with a radius enclosing 99% of the power [22]),
and use of the fact that at FELIX the Rayleigh length
equals half the undulator length L„[5].Combination of
Eqs. (5) and (6) results in an electric field of

1 j2
16P

cEo& I ~k
(7)

eB„A.
„K=

2&2m.mc

~here A.„,e, I, and c are the length of an undulator
period, the electron charge, the electron rest mass, and
the vacuum velocity of light, respectively. The Bessel
functions Jo and J, account for the fact that a planar un-
dulator is used. The synchrotron frequency Q in the
observer's frame is defined as [20,21]

on second-harmonic generation (SHG) in CdTe [23], is
shown in Fig. 1. Broad wavelength coverage with a sin-
gle crystal is possible because of the large transparency
range (1—35 pm) and low dispersion of CdTe. Since
CdTe is not birefringent (the refractive index ranges from
2.7 to 2.5 between 5 and 35 pm), phase matching is im-
possible. However, the low dispersion makes it possible
to generate a detectable amount of second-harmonic radi-
ation in a single coherence length. The latter ranges from
190 pm at 10-pm radiation wavelength to 60 pm at 35-
pm wavelength. In view of the destructive interference of
the second-harmonic radiation emitted in subsequent
coherence lengths, the thickness of the crystal must be an
odd multiple of the coherence length. Therefore, the
crystal is cut in a wedge (0.75 —0.98 mm) in order to have
the possibility to select the optimum thickness for each
operating wavelength. Furthermore, the absence of a
(critical) phase-matching angle makes the amount of gen-
erated second-harmonic radiation rather insensitive to
the orientation of the crystal.

The well-known crossed-beam setup is used to produce
a fringe-free, zero-background autocorrelation signal
[24]. The angle between the crossed beams in the crystal
is limited to 5', in order to minimize overestimation of
the pulse duration due to the finite transverse beam di-
mensions [25]. Furthermore, group-velocity mismatch is
negligible over the whole wavelength range, but lengthen-
ing of the fundamental pulse in the crystal due to disper-
sion limits the temporal resolution to 150 fs at 10-pm
wavelength and to 350 fs at 24 pm. Because of the low
conversion efficiency (estimated between 10 and 10 ),
the use of blocking filters for higher harmonics that are
present in the FELIX output is essential. These harmon-
ics contain roughly 0. 1 —1 %%uo of the total energy. A set of
coated germanium filters (Barr Associates, Yattendon,
UK) with a transmission of 50%%uo at the fundamental and

which enables the calculation of L, ,
„„

for a given value of
the intracavity power. The latter can be estimated from
the measured energy loss of the electrons and the mea-
sured cavity decay time. Using the measured optical
pulse duration this can be converted to intracavity peak
power, see Sec. V.

III. EXPERIMENTAL SETUP

FEL radiation
transport 35 pm

polypropylene

p = 10-4mbar

germanium
plate

r
beam
splitter

CdTe

variable
delay

HgCdTe
detector

In the experiment reported here, we use the short-
wavelength FEL of the user facility FELIX [6], which
covers the spectral range between 5 and 35 pm. The opti-
cal output consists of (sub)picosecond micropulses which
are repeated at a frequency of 1 GHz. The micropulses
form a train, the so-called macropulse, with a duration of
typically 10 ps. The optical cavity has a length of 6.15
meter, which has the consequence that 41 optical pulses
circulate in the cavity. Radiation is coupled out through
a 2-mm-diam hole in one of the mirrors. The radiation is
guided to the autocor relator setup via an evacuated
transport system. The average output power in a macro-
pulse, measured at the autocorrelator, is typically 20 k%'.

The second-order autocorrelator setup, which is based

p = 10 2 mbar

FIG. 1. Second-order autocorrelator setup, based on second-
harmonic generation in a wedge-shaped single-crystalline sam-

ple of CdTe. A crossed-beam setup is used for obtaining a
zero-background fringe-free signal. A mirror, which scrapes ofF

part of the beam, is used as a beamsplitter. The second-
harmonic radiation is measured with a HgCdTe detector
(response time (50 ns). The fundamental frequency is blocked
in front of the detector by either ZnSe, CaF2, or sapphire, de-

pending on the operating wavelength. Harmonics in the FEL
output are blocked by coated germanium 61ters. The whole set-

up is evacuated to avoid pulse distortion by absorption in am-
bient water vapor.
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FIG. 2. Second-order auto-
correlation signal versus time in
the macropulse. The laser wave-
length is 24.5 pm and the ap-
plied cavity desynchronization
AL is —16 pm. The develop-
ment into a train of four
separate subpulses is observed
(these four pulses show up as
seven peaks in the autocorrela-
tion signal). The colors serve for
illustration purposes.

a transmission for harmonics of less than 0.1% give the
necessary background reduction (in combination with the
crossed-beam setup). Blocking of the fundamental fre-
quency after SHG in the crystal is achieved by a plate of
either ZnSe (5 mm), CaF2 (2 mm), or sapphire (3 mm), de-
pending on the operating wavelength.

An advantage of the crossed-beam setup is the fact that
it allows the use of a mirror to scrape off part of the
beam, instead of a (wavelength-dependent) dielectric
beam splitter foil in a Michelson interferometer setup.
This method of beam splitting alleviates the problems
connected with dielectric beam sphtters, namely limited
transmission, pulse shape distortion due to dispersion,
multiple reAections in the foil, and deviations from the
desired 1:1 splitting ratio. Hence, when the FEL wave-
length is changed, only the set of blocking filters has to be
changed and the second-harmonic signal can be opti-
mized by selecting the optimum thickness of the CdTe
crystal. This is done by translating the crystal. Although
the use of a mirror gives some diffraction of the beam, it
is still possible to produce a good focus on the crystal.

A high signal-to-noise ratio in the second-harmonic
signal is possible because of the high damage threshold of
the CdTe crystal. This allows focusing of the full FEL
output power on the crystal. Power densities of up to 25
CxW/cm have been applied without any visible damage
to the crystal surface. A liquid-nitrogen cooled HgCdTe
detector with a response time of less than 50 ns is used
for detection of the second-harmonic radiation. The
complete autocorrelator setup is evacuated to roughly

10 mbar in order to avoid distortion of the optical
pulse due to absorption of the infrared radiation by am-
bient water vapor. The setup is connected to the evacuat-
ed FEL-radiation transport system by a 35-pm-thick po-
lypropylene window, or by a ZnSe window when operat-
ing at a wavelength below 15-pm wavelength. The time
needed to scan the variable delay sets the time to measure
an autocorrelation trace to typically two minutes. Since
the autocorrelation trace is taken over typically 200 ma-
cropulses, triggering on the leading edge of the macro-
pulse is essential to removing the inhuence of shot to shot
Auctuations in the laser start-up.

A spectrometer (SpectraPro VM-504, Acton Research,
Massachusetts) with a 48-channel pyroelectric array is
used to record the optical spectrum of each macropulse.
Each channel is sampled at a frequency of 5 MHz (12 bits
resolution) and the bandwidth is 600 kHz. The spectrom-
eter is equipped with a turret containing three gratings to
cover the wavelength range from 5 to 100 pm. A py-
roelectric detector with a response time of 100 ns is used
to record the optical macropulse. This pyroelectric
detector and the optical spectrometer are also evacuated
to eliminate absorption by water vapor.

IV. EXPERIMENTAL OBSERVATION OF SUBPULSKS

An example of the evolution of the second-order auto-
correlation signal is shown in Fig. 2, as measured at a
FEL wavelength of 24.5 pm and a cavity desynchroniza-
tion of AI. = —16 pm. The electron energy was 37.5
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MeV. The delay axis corresponds to the change in opti-
cal path length introduced by scanning one arm of the
autocorrelator, while the time axis corresponds to the
time in the macropulse. The autocorrelation signal indi-
cates a single pulse, around zero delay, during the early
stages of the macropulse. This pulse splits up into (final-
ly) four separate pulses; note that n pulses in the time
domain appear as 2n —1 peaks in the autocorrelation sig-
nal. In the remainder of this paper we will have a closer
look at the autocorrelation signal at fixed times in the
macropulse. No further averaging or smoothing of the
measurements is performed, except when mentioned ex-
plicitly. However, we do necessarily average over rough-
ly 50 consecutive micropulses, due to the 50-ns response
time of the HgCdTe-detector and the 1-ns separation be-
tween the micropulses.

The evolution of the subpulses depends strongly on the
applied cavity desynchronization. Therefore we mea-

20—
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0
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0 4 6

time (gs)
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FIG. 3. Average FELIX output power versus time, for a
wavelength of 24.5 pm. Cases (a), (b), and (c) correspond to cav-
ity desynchronizations of, respectively, hL = —3 pm,
hL = —16 pm, and AL = —50 pm. The electron pulse is
switched o6' at t =7.0 ps. The second-order autocorrelation
traces and power spectra for the moments indicated by the ar-
rows in (a), (b), and (c) are presented in, respectively, Figs. 4, 5,
and 6.

sured three macropulses at 24.5-pm wavelength, shown
in Figs. 3(a)—3(c), at different cavity desynchronizations
of AL = —3 pm, hL = —16 pm, and AL = —50 pm, re-
spectively, and at an electron energy of 37.5 MeV. The
electron macropulse is switched ofF at t =7.0 ps. Only in
Fig. 3(b) a clear limit-cycle oscillation is observed. The
absence of limit cycles in Fig. 3(a) is due to the fact that
the electron macropulse cannot be sustained long enough
to see them evolve. Note that the small value for AL in
Fig. 3(a) leads to a high saturated power level but to a
low small-signal gain per pass, which gives rise to a long
time needed to reach saturation. An increase of the cavi-
ty desynchronization, as in Fig. 3(b), improves the over-
lap between the electron bunches and the optical pulses
during signal buildup and therefore saturation is reached
earlier. A limit-cycle oscillation is observed in the sa-
turated part of the optical macropulse. When an even
larger cavity desynchronization is applied, as in Fig. 3(c),
the oscillation disappears. This is related to the decrease
of the optical power to a level where no reabsorption of
the radiation field by the electrons takes place, i.e., the
"stable-focus" regime [17]. This will be discussed further
in Sec. V.

In Figs. 3(a)—3(c) several instants in the three macro-
pulses are indicated by arrows. The second-order auto-
correlation signals (left-hand side) and the optical spectra
(right-hand side) at these moments are plotted in Figs.
4—6. In Fig. 4 optical pulse shapes are observed without
any trace of subpulses, for the macropulse of Fig. 3(a).
The sech (t) fits to the autocorrelation measurements in-
dicate an FWHM pulse duration of 610, 540, and 500 fs
for Figs. 4(a) —4(c), respectively. The gradual shortening
of the pulse as saturation is approached is a consequence
of the reabsorption of field energy at the trailing edge of
the pulse, under the combined infiuence of the synchro-
tron oscillation and slippage [26]. The FWHM of the
power spectra in Figs. 4(a) and 4(b) are measured to be
5.6%%uo and 7.9%, respectively, leading to a time-
bandwidth product of 0.41 and 0.50. The time-
bandwidth product for an ideal sech (t)-shaped pulse is
0.31 [27]. It is interesting to note that the pulse in Fig.
4(c) contains only six cycles of the optical field at the
FWHM, which is comparable to the number of cycles in
the shortest pulses reported in the visible [28] and near-
infrared spectral regions [29] for other types of lasers.
The modulation in the spectrum in case (c) suggests some
feature in the time domain around 5-ps delay. This is
currently under investigation.

In Fig. 5 a similar series of measurements is shown for
the instants indicated in the macropulse of Fig. 3(b). The
initially smooth pulse in (a), with a FWHM pulse dura-
tion of 810 fs [as derived from a sech (t)-fit] and smooth
spectrum with a FWHM of 3.1%, evolves into two
separate subpulses, i.e., three peaks in the autocorrelation
signal (b). This situation corresponds to the moment
when the minimum in the first limit-cycle period is
reached, which is the moment that the initial pulse has
lost contact with the electron bunch. A subpulse devel-
ops at its trailing edge, separated by 1.0-mm distance
(corresponding to the measured 3.5-ps delay), and grows
to saturation. In the optical spectrum this subpulse
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FIG. 6. Second-order autocorrelation traces
(left-hand side) and optical power spectra
(right-hand side), for three different instants
(a)—(c) in the macropulse of Fig. 3(c), when a
cavity desynchronization of AL = —50 pm is
applied. The solid lines in the autocorrelation
measurements represent a sech (t) fit. The de-2

rived FWHM pulse durations in cases (a) —(c)
are, respectively, 4.4, 6.0, and 6.0 ps. The
pulse energies are 5.0 pJ in case (a) and 7.0 pJ
in cases (b) and (c).

shows up as a series of sidebands. At the moment that
the next inaximum is reached in the limit-cycle period (c),
a more or less identical autocorrelation trace is measured
as in (b), but now the subpulse present at the trailing edge
is about as large as the leading pulse, as can be seen from
the ratio of 0.4 between the intensity of the main peak
and the side peaks. A ratio of 0.5 is expected for two
identical pulses.

The evolution is repeated in the next period of the limit
1 en in Fig. 5(d), with the distinction that the

remnants of the first pulse are still visible at a delay o
ps. This is possible due to the small cavity loss per round
trip (5%). The growing train of subpulses with a fixed
distance between them shows up in the optical spectrum
as a narrowing of the series of sidebands, as expected
from the Fourier theorem. Finally, in Fig. 5(e) the fourth
pulse has formed, which still mixes with the low-intensity
first pulse to produce a tiny signal at 11-ps delay.

A similar series of measurements with a cavity
desynchronization of hL = —50 pm is shown in Fig. 6.
The autocorrelation signals (left-hand side) and corre-
sponding optical power spectra (right-hand side) are typi-
cal for the stable-focus regime, which is reached when the
optical saturated power is too low to cause reabsorption
of the radiation field by the electrons. The low saturated
powerower is caused by the application of a large cavity
desynchronization, which drives the optical pulse away
quickly from the electron bunch on successive round
trips. The fact that (i) the pulse is much longer than in
Fig. 5(a) and (ii) the optical power has decreased, reduces
the generated second-harmonic signal significantly be-
cause of the quadratic dependence on the input power.
Therefore, some averaging in the autocorrelation signa
was necessary in Fig. 6 to obtain a reasonable signal-to-
noise ratio. From the autocorrelation measurements in

Figs. 6(a) —6(c) FWHM pulse durations of 4.4, 6.0, and
6.0 ps are derived, respectively. The FWHM spectral
widths are, respectively, 0.95%, 0.36%, and 0.55%, lead-
ing to time-bandwidth products of 0.50, 0.26, and 0.39,
the latter two being close to the expected value of 0.31 for
a sech (t)-shaped pulse. The longer pulse durations ob-
served in Figs. 6(b) and 6(c) compared to Fig. 6(a) are
cause yd b the fact that at saturation the optical pulse

here is stillmoves away from the electron bunch. When there is sti
net gain, as in Fig. 6(a), the optical pulse is shorter be-
cause of the better overlap with the electron bunch.

V. DISCUSSION

Tne parame er a '
t r a includes the effects of mirror absorp-

loss of thetion, diffraction, and outcoupling. The energy loss o t e

TABLE I. The calculated intracavity (peak) power P;, syn-
chrotron length L,y„,synchrotron frequency 0,, and the non-
linear coupling parameter p, for three values of the cavity
desynchronization AL. The FEL wavelength is 24.5 pm at an
electron energy of 37.5 MeV.

hL
(pm)

—3
—16
—50

p;
(Gw)

3
0.7
0.07

Lsyn
(mm)

0.7
1.0
1.8

Q
(THz)

2.7
1.9
1.1

1.4
0.94
0.53

An estimate of the intracavity power will be made in
order to compare our results with the mo del of Hahn and
Lee [17]. The intracavity power is related to the power
lost by the electrons, hP, and the fractional roundtrip
loss in the optical cavity, a, as

EP =aP; .



53 FORMATION OF MULTIPLE SUBPULSES IN A FREE-. . . 2785

1.5—
I

(a)

o 1 0
65
L
55
G.S

0.5—
V)

CL
Xl

V) 0.0

0 0

3.0— 0

C0

V)0
CL

U
C
65
J3
Q

2.0—

1.0—

0 0
k

O. O
5

FIG. 7. Position of the subpulse (a) and relative position of
the optical sideband (b) versus the square root of the dimension-
less optical field a. Solid triangles indicate measurements, open
circles indicate calculated values. See Sec. V for details.

electrons was measured with a multichannel spectrometer
[30], which is installed behind the undulator. The frac-
tional cavity loss was determined from the exponential
decay of the stored field after the electron macropulse is
switched off. We found that a=5% at 24.5 pm wave-
length, independent of the cavity detuning [31]. The re-
sulting values of the synchrotron length L, „,the syn-
chrotron oscillation frequency 0, and the nonlinear cou-
pling parameter p, as discussed in Sec. III, are given in
Table I for the three values of the cavity desynchronism
studied in Sec. IV, using the measured FWHM pulse
durations at the moment saturation is reached. The
FELIX parameters used in the calculation are A,„=65
mm, %=1.75, and N=38.

The values of p in Table I indicate that FELIX
operates in the limit-cycle mode (0.8 & p & 1.5) for cavity
desynchronisms hL = —3 pm and —16 pm, i.e., in case
(a) and (b) of Fig. 3. The FEL operates in the stable-focus
regime (p & 0.8) for case (c), b,L = —50 pm. For cases (b)

and (c), this is consistent with our experimental observa-
tions of the occurrence of macropulse power oscillations
and the formation of subpulses. As stated earlier, the
discrepancy at EL = —3 pm, for which no subpulses are
observed, is believed to be due to the fact that the macro-
pulse cannot be sustained long enough for subpulses to
develop at the very small desynchronization applied in
this case.

According to the model of Hahn and Lee [17],the sub-

pulses are separated by a distance which is equal to the
synchrotron length. In the frequency domain, the corre-
sponding sidebands are separated by an amount equal to
the synchrotron frequency. We have made a comparison
of the model with measurements of the autocorrelation
signal and the spectrum, for four cavity desynchronisms
in the range —6 pm(EL & —30 pm. This includes the
case shown in Fig. 3(b). The FEL operates in the limit-
cycle mode in all four cases (the parameter p ranges from
1.18 to 0.89). The measured position of the peak of the
first subpulse relative to the initial pulse is shown in Fig.
7(a), as a function of the square root of the dimensionless
optical field, v'~a ~. Similarly, the position of the first
sideband is shown in Fig. 7(b). These complementary re-
sults are both in excellent agreement with the model of
Hahn and Lee [17].

In summary, the improved autocorrelator setup has en-
abled us to make a detailed investigation of the growth
and decay of subpulses in the FELIX output. In the
range of cavity desynchronism investigated, both the
stable-focus mode and the limit-cycle mode have been ob-
served, in perfect agreement with model calculations.
Optical pulses as short as 500 fs (FWHM), corresponding
to six cycles of the electric field, have been observed with
energies of up to 25 pJ (the peak power is 50 MW). The
experiments reported here were done at a wavelength of
24.5 pm, but it is worth mentioning that similar observa-
tions have been made at other wavelengths in the range
from 10 to 32 pm. The results are relevant for other
FEL's that (plan to) operate in the regime of strong slip-
page [8 9].
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