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In this Letter we report the first experimental characterization of superradiance in a single-pass high-
gain free-electron laser (FEL) seeded by a 150 femtosecond (FWHM) Ti:sapphire laser. The nonlinear
energy gain after an exponential gain regime was observed. We also measured the evolution of the
longitudinal phase space in both the exponential and superradiant regimes. The output FEL pulse duration
was measured to be as short as 81 fs, a roughly 50% reduction compared to the input seed laser. The
temporal distribution of the FEL radiation as predicted by a numerical simulation was experimentally
verified for the first time.
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Three international laboratories are constructing single-
pass high-gain free-electron lasers (FEL) to generate ex-
tremely bright coherent x-ray beams which will enable
exciting new science in the fields of biology, chemistry,
and physics [1]. For analysis of transient physical and
chemical reactions on an atomic scale, one of the main
requirements is to generate as short an FEL pulse as
possible. The most straightforward approach to generate
short FEL pulses would be to produce shorter e-beam
bunches since all the FEL pulses generated by single-
pass schemes to date have been determined by the electron
beam bunch length [2–5]. However, high intensity short
electron bunches are limited by peak current effects such as
coherent synchrotron radiation (CSR) and longitudinal
space charge effects.

Bonifacio and collaborators [6–12] have predicted a
reduction of the light pulse length under certain conditions
in an FEL. The term superradiance, originally coined by
Dicke [13], was used to describe this pulse shortening
regime in which the radiated FEL power is proportional
to the square of the number of electrons in a cooperation
length, Lc � �r=4�� [14], where �r is the radiation wave-
length and � is the Pierce parameter [15]. Some aspects of
superradiance have been experimentally observed in FEL
oscillators but until now superradiance has not been ob-
served in an FEL amplifier [16,17]. Recently, Giannessi
et al. proposed a novel scheme to generate femtosecond
(fs) x-ray pulses based on a cascade of single-pass seeded
FEL amplifiers operating in the superradiant regime [18].

In this Letter, we report the first experimental character-
ization of superradiance in a single-pass high-gain FEL
seeded by a Ti:sapphire laser. The FEL output pulse length
measured by a frequency-resolved optical gating (FROG)
technique [19] was half that of the input seed laser and
shorter than the electron beam by more than an order of

magnitude. Simultaneously, we also observed the FEL
spectral broadening in the superradiant regime by the
FROG. The nonlinear gain of the FEL beyond the satura-
tion of the exponential gain regime was also measured. Our
experimental results are compared to both theoretical mod-
els and numerical simulations.

In the superradiant regime, the FEL pulse is compressed
such that it can be significantly shorter than the input seed
laser pulse. The pulse energy [ESR], the pulse length [�SR]
and the pulse peak power [PSR] scale with the distance
along the undulator [z] as follows [8,12,18],

 ESR / z3=2; �SR / z�1=2; PSR �
ESR

�SR
/ z2: (1)

Figure 1 depicts the evolution of the temporal and
spectral distributions of the FEL light obtained by a nu-
merical simulation with the GENESIS1.3 code [20] using the
experimental parameters listed in Table I. The longitudinal
profile of the radiation power and the spectrum are dis-
played along the undulator axis z in Figs. 1(a) and 1(b),
respectively. In both figures, the profiles are normalized at
each z. Since the simulation time window in Fig. 1(a)
moves with the average velocity of the electrons [vz], the
slope of the FEL radiation power along the electron beam
coordinate [s � t� z=vz] in Fig. 1(a) indicates the slip-
page of the radiation with respect to the electron pulse. In
the simulation, the seed pulse is a Gaussian distribution
with the duration of 150 fs of full width at half maximum
(FWHM), and the electron pulse forms an asymmetric
triangular distribution with 0.2 ps rise time and 1 ps decay
at half maximum. Note that for the simulation we chose the
same parameters as our experimental conditions so the
peak current is not constant over the pulse.

In the superradiant regime the spectrum breaks into a
wideband multipeak structure, with most of the energy
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being redshifted [21]. It may be interpreted that as the
superradiant pulse slips forward along the electron pulse,
the radiation is emitted by fresh electrons that have no
phase correlation with the radiation emitted behind.

For the FEL to reach the superradiant regime it must
pass through the exponential gain regime (EG in Fig. 1). A
laser-seeded FEL amplifier is a good platform to explore
superradiance since the saturation of the exponential gain
regime can be controlled by the seed laser intensity. In a
laser-seeded FEL amplifier, the root-mean-squared (rms)
pulse length and bandwidth of the FEL light evolve along
the undulator length as [22],

 �t�z� � �t;s
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where �t;s is the seed laser pulse length and �!;GF�z� ��������������
3
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kuz

r
is the FEL Green function bandwidth in the ex-

ponential gain regime, ku � 2�=�u and �u is the undulator
period. The fact that the seed pulse is fully longitudinally
coherent, �t;s�!;s � 1=2, has been used in the above for-
mulas. From Eq. (2), it can be seen that the unchirped seed
pulse can only stretch in the exponential gain regime, so
any pulse shortening must occur in the superradiant re-
gime. In addition, the bandwidth in the EG regime de-
creases monotonically along the undulator.

Another characteristic of the exponential gain regime is
the reduction of the group velocity of the FEL pulse (c!
vg � !=�k� 2

3 ku�) which reduces the slippage of the FEL
pulse relative to the electrons from the free space value
[8,22]. One can clearly see this reduced slippage (increased
slope) in the EG regime in Fig. 1.

The experiments reported here were performed at the
Source Development Lab (SDL) of the Brookhaven
National Laboratory (BNL). The SDL consists of an rf
photoinjector, a 250 MeV linac, a 10-meter undulator,
and a Ti:sapphire laser system. The single Ti:sapphire laser
system with two separate optical compressors is used both
to drive the rf gun and to seed the FEL. We have routinely
conducted laser-seeded FEL amplifier experiments with
the seed laser pulse length much longer than the electron
beam, which produces saturated FEL pulses in which the
FEL pulse duration is determined by the electron bunch
length and the spectra are Gaussian [23]. To explore the
superradiant regime, we use a similar setup, the key dif-
ference being that the optical compressor of the seed laser
is adjusted so that the seed is nearly Fourier-transform-
limited with an unchirped pulse duration of 150 fs and a
bandwidth of 6.7 nm (FWHM) as shown in Fig. 3(e). The
key experimental parameters are listed in Table I.

To maximize the effects of the superradiance, the seed
laser energy is adjusted so that the FEL radiation in the
exponential gain regime saturates at 	3:5 m into the 10 m
undulator as shown in Fig. 1. In this case the FEL radiation
grows very little in the exponential gain regime. To mini-
mize the contamination of the FEL output measurement by
the input seed laser, in Fig. 2 we begin the plot at z	 5:8 m
where the FEL output is significantly stronger than the
input seed. The timing jitter between the seed laser and
the electron beam can result in the laser pulse arriving
anywhere along the electron beam pulse, as such there is
a large fluctuation in the sampled electron beam peak
current which results in a large fluctuation of the FEL
output. Thus, only the maximum radiation output is used
in Fig. 2. One can see that the pulse energy continues to
increase over the second half of the undulator in the super-
radiant regime. The energy gain of the superradiant pulse
as given in Eq. (1) assumes a rectangular electron beam
distribution, while in our experiment, the electron pulse
distribution is better approximated by an asymmetric tri-
angular distribution. In addition, the total energy measured

TABLE I. Experimental parameters at the SDL.

Undulator period �u 3.89 cm
Undulator parameter K 1.1
Undulator length Lu 10 m
Electron energy E 102 MeV
Electron bunch length (FWHM) 1.2 ps
rms energy spread �E=E 0.1%
Maximum peak current I 400 A
Seed laser wavelength �s 788 nm
Seed laser bandwidth (FWHM) ��s 6.7 nm
Seed laser duration (FWHM) �s 150 fs
Maximum peak power of seed laser 10 MW

 

FIG. 1 (color). (a) Normalized longitudinal profile of the FEL
radiation power along the electron beam coordinate ‘‘s’’ as it
evolves along the undulator with coordinate ‘‘z’’ [18], and
(b) spectral evolution along the undulator, as determined by a
numerical simulation with GENESIS1.3 [20] using the experimen-
tal parameters in Table I. Note exponential gain (EG) regime and
superradiant (SR) regime.
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in the experiment can also contain a contribution from self
amplified spontaneous emission (SASE) emitted from
electrons in the head and tail of the pulse. As a result, the
measured energy gain curve scales close to, but not pre-
cisely, as z3=2.

The longitudinal phase space distribution of the radia-
tion was measured using a commercial Grenouille configu-
ration FROG [19]. In the Grenouille setup, there is an

intrinsic ambiguity in the direction of time in the temporal
distributions which can be resolved by comparison with the
numerical simulations.

Typical shots of the measured raw and retrieved FROG
images of the FEL light are shown in the first two columns
of Fig. 3, where the horizontal axis is the delay [�] and the
vertical axis is the frequency [!]. The FROG images of the
input seed laser is shown in the bottom row of Fig. 3. As
expected the FROG images are very symmetric in time,
and no significant difference between the raw and the
retrieved images are found, which certifies the reliability
of the data. The resulting temporal and spectral distribu-
tions, including the phase are also shown in columns 3 and
4 of Fig. 3 along with a label which highlights the duration
of the main temporal peak (FWHM). The FROG images
become increasingly complicated as the pulse duration is
shortened. In the shortest case, the top row of Fig. 3, the
image consists of multiple peaks in both time and
spectrum.

Figure 4 redisplays the amplitude of temporal and spec-
tral distributions for the measured FROG image (blue)
shown in the first row of Fig. 3, together with the
GENESIS1.3 simulation results (red). The arrow of time of
the experimental results is set to match the simulation in
which the secondary pulses are behind the main peak in
time.

The pulse duration of the main peak in the experiment is
81.7 fs (FWHM), while that in the simulation is 86 fs, both
are roughly half the seed pulse duration of 150 fs. In

 

5 6 7 8 9 10
Undulator Length, z m

15

20

25

30

35

40

45

M
ax

im
u

m
E

n
er

g
y

,E
S

R
µµµ J 16.5 3.1 z 5.8 3 2

FIG. 2. Plot of the measured (dots) and fit (line) of the maxi-
mum pulse energy versus distance along the undulator in the
superradiant regime.

 

FIG. 4 (color). Measured FROG results of the first row of
Fig. 3 (blue) and GENESIS1.3 simulation results (red). For the
temporal distribution, toward the right is the head and left is the
tail of the pulses.

 

FIG. 3 (color). Each FROG result is a row in the figure labeled
by the FWHM of the main temporal peak. Starting from the left,
the four columns are: raw and retrieved FROG images, temporal
and spectral distributions including phase. Amplitudes (red) are
normalized and phase (blue) are plotted from �6 to �6 radians.
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addition to the main peak, secondary peaks are observed.
Such a distribution has been observed in the earlier nu-
merical analyses based on the superradiant theory
[8,10,11,18]. Another notable feature is that in Fig. 3(a)
the phase of the secondary peak is continuously shifted
from the main peak, while there is a phase jump between
the second and the third peaks. This indicates that the
second pulse maintains a phase correlation with the main
peak, while the third is independent from the first two
peaks. Note that in the exponential gain regime, the longi-
tudinal coherence of the seeded FEL is fully preserved, and
the radiation pulse cannot be shorter than the seed laser
when the input electron pulse is unchirped [see Eq. (2)]
[22]. This further supports the fact that the pulse in Fig. 4 is
superradiant, since the duration of the output FEL pulse is
shorter than the seed laser and the longitudinal coherence
in the output pulse has been deteriorated.

As shown in Figs. 1 and 4, the spectrum of the super-
radiant pulse becomes wider and spiky in both the simu-
lation and experiment. Although the spectral width in the
normal seeded FEL experiments with long pulse seeding
was measured to be 10 nm peak to peak [23], both the
numerical and experimental spectra in the superradiant
regime spread out to 20 nm peak to peak and the centroid
of the spectrum is redshifted [21].

Additionally, we shall discuss the observation of
stretched pulses and the stability of our superradiance
experiment. As shown in the third and fourth rows of
Fig. 3, pulses longer than the seed laser were also mea-
sured. We attribute this to the shot-to-shot fluctuations in
the electron bunch distribution and the timing jitter be-
tween the seed laser and the electron beam (	300 fs). The
seed laser is occasionally launched at the edge of the
electron bunch where the electron density is very low
resulting in the saturation point being shifted far down-
stream in the undulator. In the fourth row of Fig. 3, the
pulse durations is 161 fs (FWHM), which is longer than the
seed laser, and the bandwidth is 5.5 nm (FWHM), which is
narrower than the seed laser and the phase plots in the
FROG images are smooth which implies that the coherence
is preserved. These features are consistent with the Eqs. (2)
and (3), indicating that this case did not make the transition
past the exponential gain regime to superradiance [22]. In
Fig. 3(c), the pulse duration is almost the same as the seed
laser, while the spectrum is wide and consists of multiple
peaks. The profiles have obviously evolved away from the
seed laser in Fig. 3(e). In this case the pulse width will have
grown in the exponential gain regime only to be reduced to
approximately its initial value during the superradiant
regime.

In conclusion, superradiance in a single-pass high-gain
laser-seeded FEL was experimentally characterized for the
first time. We observed the nonlinear energy gain after
saturation of the exponential gain regime. The longitudinal
pulse width evolution in both the exponential gain (pulse

width grows) and superradiant regimes (pulse width
shrinks) was measured. The measured spectral distribution
agrees well with our numerical simulation. Note that the
output pulse length was not determined by the electron
bunch length, which is the first observation of this phe-
nomena in a single-pass high-gain FEL. Our results may
open a new avenue to realizing ultrashort pulses in an FEL.
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