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Observation of Free-Electron-Laser-Induced Collective Spontaneous Emission
(Superfluorescence)
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We have observed and characterized 501.6 nm collective spontaneous emission (superfluorescence)
following 15> — 153 p excitation of helium atoms by 53.7 nm free-electron laser radiation. Emitted pulse
energies of up to 100 nJ are observed, corresponding to a photon number conversion efficiency of up to
10%. We observe the peak intensity to scale as p* and the emitted pulse width and delay to scale as p !,
where p is the atom number density. Emitted pulses as short as 1 ps are observed, which corresponds to a
rate around 75 000 times faster than the spontaneous 1s3p — 1s2s decay rate. To our knowledge, this is
the first observation of superfluorescence following pumping in the extreme ultraviolet wavelength region,

and extension of the technique to the generation of extreme ultraviolet and x-ray superfluorescence pulses
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should be straightforward by using suitable atomic systems and pump wavelengths.
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Techniques for producing coherent, ultrafast, intense
radiation in the UV, extreme ultraviolet (EUV), and x-ray
wavelength regions are currently being advanced on three
fronts: large-scale free-electron-laser (FEL) user facilities
[1-5], high-harmonic generation making use of strong-
field ionization [6,7], and also approaches for lasing in
atomic media at short wavelengths [8,9]. The combination
of techniques also shows potential, for example, by using
a free-electron laser as a pump source [10-13] to create
gain. This approach is to create an inversion by using the
FEL to excite or ionize a gas or foil target, creating an
amplified spontaneous emission single-pass laser. Such
techniques offer potentially narrower linewidths and
shorter, more highly coherent pulses, compared to the
seed sources. A hitherto unexplored (but suggested [14])
possibility is making use of the phenomenon of collective
spontaneous decay, or superradiance, where an ensemble
of excited atoms collectively decay, completely depleting
the inversion in a time much shorter than the radiative
lifetime of the upper state. Here, we present an experimen-
tal observation of superfluorescence (extended-sample
superradiance) at 501.6 nm (1s3p — 1s2s) in helium
gas following pumping of the 53.7 nm 1s>— 1s3p
transition with 100 fs EUV-FEL pulses from the SPring-8
Compact SASE Source (SCSS) test accelerator [1].
Figure 1 shows the excitation scheme. We observe photon
number conversion efficiencies of up to 10%.
Superfluorescence is potentially the most efficient ap-
proach for extracting the energy stored in an inverted
medium. In comparison to the chaotic profiles, “spiky”
in both wavelength and temporal distribution,
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characteristic of self-amplification by spontaneous emis-
sion (SASE) FEL sources, superfluorescence pulses are
monochromatic, with a well-defined temporal width. The
pulses are emitted with a characteristic delay with respect
to the pump pulse, suggesting the possibility of jitter-free,
two-color pump-probe experiments, either pairing the
superfluorescence pulse with the seed FEL pulse or making
use of a cascade of superfluorescent transitions in the same
system. In this initial Letter, we demonstrate superfluor-
escence in the visible region following pumping in the
EUV region; however, the technique can be easily
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FIG. 1 (color). The excitation scheme. The 1s3p state is
excited by 53.7 nm wavelength EUV-FEL radiation (red arrow),
and superfluorescence is observed at 501.6 nm on the
1s3p — 1s2s transition (green arrow).
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extended to the EUV and x-ray regions by a suitable choice
of system and pump wavelength.

Superradiance was first described by Dicke in 1954 [15]
for the case where the spatial extent of the inversion in any
direction is shorter than the transition wavelength. Over the
subsequent 50 years, theoretical and experimental studies
have confirmed superradiant (retermed superfluorescent)
effects for larger samples, with the looser constraint that
the interatom spacing must be less than the wavelength
(i.e., a number of excited atoms per cubic wavelength
greater than one [16]). Recently, superfluorescence pulses
have been observed and characterized from laser-cooled
rubidium [17], and pulse lengths on the picosecond time
scale observed [18]. *“Single-photon” superradiance has
also been discussed [19]. Compared to other systems,
atomic helium is attractive, since it is readily studied
theoretically and offers several possibilities for generating
superfluorescence pulses at EUV wavelengths and beyond.
In particular, nonautoionizing doubly excited states [20]
may be a potential upper state for superfluorescence
at ~30 nm.

The characteristic feature of superfluorescence is that
the ensemble of excited atoms decays collectively. For a
cylindrical sample with a Fresnel number F of around 1,
the temporal width is given [16] by sz = 87/(3A’T'pL),
where I' is the natural decay rate of the transition
(1.3 X 107 s~! for 3p — 2s in He), A the wavelength of
the transition (501.6 nm), p the number density of excited
atoms, and L the length of the distribution of excited
atoms. There is a delay with respect to the pump pulse,
given by 7, = 74e(In\/277N)?/4, where N = pV is the
total number of excited atoms and V is the volume occu-
pied by the excited atoms. Since the temporal width scales
as 1/p, the peak intensity of the pulse scales as p>. For the
long thin cylinder geometry (F = LA), the width is inde-
pendent of the cross-sectional area but scales as 1/L. For
transversely (instantaneously) excited samples, there is a
limit on L, since, if the delay is shorter than the time
necessary for light emitted from one end of the sample to
reach the other, then the sample must be treated as multiple
regions which decay separately [21]. In this case, the delay
and width scale as 1/./p. Since we use longitudinal, swept
inversion, no such limit on L is expected, although 1/ \/ﬁ
scaling has been observed in swept inversion superfluor-
escence in Ca vapor [21].

In our study, the length of the sample is limited to
L <44 mm by the use of a cubic gas cell. Helium gas is
expanded into the cell through a pulsed nozzle, synchro-
nized to the FEL pulses at 30 Hz. The base pressure of the
vacuum chamber is less than 1 X 107° Pa, rising to a
maximum of around 5 X 1072 Pa with a gas line pressure
of 10 atm. From gas flow calculations, we estimate the
peak gas pressure in the cell to vary from around 300 to
3000 Pa for pressures behind the pulsed valve of 0.5 to
10 atm. For 300 Pa, the number density of ground-state

helium atoms is around 7 X 10'® cm™3, which corresponds
to around 10000 atoms per cubic 501.6 nm (the wave-
length of the superfluorescent transition). Two apertures of
diameter 1 mm allow the FEL beam and radiation emitted
along the same axis to enter and exit the cell, and additional
evacuation occurs through an 18 mm aperture. The FEL
radiation is focused at the center of the cell to a full width
at half maximum (FWHM) waist radius of around 10 um
using a cylindrical and elliptical mirror pair [22]. The M?
parameter of the beam is 2.9, giving a FWHM beam waist
radius at the entrance and exit of the gas cell of around
75 pm. The peak pulse energy at the exit of the undulator
of around 30 wJ is reduced to around 10 wJ in the gas cell
due to the transmission of the beam line optics. The pulse
energy is determined shot-by-shot using a photoion yield
detector located upstream of the focusing system and
downstream of an argon gas cell which can be used to
attenuate the beam. The temporal pulse width is around
100 fs, and, for a pulse energy of 10 wJ, this gives a peak
intensity of 3 X 10'> W - cm™2. From the excitation cross
section of the 152 — 1s3p transition [23,24], we can esti-
mate a saturation intensity of around 107 W :-cm 2.
Taking into account the linewidth of the transition, we
estimate the maximum volume in which 3p excitation
occurs to be of the order of 1 mm?.

Visible radiation emitted in the direction of the incident
beam was observed through a fused silica viewport in the
vacuum chamber containing the gas cell. The 501.6 nm
radiation (wavelength confirmed using a fiber-optic spec-
trometer) observed was highly directional, with a maxi-
mum divergence of less than 20 mrad as determined from
CCD camera images recorded at two different distances
from the center of the gas cell. This divergence was ob-
served to vary shot-by-shot and depend on both FEL
intensity and helium gas pressure. The general trend was
for lower divergence at higher intensities and pressures,
consistent with the predictions for superfluorescence [25].
Rotating a polarizing filter in the beam path showed that
the fluorescence was linearly polarized to a high degree,
with a horizontal polarization vector. This is the same
polarization as the incident FEL radiation, consistent
with (but not necessary for) our superfluorescence inter-
pretation. Using a calibrated photodiode, we determined
the maximum pulse energy of the emitted radiation to be
around 100 nJ, which corresponds to around 2.5 X 10!!
photons. For a 5 uJ FEL pulse (the peak pulse energy
observed when the photodiode was being used), this cor-
responds to a photon number conversion efficiency of
around 10%.

To confirm the observation of superfluorescence, we
have determined the scaling laws for the observed pulse
width and delay by recording the time profile of the emitted
501.6 nm pulses using a Hamamatsu Photonics FESCA
200 streak camera, synchronized to the 30 Hz FEL pulses.
Figure 2 shows representative spectra recorded at different
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FIG. 2. Representative streak camera data. Each trace is the
average of several traces recorded at each gas pressure. The time
corresponding to zero delay has been found by fitting—see text
and Fig. 3. The inset shows the pressure dependence of the peak
and integrated intensity for pressures up to 2 atm (see text), with
error bars corresponding to the statistical variance of the data.

gas line pressures. The x axis corresponds to the time delay
following the incident FEL pulse, and the y axis to the
integrated intensity of the streak camera image. The gen-
eral trend is that higher gas pressures (i.e., higher p) lead to
narrower pulses, higher peak intensities, and shorter delay
times. To investigate the scaling laws, we extract the peak
intensity, integrated intensity, pulse width, and delay for
many FEL pulses at each gas line pressure. In an attempt to
remove the dependence on the FEL intensity, which varies
shot-by-shot, we select five streak camera traces for each
gas pressure which correspond to similar FEL pulse ener-
gies. For each of these traces, we take the delay as being
the position of peak intensity and the width as the full
width at half maximum.

Figure 3 shows the mean delay and width observed for
each gas line pressure. The delays have been fitted to an
equation of the form 7 = aP? + ¢, where P is the gas line
pressure. The offset ¢ accounts for the arbitrary offset of
the streak camera trigger with respect to the FEL pulses
(which has an inherent jitter of around 30 ps). To account
for the resolution of the streak camera, which is a nominal
30 ps FWHM for the 500 ps range used, we have fitted
the widths to an equation of the form 72 = aP? + c.
The fitted exponents are —1.2 = 0.1 for the delay and
—1.1 £ 0.3 for the width, where the errors have been
estimated from the variation of y?. These values are con-
sistent with the 1/p scaling predicted for pure superfluor-
escence. Since the width scales as 1/p, it is reasonable to
expect that the peak intensity should scale as p>. However,
the increase in peak intensity of the streak camera images
was found to level off with increasing gas pressure.
We attribute this to the fact that the divergence of the

1000

100

10

mean delay, width / ps

1 |
0.1 1 10
gasline pressure / atm

FIG. 3. Pressure dependence of the observed pulse delay
and width. The solid lines represent fits to the data of the form
7 = aP? + c for the delay and 7> = aP?” + ¢ for the width. The
offsets ¢ have been subtracted from the data for clarity, and the
error bars represent the statistical variance of the extracted
values.

superfluorescence beam depends on the emitted intensity.
Since the slit at the entrance to the streak camera was
narrower than the emitted beam, the transmission also
became a function of divergence, and hence gas pressure.
Imperfect alignment further complicated the dependence,
but, for gas pressures below 2.5 atm, we observe scaling as
p00=0.05 £or the total intensity and as p'-°=%2 for the peak
intensity, consistent with pure superfluorescence (see the
inset to Fig. 2). The effect of pressure-dependent trans-
mission has no effect on the observed delays and temporal
widths.

From measurements with a calibrated photodiode, we
know that between 10° and 10'! photons are emitted in
each superfluorescence pulse, giving us a direct estimate
for N, the number of excited atoms involved in collective
emission. Thus, we can calculate 7,/ 7sp = (In/27N)?/4
as being between around 32 and 46. It is clear from Fig. 3
that we observe ratios closer to around 5, which would
correspond to a value of N of around 103—inconsistent
with the photodiode results. We postulate that the reason
for this discrepancy is that we are actually observing super-
fluorescence from many different regions within the sam-
ple, created due to the nonuniform, spiky nature of the
pump radiation. A detailed modeling of the shot-by-shot
distribution of excited atoms is beyond the scope of this
Letter, but we note that the competition between resonant
Is — 3p excitation, resonant and nonresonant two-photon
ionization, and possibly resonant or nonresonant three-
photon excitation to doubly excited states or ionization
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must be considered [26-28]. In general, the pulse width
will vary with the size and shape of each region. The delay
will vary only weakly with size but will have an inherent
statistical “‘jitter”” which has been predicted to be 2.3/ InN
[29], around 10% for N = 10°, of the same order as the
~20% we observe. For a superposition of many individual
pulses, we will observe an average delay which represents
the experimental conditions, but the observed width will be
much broader than the width of each individual superflu-
orescence pulse, which can be expected to be of the order
of a picosecond or less. While the majority of the streak
camera traces recorded at each gas pressure show a simple
Gaussian-like line shape, we observed occasional traces
which appeared to be the superposition of many peaks,
consistent with this interpretation. A small number of
traces showing “ringing,” where the superfluorescence
pulse is partially reabsorbed, leading to a subsequent
echo pulse, were also observed.

In summary, we have observed the generation of intense
(up to ~10"" photons per pulse), directional, fast
(picosecond-order), linearly polarized radiation at
501.6 nm following 15> — 1s3p excitation of helium gas
using 53.7 nm FEL radiation. Photon number conversion
efficiencies of up to 10% are obtained. By studying the
scaling with the atom number density of the duration and
delay of the output pulses, we attribute the process to
superfluorescence on the 1s3p — 1s2s transition. While
we appear to observe the superposition of many super-
fluorescence pulses from multiple regions, the extent of
the inversion and the pulse width and delay of the emitted
pulse can be controlled by a judicious choice of experi-
mental setup, and it should be possible to select parameters
where superfluorescence from a single region can be gen-
erated. Our work represents the first attempt to observe
(and exploit) superfluorescence in the EUV region and
beyond, with an eye on creating monochromatic x-ray
radiation pulses by pumping gaseous, ionic, or solid sys-
tems using pulses from one of the new x-ray SASE-FEL
sources. This offers a complementary approach to current
and proposed schemes for ““seeded” FEL sources [30]. We
can also conclude that it may be necessary to consider
whether the cooperative decay of ensembles of excited
atoms has played a part in any of the other FEL-induced
nonlinear optical effects reported to date. The nanopar-
ticles and biological molecules which have been the sub-
jects of FEL-based coherent diffraction imaging
experiments [31,32] also contain large numbers of atoms
of the same element, which may undergo cooperative
decay following excitation. For example, the distance be-
tween carbon atoms in organic molecules is
of the order of 0.1 nm, much shorter than the 2p — Is
transition wavelength of ~4 nm. If a large enough number
of carbon atoms is core-excited in a single FEL pulse, it
is conceivable that superfluorescent decay may occur,
competing with or even overwhelming Auger decay. It is

thus worth considering whether multiatom effects must be
considered in the analysis of current experiments, and
further, whether it may even be possible to exploit such
effects in future experiments.
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