
 

Evidence of Extreme Ultraviolet Superfluorescence in Xenon
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We present a comprehensive experimental and theoretical study on superfluorescence in the extreme
ultraviolet wavelength regime. Focusing a free-electron laser pulse in a cell filled with Xe gas, the medium
is quasi-instantaneously population inverted by 4d-shell ionization on the giant resonance followed by
Auger decay. On the timescale of ∼10 ps to ∼100 ps (depending on parameters) a macroscopic
polarization builds up in the medium, resulting in superfluorescent emission of several Xe lines in the
forward direction. As the number of emitters in the system is increased by either raising the pressure or the
pump-pulse energy, the emission yield grows exponentially over four orders of magnitude and reaches
saturation. With increasing yield, we observe line broadening, a manifestation of superfluorescence in the
spectral domain. Our novel theoretical approach, based on a full quantum treatment of the atomic system
and the irradiated field, shows quantitative agreement with the experiment and supports our interpretation.
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Superfluorescence or superradiance is the spontaneous,
collective decay of an extended, macroscopic ensemble of
atoms that have been prepared in a population-inverted
state, resulting in collimated, high-intensity radiation
pulses. The pulses are emitted at a certain delay τD
following excitation and have a duration that can be several
orders of magnitude smaller than the typical upper-state
lifetimes, often accompanied with temporal ringing.
Superfluorescence has been first demonstrated in 1972
in the infrared [1], and later in the visible and microwave
spectral regions [2]. Long before the advent of short-
wavelength free-electron lasers (FELs), superfluorescence
in optically thick media was proposed as a source for
intense and pulsed extreme-ultraviolet (XUV) or x-ray
radiation and has been theoretically examined [3–7].
Superfluorescence is closely connected to the physics of
amplified spontaneous emission, superluminescence, and
mirrorless lasing. In turn, the pulsed emission of a highly
amplifying medium that is inverted impulsively in a single-
pass geometry (gain-swept pumping) and that features
large, transient gain is a manifestation of superfluorescence
[2,6–9]. In this sense, strong x-ray K-α superfluorescence
following ionization of the 1s shell with x-ray FEL (XFEL)
pulses has been demonstrated in Ne gas [10,11], solid

copper [12], and manganese salts in aqueous solution [13].
In fact, theoretical modeling of the experiments in Ne [14]
and a recent, refined theoretical analysis [15] clearly
underline the superfluorescent character of this strongly
amplified K-α emission. In the XUV region, superfluor-
escence following inner-shell ionization has so far not been
demonstrated. The difficulty to obtain transient gain in the
XUV region is a consequence of the disparate timescales of
two competing processes: the very fast Auger decay on the
fs (or Coster-Kronig decays on sub-fs) timescale limiting
the lifetime of inner-valence vacancies and coherences, and
the comparatively long (ns) radiative transition times. In the
vacuum ultraviolet (VUV) regime, superfluorescence has
been recently demonstrated in helium [16–19], following
resonant excitation below the ionization threshold with
an FEL.
Here, we present experimental and theoretical evidence

for XUV superfluorescence of Xe gas. Population inver-
sion is achieved by Auger pumping [4]: the rapid Auger
decay following photoionization of the 4d shell with
pulses of an XUV FEL creates a population inversion
between the excited dicationic states that sustains coherent
collective emission (see Fig. 1). Auger-pumped lasers
have been experimentally realized in the 1980s in Xe
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and Kr gas [20,21] using a laser-generated plasma XUV
source. Already then, it was speculated that the emission
could stem from superfluorescence. The transverse pump
geometry and the long rise time of the plasma-generated
emission, however, were not ideal to sustain superfluor-
escence. FELs offer clear advantages: (i) their ultrashort
pulses at high intensities guarantee a nearly instantaneous
population inversion and (ii) their transverse coherence
allows for tight focusing and gain-swept longitudinal
pump geometry [5], which is ideal for superfluorescence
[22]. Undoubtedly, a measurement of the temporal
emission profile is the most straightforward way to
characterize superfluorescence. Such a set-up is chal-
lenging and not available at the FLASH FEL, where our
experiments have been performed. We, in turn, present
spectroscopic evidence for XUV superfluorescence,
which hitherto was hardly discussed in the literature
[23–25]. Our experimental results are compared to our
novel theory [15], which is fully quantized in both atomic
and field degrees of freedom and goes beyond the typical
phenomenological Maxwell-Bloch treatments [2,11,14].
In contrast to the recent demonstration of VUV super-
radiance in resonantly pumped Helium [16–19], the
incoherent pumping process of inner-shell ionization
on the 4d giant resonance of this work can be achieved
by optically pumped plasma sources [20,21,26] and thus
has wider applicability. The study of coherent emission of
Xe is of particular interest since it is electronically similar
to tin—the target material for plasma-based sources for
EUV lithography [27].

The experiment was performed at the CAMP end station
of the FLASH FEL [28]. Pulses of ∼80–100 fs duration at
10-Hz repetition rate were focused into a cell of pressurized
Xe gas [10,11] creating a pencil-shaped pumped medium of
4.5 mm length and ∼20 μm radius. The photon energy was
tuned to 73 and 92 eV (below and on the giant 4d resonance
[29]). The maximum available pulse energy on target was
90 μJ. The transmitted FEL pulse and the XUV emission
were analyzed by a high-resolution spectrometer allowing
the measurement of both the FEL spectrum and the super-
fluorescence lines in different diffraction orders.We observed
intense XUV Xe emission in forward direction, with similar
angular divergence to the pump FEL pulse, at ð65.18�
0.20Þnm, ð68.14�0.20Þnm, ð68.8� 0.2Þ nm, and ð109.3�
0.5Þ nm.Weattribute the latter one to the previously observed
108.9 nm line [20,30]. Examples of single shot and averaged
Xe emission spectra are presented in Fig. 2, showing Xe
emission lines at 65.18 and 68.14 nm as well as the FEL
spectrum in the fourth diffraction order. The Xe level scheme
is depicted in Fig. 1 [29,31–38]. Following 4d ionization, the
states Xeþ 4d−13=2 and 4d−15=2 rapidly decay by Auger process
(lifetime ∼6 fs [39]) to a manifold of different valence-
excited Xe2þ states. This results in a population inversion
between several pairs of states. States B (5s15p5 1P1)
and C (5s05p6 1S0) serve as the upper states and
A [5s25p3ð2DÞ5d 1P1], 1D2, and 3P1 are the lower states
of the observed transitions. Additionally, these dicationic
states can be created by single-photon valence double
ionization. Other transitions such as C → 1D2, B → A, or
C → 3P1 did not result in superfluorescence.
Our studies are focused on the strongest emission lines of

65.18 and 68.14 nm. In Fig. 3(a), the integrated intensity
(yield) of the 65.18 nm Xe line is shown as a function of the
FEL-pulse energy EP for a photon energy of ωP ¼ 73 eV
(92 eV) at a pressure of 7 mbar (3.5 mbar)—the values
maximizing the emission-line yield. A clear exponential

FIG. 1. Level scheme: The FEL pulse photoionizes the 4d shell
of the Xe ground state. The resulting Xeþ 4d−1 vacancies decay
via Auger process into various Xe2þ and Xe3þ (not shown) states.
Population inversion in Xe2þ is established between the upper
(B, C) and lower (A, 1D2, and 3P1) states of the observed transi-
tions. Valence double ionization (dashed blue arrows) contributes
to the population of the Xe2þ states. The population branching
ratios of each state, relative to all Xeþ, Xe2þ, and Xe3þ states as
deduced from our coincidence measurements are given in red
(gray) for ωP ¼ 92 eV (73 eV). Since the 3P1 and the 3P0 are not
experimentally resolved, the sum of the two ratios is shown.

FIG. 2. Single-shot spectra (solid blue and green) and average
over 725 spectra (dashed black) obtained with an FEL photon
energy of ωP ¼ 73 eV in 7 mbar of Xe. Two laser-like emission
lines at 65.18 nm and 68.14 nm are observed. The typical SASE
spectrum (ΔωP ∼ 1 eV) of the FEL pulse appears in the fourth
diffraction at around 68 nm ¼̂ 73=4 eV.
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increase of the emission yield over four orders of magnitude
results from varying EP from 10 to 60 μJ. For ωP ¼ 92 eV,
the emission yield saturates for EP > 30 μJ, while for
ωP ¼ 73 eV, saturation sets in for EP > 50 μJ. The signal
for EP ≳ 50 μJ for ωP ¼ 92 eV was saturated on the
detector and is not shown. In the solid angle of emission
(∼10−5 sr), we calculate an exponential amplification factor
of∼11 compared to themere fluorescence signal. The pulse-
to-pulse variation of the emission yield spreads over more
than one order of magnitude for a given EP, which was
measured upstream from the interaction volume and trans-
port optics. The scatter is due to measurement uncertainties
of Ep as well as pointing instabilities of the FEL, leading to
partial clipping of the FEL beam by the gas-cell apertures.
The emission yield of the Xe 68.14 nm line shows a similar
dependence on EP, ωP, and pressure (see the Supplemental
Material [40] for additional data and the pulse-to-pulse
correlation of emission yield of the 65- and 68-nm line).
The large difference of gain betweenωP ¼ 73 eV and 92 eV
is not only due to the difference in 4d photoionization
cross sections (σabs ¼ 5.2 Mb for 73 eV and σabs ¼ 25 Mb
for 92 eV [29,41]), but also due to differences in partial
occupation rates of the upper and lower states of the emission
lines (see Fig. 1), as revealed by our electron-electron
coincidence measurements in Xe [40,42]: single-photon
double ionization of the valence orbitals plays a significant
role in the occupation of the superfluorescence states.
At ωP ¼ 73 eV, this pathway amounts to ≈15% of the
occupation of the upper state B, and ≈30% of the lower
states. At ωP ¼ 92 eV its relative contribution is smaller.
Valence double ionization de facto reduces the population
inversion since this process tends to populate energetically
lower lying Xe2þ states (see Fig. 1 and Table S-1 in the
Supplemental Material [40]). For ωP ¼ 92 eV, a conjugate
shake-up Auger decay, which is energetically inaccessible
at 73 eV [43], slightly enhances the population of the upper
state of the 65- and 68-nm lines.

The pressure dependence of the emission yield is shown
in Fig. 3(b). By increasing the pressure (and hence the
number of emitters), the emission yield increases, saturates,
and decreases for a fixed sample length. Saturation sets in
for a pressure at which the attenuation length of the pump
equals the sample length. Further increasing the pressure,
a smaller and smaller fraction of the medium is inverted,
and the rest of the medium absorbs the emitted photons,
resulting in an exponential drop of the emission yield. The
drop is more pronounced for ωP ¼ 92 eV than for 73 eV
because of the smaller absorption length of the pump
FEL.
Insight into the collective emission process can be gained

through our theoretical model [15,40]. The approach is
based on a quantized treatment of both the emitted field
and the atomic system and assumes a one-dimensional
pump geometry. It enables us to capture the crossover from
spontaneous emission through amplified spontaneous
emission to superfluorescence. Although we are facing a
complex level structure, we only consider a single tran-
sition. This approximation thus does not take into account
the competition between two transitions sharing the same
upper state, but should be sufficient for capturing the
emission dynamics before the system saturates and Rabi
oscillations occur [44]. The upper and lower level pop-
ulations of this transition are prepared by an incoherent
pump process, modeled within a rate equation approach
(see the Supplemental Material [40] and Fig. 1 for cross
sections and rates). Given the high FEL intensities, depop-
ulation by sequential multiphotoionization are included in
the model for all involved levels, assuming cross sections
for the neutral atom. Depending on the intensity on target,
the FEL pulses (modeled as Gaussian temporal pulses of
80 fs FWHM) prepare the atoms in core-excited states on
the time scale of 10–100 fs. The 15 ps travel time of the
pump pulse through the cell is short compared to the long
radiative lifetime (1=Γsp ∼ 1 to 4 ns) of the upper lasing
state. Thus, a prompt population inversion is established.
Due to a separation of timescales (quasi-instantaneous
pumping as compared to the collective superfluorescence
time), the evolution of the atomic coherence is mainly
determined by the interaction with the emitted electromag-
netic field. Within our model we restrict ourselves to
spontaneous emission as the sole decoherence effect: at
the considered pressures and electron densities, electron
collisions were not assessed as critical [20]. Doppler
broadening alters the emission properties at the initial
stages of amplification (see the Supplemental Material
[40]) but is of minor importance in the observed regime
of strong amplification [45].
The model solves for the ensemble averages of the

occupation of the Xe ground state, the 4d−1 state and the
emission levels as well as for the temporal and spectral
properties of the outgoing radiation. It accounts for a
nonresonant absorption of the emitted field. Fitting the

(a) (b)

FIG. 3. Emission yield of the 65.18 nm line as a function of
(a) FEL-pulse energy EP for ωP ¼ 73 eV (at 7 mbar Xe) and
92 eV (at 3.5 mbar Xe) and (b) pressure for fixed EP ¼ 30 μJ for
ωP ¼ 73 eV and EP ¼ 75 μJ for ωP ¼ 92 eV. Symbols: Exper-
imental single-shot data. For each data set, the solid line and error
bars are the geometric mean and standard deviation, black lines
are the result of the theory.
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exponential drop of the emission yield at high pressures
observed in Fig. 3(b), we estimate an absorption cross
section of the 65.18 and 68.14 nm emission lines of
σabsF ¼ 80 Mb for ωP ¼ 92 eV and σabsF ¼ 60 Mb for
ωP ¼ 73 eV. Both values are within a factor of 2 from the
absorption of neutral Xe [46]. Despite the limitations,
the theory reproduces the trend of the emission yield as a
function of pump energy [Fig. 3(a)] and pressure [Fig. 3(b)]
for both ωP ¼ 73 and 92 eV. To compare with the experi-
ment, we assumed a total detection efficiency of 5%.
For a quantitative comparison, a 2D treatment of the super-
fluorescence aswell as a kinetic code following the evolution
of the transient plasma and its opacity would need to be
employed.
In the temporal domain, our theory reproduces the

typical features of superfluorescence: Fig. 4(b) shows
calculated time traces of the Xe 68.14 nm emission line
for several pump-pulse energies at ωP ¼ 73 eV. Increasing
the pump-pulse energy from 30 to 70 μJ results in an
effective increase of number of emitters from 2 × 109 to
4 × 109, and a decrease in the delay times τD from 62 to
28 ps, along with a decrease of the pulse duration τW from

21 ps down to 7 ps. For 70 μJ (high within saturation), a
ringing phenomenon is visible in the temporal intensity
average. In comparison, for nanosecond plasma-based
pump sources, Kapteyn et al. [21] measured pulse dura-
tions of the emission in the range of 600 to 1200 ps.
In the spectral domain, we measured a quasilinear

broadening of the Xe 68.14 nm emission line as a function
of its yield [Fig. 4(a)]. This broadening is at the limit of the
resolution of our setup [47] and could only be observed in
third diffraction order by integrating over 3 FEL pulses [see
spectra in the inset of Fig. 4(a)]. The pressure in the cell was
varied between 30 and 44 mbar. Figure 4(c) shows the
spectral output of the theory. An increase of the pump-pulse
energy and hence number of emitters results in a broader
emission line and the emergence of shoulders. The spectral
broadening corresponds to a decrease of the collective
emission time (related to the width of the temporal peak
τW), and the shoulders are an indication of the coherent
temporal ringing in the spectral domain [40]. The theo-
retically determined width, convoluted with a 0.4 meV
Gaussian response function to account for the spectrometer
resolution, is shown as a black solid line in Fig. 4(a).
While the shoulders are not resolved in the experiment, the
theoretical line width quantitatively matches the experimen-
tally observed trend. Thus, the measured line broadening
with emission yield can be interpreted as an indication of
superfluorescence.
In conclusion, we present experimental and theoretical

data that underline the superfluorescent character of several
Xe emission lines following 4d-shell ionization by an FEL
and subsequent Auger decay. Notably, exponential growth
of the emission yield as a function of pump-pulse energy is
demonstrated in over four orders of magnitude, reaching
saturation with more than 107 detected photons (108 to 109

emitted photons). The demonstration of saturation points
towards the coherent nature of the emitted radiation. The
line width shows an increase with the emission yield that is,
within the experimental resolution, in agreement with our
theoretical model. Collective emission times of the order of
10–100 ps are predicted and feature the typical ringing
phenomenon. Compared to other sources, such as FELs or
high brilliance table-top XUV lasers approaching the carbon
1s edge [48,49] with ps [50] and recently sub 100 fs [51]
duration, the demonstratedXUV superfluorescence source is
not competitive. Schemes could however be envisioned to
shorten its pulse duration. Ionizing the upper lasing statewith
a short, time-delayed laser pulse would shrink the super-
fluorescence time, albeit at downscaled photon number.
Coherent, optical quantum control schemes, such as recently
suggested [52,53], could also be adapted to such a source.
The fact that saturation can be reached with plasma sources
[26] is very appealing. The high reproducibility of the
emission wavelength of the Auger-pumped superfluores-
cence can deliver sharp spectral lines for diagnostics (for
example photoelectron spectroscopy). An increase of the

(a)

(b) (c)

FIG. 4. (a) Measured line width of the Xe 68.14 nm emission
line (FWHM of a Gaussian fit) as a function of emission yield for
ωP ¼ 73 eV. Each data point is obtained by accumulating three
consecutive FEL pulses separated by 1 μs. The error bars on the
black triangle and circle show the standard deviation of the line
width resulting from the fit. The corresponding normalized
spectra (symbols) and fits (dashed and dotted lines) to these
data points are shown in the inset. The black line is the
theoretically determined line width taking into account the
spectrometer resolution of 0.4 meV. The three points (colored
crosses) mark the results of the theoretically determined temporal
(b) and spectral (c) intensity profiles for various pump-pulse
energies.
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emission yield can be achieved by optimizing the geometry
of the gain medium, allowing for a larger number of emitters
at higher solid angle [54].Auger- andCoster-Kronig pumped
systems have been theoretically studied for only a few atoms
[55,56]. A systematic investigation of other atomic or
molecular gain media could lead to more XUV emission
wavelengths.
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