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We report an experimental and numerical study of the propagation of free-electron laser pulses
(wavelength 24.3 nm) through helium gas. Ionization and excitation populates the He™ 4p state. Strong,
directional emission was observed at wavelengths of 469, 164, 30.4, and 25.6 nm. We interpret the
emissions at 469 and 164 nm as 4p-3s5-2p cascade superfluorescence, that at 30.4 nm as yoked
superfluorescence on the 2p-1s transition, and that at 25.6 nm as free-induction decay of the 3p state.
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Free-electron lasers (FELs) operating at extreme ultra-
violet wavelengths and shorter are currently allowing us to
explore new possibilities in the interaction of coherent
radiation with matter [1-5]. The study of the propagation of
intense, short-wavelength, coherent pulses through dense
atomic media is an essential stepping stone to new analytical
techniques, and the extension of existing technologies
commonplace at visible wavelengths to wavelength regimes
where, for example, element and site specificity can dras-
tically expand their fields of applicability [6]. Topics of the
current interest include superfluorescence (SF) and super-
radiance [7,8], amplified spontaneous emission [1,5], stimu-
lated Raman scattering [3,4], and free-induction decay [9].
Here we study the propagation of partially coherent FEL
pulses at a wavelength of 24.3 nm through a dense sample of
helium ions. Experimentally we observe intense, highly
directional emission at several different wavelengths.
Numerical simulations which follow the propagation of
the full electric field and the evolution of the atomic medium
over a timescale of tens of picoseconds are compared with the
results. We interpret our findings (see Fig. 1) as cascade
superfluorescence (469 and 164 nm), yoked superfluores-
cence (30.4 nm), and free-induction decay (25.6 and
24.3 nm). To our knowledge superfluorescence at such short
wavelengths has not been reported previously, although
recently few-photon superradiance has been observed at
x-ray wavelengths [8,10].

The experiments were carried out at SACLA BLI1
[11,12]. Pulses of central wavelength 24.3 nm, energy
around 20 pJ, and duration less than 100 fs were focussed
to a spot size of around 10 ym at the center of a gas cell,
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into which helium gas was expanded using a pulsed nozzle
(Parker). Two electrically grounded apertures, of diameter
1 mm, thickness 2 mm, and separation 1 mm, defined the
interaction region. The ground-state number density was
varied by varying the static pressure behind the pulsed
nozzle. The gas cell was positioned at the center of a
cylindrical inner vacuum chamber (Iength 230 mm, radius
90 mm), pumped by a turbomolecular pump. Two 10-mm-
diameter apertures in this cylinder allowed the passage of
the FEL beam and emitted radiation, and a further 15-mm-
diameter aperture the passage of a gas line. The outer
vacuum chamber was pumped by a second turbomolecular
pump, and was equipped with an ionization gauge.
Transmitted and emitted radiation was detected using either
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FIG. 1. Partial level scheme. The right-hand axis shows the

wavelength for transition to the ground state, the left-hand axis
energy above the ground state for each system. The FEL pulses at
a central wavelength of 24.3 nm (green) ionize neutral He and
resonantly couple the He' ground and 4p states.
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a flat-field grazing-incidence spectrometer (Shinkukogaku
Co., Ltd. Japan) equipped with a CCD camera (Andor
DV420), a visible wavelength spectrometer (Ocean Optics
USB2000), or fast photodiodes (Hamamatsu G4176-03
with Picosecond pulse labs 550B-104 bias tee, Alphalas
UPD-50-UP). The optical pathlengths from the center of
the gas cell to the detectors were around 850 mm (CCD
camera) and 300 mm (photodiodes).

The main plot of Fig. 2 shows example spectra recorded
using the grazing-incidence spectrometer. The blue trace
shows the average of 1000 single-shot spectra recorded
with no He, and reveals (in 7th order of the grating, at
170.1 nm) the average spectrum of the self-amplified
spontaneous emission (SASE) pulses. With He present,
(red trace), wavelength-independent absorption is seen due
to ionization. Using a value of 1.9 x 10722 m~2 for the
ionization cross section (interpolated from the results of
Bizau and Wuilleumier [13]), an absorption length of
5 mm, as defined by the outer faces of the two apertures
of the gas cell, and assuming the ratio of emitted to incident
radiation is given by the ratio of the areas under the broad
spectral peaks (0.816), we can estimate a He density (and
an upper limit He* density) of around 2 x 10>* m™. Also
evident in the red trace of Fig. 2 is a narrow absorption dip
at 170.1 nm (24.3 nm in 7th order). This is due to resonant
excitation of helium ions to the 4 p state. Strong emission is
seen at a wavelength of 164 nm, which corresponds to the
n =3 to n =2 transitions in the ion (see Fig. 1). The
example single-shot spectra reveal the multimode nature
characteristic of the SASE FEL. From the (small) number
of modes observed, it is possible to estimate that the pulse
length is of the order of 30 to 100 fs. A correlation between

4000 -
» 3500 1
3000 A
3 I
£
e 2500 - T T T T T T T T 1
3 25 27 29 31 450 460 470 480 49
= 4
gn 2000 = avg.,no He
« = avg. with He
8 1500 — single shot
o — single shot
1000 -

164 166 168 170 172 174
wavelength / nm

FIG. 2. Average and single-shot spectra recorded using the
grazing-incidence spectrometer and CCD camera (main, left
inset), and visible-wavelengths spectrometer (right inset). The
incident FEL radiation (central wavelength 24.3 nm) is seen in
7th grating order (170 nm), and the single-shot spectra reveal the
multimode nature of the SASE pulses.

FEL intensity at 24.3 nm and emission at 164 nm is
suggested. The inset on the right shows a spectrum
recorded using the visible wavelengths spectrometer,
revealing emission at 469 nm. The inset on the left shows
an average spectrum recorded using the grazing-incidence
monochromator at shorter wavelengths, revealing strong
emission at 25.6 and 30.4 nm, and the tail of the broad FEL
average spectrum. We estimate the detection solid angle of
the CCD detector to be less than 107> sr, and observed
single-shot emission intensities were of the order of a
percent of the intensity of the detected FEL pulses
themselves, so it is clear that the none of the observed
emissions can be attributed to normal radiative decay.

The observation of emission at 469 nm and 164 nm
suggests cascade fluorescence on the route 4p-3s5-2p or
4p-3d-2p. While the branching ratio for the 4p-2s tran-
sition for spontaneous fluorescence is around 0.11 [14],
compared to around 0.04 for 4p-3s and 0.004 for 4p-3d,
emission at a wavelength of 121.5 nm (4p-2s) was not
observed, further evidence that the emissions at 469 and
164 nm are not due to spontaneous emission.

The characteristic superfluorescence time zgr for a
cylindrical sample (length L > diameter d) can be esti-
mated by tgp = 87/(343,Ai;N,L) [15-17], where 1 is
the wavelength of emission, A the Einstein A coefficient,
and N, the excited atom number density (N,L is then
the excited atom column density o). Both the width
of the emitted pulse, and the characteristic delay following
excitation are proportional to this value. Superfluorescence
can develop on a particular transition only if its rate is
greater than that of any other loss rate. For the experiments
here, the most important loss rates are expected to be
diffraction losses, and dephasing due to collisions with
electrons. By equating zgp to the diffraction loss rate 1/T ;s
(estimated as Ac/d* [15,18]) it is possible to estimate a
threshold excited atom column density oy, below which the
development of superfluorescence is suppressed (see
Ref. [19] for details.) We estimate dephasing times due
to electron collisions of a few tens of picoseconds [20,21].
In Table I, we give the quantities ozgr and oy, for various
transitions in He™, assuming a diameter of 12.6 um, the
estimated average diameter of the focussed FEL beam. For
a given upper state, superfluorescence will preferentially
develop on the transition with the fastest decay rate (and
shortest delay), provided the threshold density is reached.
For comparison, we estimate a column density of around
200 nm~? for ground state helium ions from the spectra of
Fig. 2 (see also the discussion in Ref. [19]). From Table I
we can see that from the 4p excited state the most likely
superfluorescence transition is to the 3s state, with tran-
sitions to the 3d and 2s states being slower and having
higher thresholds. With sufficient population transfer to the
3s state, superfluorescence can be expected to proceed to
the 2p state. The rate of the 3s-2p transition is slower than
that of the 4p-3s transition, and its threshold is higher.
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TABLE I. Wavelengths, characteristic superfluorescence times, 0.08 7
and threshold column densities for selected transitions in He™ > >
[14]. The threshold excited atom column density is estimated by 'z 0.06 E
equating zgr and Ty (see text) for a diameter of 12.6 ym. 3 =
Transitions from 4p2P, /2 are omitted for brevity. E‘ 0.04 - zjb
el
<
Upper Lower A (nm) o7 ( ps nm™2) oy (nm™2) @ 0.02 -
g 0.
4p2P3/2 2s2S1/2 121.5 3.7 0.8
35781, 468.7 0.78 0.69 0.00 - : ,
3d°D;,,  468.7 69 61 0 25 50 75 100 125
3d°Ds;,  468.7 7.6 6.7 peak position / ps
3521, 2p°Py, 1641 9.2 2.9
2p°Py, 1640 4.6 1.4 — 0.6 mPa = 3.0 mPa ~ 469 nm (0.8 mPa)
3d°Ds;,  2p°Py, 1640 0.30 0.09 > 021 - 0.8 mPa — 4.8 mPa “ 469 nm (3.0 mPa)
3d°D;y;,  2p°Py, 1640 1.8 0.56 2 - 1.1 mPa = 7.1 mPa = 469 nm (10.0 mPa)
2p%Py,, 1640 0.36 0.11 S - 1.4 mPa - 9.8 mPa = 469 nm (20.0 mPa)
2p%Py, 155, 304 0.91 0.05 £ -2.0mPa = 164 nm (3.6 mPa)
< 0.1 1
E
. o . I = 0 / mrad
Assuming no initial coherence in the excitation of the 4p
state, the lack of population inversion prevents subsequent *
2p-1s superfluorescence. However, with coherent excita-
tion the possibility of yoked superfluorescence [22,23] on peak max1mum/ mV
this cascade scheme presents itself.
To confirm that the observed emission is indeed super- FIG. 3. Properties of the emitted 469 nm pulses. 1000 pulses

fluorescence, and not spontaneous emission, we investi-
gated the angular distribution of the fluorescence at 469 and
164 nm, and the pulse delay of the emission at 469 nm as a
function of ground state atom density. For both wave-
lengths, angular divergences of less than 10 mrad were
observed (see the lower inset to Fig. 3). For comparison, the
angular divergence of the incident FEL beam was less than
1 mrad. To investigate the pulse characteristics of the
emitted radiation at 469 nm individual pulses from the two
photodiodes were recorded using an oscilloscope (Agilent
DSO-X 91604A, bandwidth 16 GHz), using a signal
correlated to the main FEL pulse as the trigger. Figure 3
shows the probability density distributions of peak height
(lower plot) and peak position (defined as the point at
which the signal reaches half-maximum) for 1000 pulses
recorded at different nozzle backing pressures for the
Hamamatsu detector. The labels correspond to the average
pressures recorded in the outer vacuum chamber. The upper
inset shows a scatterplot of height and position for one data
set. It is clear that higher number densities lead to larger
peaks with shorter delays, a clear hallmark of superfluor-
escence. For these measurements, a beam splitter was also
used to direct a portion of the emission to the second
photodiode (Alphalas UPD-50), which has poorer time
resolution but showed similar results. Figure 4 shows the
results of fits of the form = = ¢y, + b/P (z is peak position,
P is chamber pressure) to the average peak positions for
each data set and detector. These results are consistent with
the behavior expected for superfluorescence. We suspect
that the deviation at the highest pressures is due to a

were recorded at 9 different number densities. The upper plot
shows the distributions of the peak position (with # = 0 deter-
mined by fitting), and the lower plot the peak height, for all pulses
with peak heights 3 times higher than the root-mean-square of the
detector noise level. The inset to the upper plot shows the
correlation between peak height and peak position for the traces
recorded at a chamber pressure of 0.8 mPa. The inset to the lower
plot shows the angular dependence of the emissions (plot for
164 nm arbitrarily scaled, data obtained from CCD camera
spectra).

nonlinearity between chamber pressure and the actual
number density in the gas cell. The fitted values of the
b parameter were 21 fsPa~! for the Hamamatsu detector,
and 20 fs Pa~! for the Alphalas detector, and this difference
can be interpreted as a measure of the systematic errors
inherent to the setup and the measurements.

The (windowless) Alphalas detector has a small (but
nonzero) sensitivity at 164 nm, and the timing measure-
ments were also attempted for the 164 nm emission, using a
UV reflective filter (Acton M157) as a beam splitter, and
operating the detector in an atmosphere of nitrogen gas. No
164-nm-specific signal was observed with the FEL reso-
nant with 4p excitation, but pulses with pulse widths
indistinguishable from the detector response (less than
200 ps), were observed with the FEL resonant with 3p
excitation. This is consistent with superfluorescence on the
3p-2s transition following 3p excitation; however the
signal was too weak to analyze signal delay times.

Extending our previous work [19,24], and going
beyond previous few-level studies [25-27] we used a
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FIG. 4. Median pulse delays (see Fig. 3), and fits of the form
T=1ty+ b/P (solid lines), where P is the pressure in outer
vacuum chamber, assumed to be proportional to the instantaneous
ground state number density. The fitted #, parameters have been
subtracted from the data points.

Maxwell-Liouville approach [28,29], beyond the rotating-
wave approximation and considering one spatial dimension
to investigate the propagation of a FEL pulse through a
dense sample of helium ions. For simplicity we do not treat
the ionization step, and assume a purely ionic medium. It is
straightforward to introduce loss terms for diffraction and
collisions, but these are neglected here for simplicity. In
brief, we use a random phase approximation [30] to
generate an approximation to the FEL pulse, using as
parameters a pulse length of 70 fs, spectral width of 0.5 nm,
and pulse energy of 10 uJ. Using spatial and temporal step
sizes of 3.0 nm and 6.5 as, the electric field is propagated
through an atomic (ionic) region bounded by regions of free
space and absorber [31]. All 16 levels of He™ with principal
quantum number n < 4 were included. While the exper-
imental interaction region is defined by the overlap of the
differentially pumped region (length 5 mm) with the
focussed FEL beam (spotsize 10 ym), the ground state
neutral atom density is only known to within around an
order of magnitude, and the actual distribution of excited
ions is likely to vary shot by shot due to differences in
absorption, neutral atom density, and pulse energy. Here we
consider an idealized case of a fixed length of constant
density. The parameters are in a regime where a scaling law
[26] can be applied, and the length and density range used
(50 um x 2 x 10** m™3) scale to within an order of mag-
nitude of the upper limit estimated experimental conditions
(5 mm x 2 x 10?* m~3). The approach used allows us to
study the effects on the incident pulse, and reveals emission
at all wavelengths, and in both the forwards and backwards
directions.

Figure 5 shows results of an example simulation. Plotted
(on a log scale) are rolling Fourier transforms (window size
20 fs) of the electric field emitted at the exit and entrance of
the atomic medium. The spectrally broad FEL pulse can
be seen as a thin vertical line centered at t~0 and
@ = 7.8 x 10'% rads~!. At the exit of the medium (only),
free-induction decay and Burnham-Chiao ringing [26,32]
at the resonant wavelength can be seen, with a duration
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FIG. 5. (Simulation). Rolling Fourier transforms of the electric
field at the entrance (upper, backwards emission) and exit (lower,
forwards emission) of the ionic medium. The color scale is
consistent between the two plots.

lasting tens of picoseconds. We have directly observed this
process experimentally in neutral helium, and these obser-
vations will be the subject of a separate publication. After a
time delay of around 2 ps, pulsed emission is seen at
469 nm, followed several picoseconds later by emission at
164 nm. These emissions occur in both the forwards and
backwards directions, and occur earlier for higher number
density (simulations at multiple densities confirm a 1/
(number density) scaling of pulse delays and widths). In the
forwards direction, emission is also seen at 30.4 nm, nearly
simultaneous with the emission at 164 nm. This we
interpret as yoked superfluorescence [22], a signature of
the coherence with the ground state transferred from the
initial excitation. This yoked superfluorescence is expected
to depend strongly on the characteristics of the incident
pulse, and appears in the simulations only for a small
number of realizations of the random phase of the FEL
pulses. In contrast the emissions at 469 nm and 164 nm
occur for the majority of realizations. The relative timings
of the emissions, and the absence of yoked superfluor-
escence in the backwards direction are also consistent with
previous observations. The observation of effects related
to coherent excitation even from a SASE source is of
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particular interest, especially from the point of view of
techniques which can make use of this coherence [33].
Prompt emission is also seen in the forwards direction at
25.6 nm, which we interpret as direct excitation and
free-induction decay of the 3p state. Four-wave mixing
emission is also evident, for example at w=w;u,—
W35+ @350, =8.50x 10" rads ™" and =14, — 2wy 3, =
6.95x 10" rads™!, at the times when the relevant wave-
lengths are present. While the fact that our simulations only
treat one spatial dimension means that quantitative agree-
ment in emission timings cannot be expected, the qualita-
tive agreement strongly backs up our interpretation of the
experimental results.

In summary, we have observed intense, highly direc-
tional emission at wavelengths of 469, 164, 30.4, and
25.6 nm following the ionization end excitation of helium
using FEL pulses at a central wavelength resonant to 4p
excitation of He™. We interpret the observations as cascade
superfluorescence on the route 4p-3s-2p, yoked super-
fluorescence on the 2p-1s transition, and direct excitation
and free-induction decay of the 3p state. The behavior of
the delay times of the upper transition emission is con-
sistent with this interpretation, and a comparison with a full
simulation of the propagation of the FEL pulses through a
dense medium of helium ions supports our conclusions.
Full details of the simulations (including studies of the
effects of the partial coherence of the source), and further
experimental results from both He™ and neutral He will be
presented in a forthcoming comprehensive paper.
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