PRL 111, 233902 (2013)

PHYSICAL REVIEW LETTERS

week ending
6 DECEMBER 2013

Stimulated Electronic X-Ray Raman Scattering

Clemens Weninger,l’2 Michael Purvis,”> Duncan Ryan,3 Richard A. London,* John D. Bozek,’ Christoph Bostedt,’

Alexander Graf,4 Gregory Brown,4 Jorge J. Rocca,3 and Nina Rohringer

1,2,%

"Max Planck Institute for the Physics of Complex Systems, 01187 Dresden, Germany
Center for Free-Electron Laser Science, 22761 Hamburg, Germany
3Colorado Sate University, Fort Collins, Colorado 80523, USA
“Lawrence Livermore National Laboratory, Livermore, California 94551, USA
SLCLS, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA
(Received 16 June 2013; published 5 December 2013)

We demonstrate strong stimulated inelastic x-ray scattering by resonantly exciting a dense gas target of
neon with femtosecond, high-intensity x-ray pulses from an x-ray free-electron laser (XFEL). A small
number of lower energy XFEL seed photons drive an avalanche of stimulated resonant inelastic x-ray
scattering processes that amplify the Raman scattering signal by several orders of magnitude until it
reaches saturation. Despite the large overall spectral width, the internal spiky structure of the XFEL
spectrum determines the energy resolution of the scattering process in a statistical sense. This is
demonstrated by observing a stochastic line shift of the inelastically scattered x-ray radiation. In
conjunction with statistical methods, XFELs can be used for stimulated resonant inelastic x-ray scattering,
with spectral resolution smaller than the natural width of the core-excited, intermediate state.

DOI: 10.1103/PhysRevLett.111.233902

Nonlinear spectroscopies [1,2] such as multidimensional
[3] and fs stimulated Raman spectroscopy [4] have become
standard techniques in the field of chemical reaction dynam-
ics, combining high energy with high temporal resolution.
X-ray free electron lasers (XFELs) [5-7] with pulse dura-
tions in the fs range and unprecedented high intensities, hold
the potential for transferring these techniques to the x-ray
domain, to ultimately study the coherent interplay of elec-
tronic and vibrational degrees of freedom with high temporal
and spatial resolution [8—10]. The high penetration depth of
x rays, combined with the element and chemical sensitivity
of inelastic x-ray scattering [11-13] could open pathways to
temporally resolve complex dynamical processes such as
energy transfer in light harvesting complexes or reaction
dynamics of catalytic processes [14,15]. However, the cross
section for x-ray Raman scattering is small compared to that
in the visible spectral domain. Therefore, even at XFELs,
single shot measurements are challenging, especially in
dilute samples in the gas or liquid phase.

This difficulty could be overcome by stimulating the
Raman scattering process to produce a strong coherent
amplification of the signal. We present the first demonstra-
tion of stimulated resonant electronic x-ray Raman scattering
(SRXRS) in an atomic gas. Resonant x-ray Raman scatter-
ing, also referred to as resonant inelastic x-ray scattering
[12], was discovered in 1974 [11] and since then has devel-
oped into a standard tool to study electronic and vibrational
excitations in solids [16—18], liquids [19], gases [20], and on
surfaces and interfaces [21,22]. Although several theoretical
feasibility studies of SRXRS have been presented [23-26],
no experiment has yet demonstrated this effect.

SRXRS would ideally be realized by a narrow-band,
tuneable two-color x-ray source: one frequency to excite an
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electronic inner-shell transition and the other, lower fre-
quency to dump an electron into the short-lived core hole.
Although the production of narrow-band x rays has been
realized [27,28], and schemes for two-color self seeded
sources have been proposed [29], there are currently no
tunable, two-color, coherent sources available to perform
such an experiment. Instead of this ideal, presently unrealiz-
able approach, we report the demonstration of SRXRS in
neon with a self-amplified spontaneous emission (SASE)
XFEL [30]. SASE XFELs provide x-ray pulses of a noiselike
spectrum with a bandwidth of several eV. This Letter dem-
onstrates that, despite this broad width, the incoherent, spec-
trally structured SASE pulses give high energy resolution of
the scattering process. Compared to the spontaneous RXRS
process, a signal enhancement of 7-9 orders of magnitude
was achieved. SRXRS is positioned to become a powerful
method for pump-probe studies at XFELs.

In the experiment, pulses from the LCLS XFEL [6] of
~ 40 fs duration were focused into a gas cell filled with
neon at a pressure of = 500 Torr [Fig. 1(a)]. The on-axis
x-ray radiation was analyzed with a flat-field grazing
incidence spectrograph with an x-ray CCD detector. The
XFEL photon energy was varied across the K edge of neon
(870.2 eV). For photon energies below the K edge, neutral
atoms are core excited by resonant excitation of the 1s
shell (see level scheme in Fig. 2). Due to the high inten-
sities of the focused XFEL beam (=107 W/cm?), the
resonant population transfer happens on a fs time scale,
comparable to the lifetime of the core-excited states
(=2.5 fs). Thereby, a sizeable, but transient population
inversion between the 1s and the valence shell is achieved.
Despite the small branching ratio of radiative versus Auger
decay of = 1.7%, a few seed photons at the 1s5-2p emission
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FIG. 1 (color online). (a) Experimental set up. The XFEL pulses
are focused into a gas cell of 9.5 mm length filled with neon to spot
sizes of =2 um using a Kirkpatrick-Baez (KB) focusing optics.
A grating spectrometer of =1eV energy resolution is fielded
downstream. (b) Typical raw spectrum.

frequency suffice to drive an avalanche of stimulated scat-
tering events, which results in exponential amplification of
the Raman signal. The process is similar to the recently
demonstrated atomic inner-shell x-ray laser [31], where
population inversion is achieved by rapid K-shell photo-
ionization. The geometry of this single-pass SRXRS
amplifier is determined by the tight (1-2 um, determined
by the focus spot size) and long (2 mm, determined by the
absorption length) longitudinally pumped gain medium.
We measured the emission in the forward direction in a
narrow cone of =1 mrad divergence. The strongest x-ray
scattering channel involves the intermediary 1s~!3p P,
level (867.5eV) and the final 2p~'3p 1S0 level, resulting in
an emission at 849.3 eV. In a simple one-electron picture,
the core-excited electron does not participate in this spec-
tator decay. The process is stimulated by the spectral tail
of the XFEL, providing ~10*-10° seed photons/eV at
850 eV for an incoming central photon energy of 867 eV
and 10'? photons per pulse. This big range is due to high
irregularities of the XFEL spectrum. Irrespective of this
variation of the seed flux, the effective stimulated scatter-
ing rate at the onset of the amplification process exceeds
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FIG. 2 (color online). Level scheme of neon. A simulated
SASE pulse (blue solid line) overlaps with the Rydberg series
of resonances and the continuum. The strongest spectral spike
within the width of a resonance (red dashed line) drives the
scattering. The energies and transition dipoles were calculated
by the Hartree-Fock method [50].

the spontaneous scattering rate by 4-5 orders of magnitude
(see Supplemental Material [32]). It is, hence, dominantly
the low-energy tail of the XFEL which serves as a seed of
the SRXRS process. Our experimental setup did not allow
measuring both the incoming and transmitted x-ray spectra
at the same time. We measured a set of XFEL spectra
without neon gas for reference. A cross correlation of the
electron-beam energy of the accelerator with the measured
central photon energy then allowed for a calibration of the
XFEL photon energy (see Supplemental Material [32]).
Figure 3(a) shows the recorded emission spectra for XFEL
photon energies 862 < w < 880 eV. The XFEL pulse fol-
lows the diagonal, showing an intensity drop due to absorption
at the 1s-3 p resonance and above the K edge. The amplified
line emission corresponds to the vertical structure at
~ 850 eV, which was detected for @ as low as 864.9 eV.
Because of the broad XFEL bandwidth (7 eV FWHM), cover-
ing the whole Rydberg series and part of the continuum, the
SRXRS emission is not well separated from the K-« emission
above the edge; i.e., no pronounced variation of scattering
intensity as a function of w (for w > 867) can be discerned.
A study of the line shape and position demonstrates that
the emission for w < 870 eV indeed stems from SRXRS:
Figure 3(b) shows three single-shot spectra, each with a
distinct emission line profile and peak position. The emis-
sion for w = 872 eV has a narrower line width as com-
pared to the spectra below the K edge. Moreover, the peak
position of the three lines is different. A systematic analy-
sis of the measured line shape as a function of the XFEL
photon energy is presented in Fig. 4(a). Since we want to
compare line profiles, we omit spectra below 864.9 eV.
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FIG. 3 (color online). (a) Measured single-shot spectra as a
function of the incoming photon energy. 1028 single-shot
spectra, with pulse energies ranging from 0.2 to 0.38 mJ.
The positions of the 1s7'3p transition (=867.5 eV), the K
edge (= 870 eV), and the emission lines (= 850 eV) are marked
by dashed lines. (b) Three single-shot spectra. (c) Normalized
emission lines.
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FIG. 4 (color online). (a) Measured emission-line profile as a
function of the XFEL photon energy (876 single-shot spectra, of
which 145 spectra are for energies below 870.2 eV). The spectra
are normalized to their intensity maximum. Shown are only
spectra of clearly isolated emission lines, with a peak at least
a factor of 3 above background. Most of the lines have a signal-
to-noise ratio between 10 and 100. (b) Simulated emission
spectra. The spectra were convolved with a Gaussian of a
1 eV width to match the experimental resolution. We assumed
2 X 10'? photons per pulse, a focal radius of 2 wm, an interac-
tion length of 1 cm and 1.6 X 10'° atoms/cm?.

For this energy region, the XFEL tail substantially extends
in the emission region and no isolated line emission could
be detected. Figure 4(a) clearly shows a change of the line
profile as a function of incoming photon energy: Whereas
for w > 870 eV the peak position (849.2 = 0.1 eV) and
the line shape are very reproducible from shot to shot, for
w < 870 eV the lines show a stochastic shift of 0.4 eV,
broadening and sometimes a multipeak structure. These
features can be linked to stochastic detuning of the mul-
tiple spectral spikes of the XFEL from resonance. To
explain this effect, let us first consider monochromatic
incoming x rays. Tuning the photon energy across an
isolated resonance of energy E, — E; results in emission
of an inelastic scattered photon of energy E, — E; + A
where E, — E; denotes the energy difference between the
intermediate and final state and A is the detuning from the
resonance. The scattered light follows the linear energy
dispersion of the resonance scattering process [11,33,34].
Now consider actual SASE pulses, which have a spiky
spectrum within a broad envelope [35], as shown in
Fig. 2. The average width of a spectral spike—the spectral
coherence—is determined by the inverse pulse duration. In
our case, this is = 0.1 eV, narrower than the resonance
width of 0.25 eV. Therefore, each spectral spike can be
seen as a monochromatic x-ray pulse of a specific detun-
ing, resulting in detuning of the emission energy. The
process is dominated by one or a few of such spikes for
each shot. Since the positions of the SASE spikes vary
from pulse to pulse, this results in a stochastic line shift of
the SRXRS signal. The linear dispersion of resonance
scattering follows from the Kramers Heisenberg equation
[12] which implies energy conservation only between the

initial and final state. Thus, the intermediate, core-excited
state does not have to be on the energy shell. This is in stark
contrast to photoionization followed by fluorescence (for
w > 870 eV). Here, energy conservation is enforced in
both steps separately and the emission is always at fixed
photon energy and has a Lorentzian line profile, irrespec-
tive of the bandwidth and central photon energy of the
pump source. Pumping with a SASE XFEL, therefore,
results in stable line position and line profile when tuned
above the K edge, and emission of variable line shape and
stochastic line shifts when pumping below the K edge,
which results in resonant Raman scattering.

To support this interpretation, we have simulated
SRXRS spectra by a theory, treating the atomic and ionic
system self-consistently coupled to the propagation and
amplification of the radiation. A theory summary is given
in the Supplemental Material [32] and a detailed derivation
and analysis of our theory was recently published [36]. To
describe both the resonant contributions and the coupling
to the continuum we need two density matrices: The
density matrix of the neutral atom p, treating the resonant
coupling of the ground, the core-excited intermediate
(Is~'np'P;;n = 3,...,6), and final valence excited states
(2p~'np'S,and 2p~'np!'D,). Because of the broad band-
width of the XFEL, which are numerically simulated by
Gaussian noise [37] of a bandwidth of 7 eV and a pulse
duration of 40 fs (FWHM), the neutral atom can be core
ionized. This introduces loss terms to the density matrix p
[24], but populates the reduced ionic density matrix p'* of
the core-ionized state (ls_le1 /2), which decays to the

ionic final states (2p~ 2P, ), and 2p 2P, /). The master

equations determining the time evolution of p and p!* can
be derived by an open quantum system approach, starting
from a configuration interaction singles approach [36,38]
and are self-consistently coupled to a 1D Maxwell equation
[39,40]. In contrast to the previous theoretical treatment of
SRXRS [24], where an effective SRXRS cross section
based on second order perturbation theory was introduced,
we treat coupling to the intermediate state explicitly. Our
theory is valid to all orders in the photon interaction.
Figure 4(b) shows calculated single-shot emission spectra
as a function of the incoming photon energy. In agreement
with the experiment, the emitted line shows stochastic
detuning for v < 870 eV and evolves into a reproducible
form for  >870 eV. Although the 1s7'3p'P, to
2p~13p!S, transition has the strongest oscillator strength,
contributions from other resonances are present. The com-
petition of different SASE spikes in a single pulse results in
a complex multipeak emission spectrum [36].

To demonstrate the exponential signal amplification, we
studied the SRXRS signal as a function of the incoming
pulse energy. Figure 5 shows experimental results com-
pared to theory. We suppose a beam-line transmission of
18%. Varying the pulse energy from 0.08 to 0.35 mJ results
in a signal increase of almost 4 orders of magnitude. For
w > 870 eV the line emission is dominated by the
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FIG. 5 (color online). Pump-energy dependence of the SRXRS
signal: measured number of photons in the emission line as a
function of the incoming pulse energy for w > 870 eV (average
@ =876 eV) and w <870 eV (& = 868 eV) along with the
theory results for w = 877, 869, 867, and 865 eV. Each data
point of the theory results corresponds to the geometric mean
and standard deviation of 50 SASE pulses.

photoionization pumped x-ray laser and we clearly see
exponential gain and saturation, in good quantitative agree-
ment with theory. Despite the relatively low number of 145
data points for w < 870, an exponential dependence of the
SRXRS signal on the incoming pulse energy is observed.
In contrast to the photoionization x-ray laser, the SRXRS
signal shows a higher pulse-to-pulse fluctuation and is
overall weaker, in agreement with theory. Although the
coupling at resonance is enhanced, only ~1%-10% of the
XFEL photons overlap with the resonances. The SRXRS
signal yield depends strongly on the incoming photon
energy, as can be seen by our theory results in Fig. 5.
Despite the broad bandwidth of the incoming radiation,
the efficiency of SRXRS drops considerably for central
energies detuned below the 1s — 3p resonance (compare
theory for w = 865 and 867 eV). Although the number of
seed photons increases for decreasing photon energy, the
reduction in the stimulated Raman gain cross section due to
detuning results in lower amplification yields. Theoretical
calculations for w = 862 eV (see Supplemental Material
[32]) show that no isolated line emission can be expected to
rise above the background of the extended XFEL tail. The
lack of isolated emission lines for w < 864 eV [compare
Fig. 3(a)] is, therefore, in agreement with theory. At w =
869 eV coupling to the continuum becomes important,
resulting in higher emission yields. Although the experi-
mental points are within the standard deviation of the
theoretical ensemble averages, the theory slightly under-
estimates the experimental SRXRS yield at low pulse
energies. Reasons for the discrepancy are strong irregular-
ities of the XFEL emission, such as shot-to-shot variations
of the bandwidth, pulse duration, spectral and temporal
envelope, and sporadic spectral side bands to the lower
energy side of the central photon energy. All of these
changes were not included in our modeling. Whereas the

total signal strength is less sensitive to those changes in
the saturated regime, stronger dependence is expected in
the exponential gain region. Considering that there are no
free parameters in our model, the overall agreement
between experiment and theory is remarkably good. To
further support our claim that the signal for v <870 eV
stems from SRXRS, we show numerical results for the
resonance condition w = 867 eV, omitting the resonance
contribution, i.e., only treating ionization-induced x-ray
emission. The signal lies 1-2 orders of magnitude lower
than the detected value. The process of SRXRS is, there-
fore, dominating the emission feature for w < 870 eV by
far, and is crucial for explaining the high signal yield. It is
noteworthy that spontaneous RXRS in the experimental
geometry would yield ~100 photons on the detector, com-
pared to the measured number of 10°-10'".

We have presented strong experimental evidence for the
observation of stimulated resonant electronic x-ray Raman
scattering in neon gas. Compared to the spontaneous pro-
cess, a signal enhancement up to a factor of e'%-¢?! was
recorded, reaching saturated amplification. In contrast to
amplified emission following photoionization, resulting in
emission lines of reproducible shape and position, the
resonant excitation with SASE pulses is characterized by
a stochastic energy shift and a varying line shape. The
spectral coherence of the XFEL ultimately defines the
spectral resolution in a resonance scattering process, in a
statistical sense [36]. Statistical methods, like covariance
mapping [41] will be indispensable tools for analyzing the
spectra and obtaining high-resolution 2D SRXRS maps
[36]. Such analysis requires the recording of a large en-
semble of single-shot spectra, which was beyond the scope
of this experiment but is realistically achievable with the
repetition rates at present-day XFELs. SRXRS and ampli-
fication by stimulated emission can be directly extended to
molecular gases [42—44]. Indication of stimulated emission
at around 90 eV following photoionization of crystalline
Silicon was recently reported [45], with a stimulated emis-
sion level of roughly twice the intensity of spontaneous
emission. Aspects of this work, such as the build up of
gain, the evolution of the emission spectrum as a function
of pump-pulse energy, and the limits for saturation of the
amplification process in transversely pumped solids, how-
ever, require further studies. Optimized experimental ge-
ometries, similar to traveling-wave excitations of transient
solid-target soft x-ray lasers [46] need to be developed, so
that directional, coherent signal amplification and SRXRS
can be exploited in solids for spectroscopic purposes. The
most general experimental geometry for SRXRS will not
be scattering in forward direction, but will involve several
x-ray beams of different angles of incidence. An upcoming
beam line [47] allowing such a general setup is under
construction at the first seeded short-wavelength FEL
[28] and will set the stage for momentum resolved stimu-
lated x-ray Raman scattering and transient x-ray gratings.
Other possible experimental geometries, such as hetero-
dyne detection for stimulated x-ray Raman scattering have
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also been discussed [26]. The recent demonstration of a
two-color x-ray SASE scheme [48] might enable a new
class of pump-probe techniques at XFEL sources based on
SRXRS [49]. Looking forward, SRXRS might enable
time-domain spectroscopy and nonlinear techniques in
the x-ray domain with broad applications for studying
ultrafast chemical and materials dynamics.
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