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1)University of Michigan, Ann Arbor, MI 48109, USA
2)SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA
3)Technische Universität, 10623 Berlin, Germany
4)Lawrence Livermore National Laboratory, Livermore, CA 94551, USA
5)Stanford University, Stanford, CA 94305, USA
6)University of California, Berkeley, CA 94720, USA
7)Franklin W. Olin College of Engineering, Needham, MA 02492, USA
8)Universität Rostock, D-18051 Rostock, Germany
9)Argonne National Lab, Lemont, IL 60439, USA

(Dated: 9 June 2016)

Atomic clusters can serve as ideal model systems for exploring ultrafast (∼100 fs) laser-driven ionization
dynamics of dense matter on the nanometer scale. Resonant absorption of optical laser pulses enables heating
to temperatures on the order of 1 keV at near solid density conditions. To date, direct probing of transient
states of such nano plasmas was limited to coherent x-ray imaging. Here we present the first measurement of
spectrally-resolved incoherent x-ray scattering from clusters, enabling measurements of transient temperature,
densities and ionization. Single shot x-ray Thomson scatterings signals were recorded at 120 Hz using a crystal
spectrometer in combination with a single-photon counting and energy-dispersive pnCCD. A precise pump
laser collimation scheme enabled recording near background-free scattering spectra from Ar clusters with an
unprecedented dynamic range of more than 3 orders of magnitude. Such measurements are important for
understanding collective effects in laser-matter interactions on femtosecond timescales, opening new routes
for the development of schemes for their ultrafast control.

I. INTRODUCTION

Atomic clusters readily absorb intense laser radiation
due to their extremely large cross section,1,2 resulting
in the emission of high energy electrons3, ions4 and x-
rays. Previous measurements of ionization dynamics in
such nano plasmas relied on the analysis of final reaction
products and direct probing of transient nano plasmas
was limited to coherent x-ray imaging.5 Here we present
a proof-of-principle experiment using incoherent x-ray
Thomson scattering (XRTS)6 to measure electron veloc-
ity distributions in clusters, which will ultimately enable
time-resolved measurements of temperature, ionization,
and collective electron dynamics on <100 fs time scales.

The small Thomson scattering cross section (σT =
6.65×10−25cm2) in combination with the low average
particle density in cluster jets poses a particular chal-
lenge for XRTS measurements. Being in the single pho-
ton counting regime, efficient mitigation of background
signals is required. Furthermore, mid- or high-Z ele-
ments require high-dynamic range spectra to resolve in-
elastic Compton scattering near the strong elastic scat-
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tering component. Here we describe the setup for the
infrared (IR) laser driven experiment and present the
measurement of a high-dynamic range, near background-
free XRTS spectrum from Ar clusters using an energy-
dispersive pnCCD detector7 in single-photon counting
mode to integrate up to 200,000 shots.

II. EXPERIMENTAL SETUP

The experiment was conducted using the LAMP end-
station at the AMO instrument8,9 at the Linac Coherent
Light Source (LCLS).10 The clusters were created using
an Even-Lavie source11 with nozzle diameter of 150 µm
and opening angle of 40◦, operated at room tempera-
ture with a backing pressure of 80 bar. Based on com-
mon scaling, we expect argon clusters, ArN , of mean size
N = 60, 000 and atomic density of nat ∼1017 cm−3 in
the jet at 2 mm from the nozzle.

Fig. 1 shows a schematic of the experimental setup.
The gas clusters are manipulated using a pump-probe
system with two 40 fs IR pulses at 800 nm from a
Ti:Sapphire laser system with intensities up to 1015

W/cm2. The free electron laser (FEL) was operated at
1811 eV to measure XRTS spectra from Ar. An incou-
pling mirror with a central hole for the FEL probe to pass
through was used to make the IR and FEL beams colin-
ear, interacting with the clusters 2 mm from the nozzle
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FIG. 1. a) Experimental geometry, b) pump-probe timing of
IR pulses and FEL probe, and c) example raw pnCCD data
showing the active regions of the detector for the forward
(FXTRS) and backward (BXRTS) scattering spectra.

where the diameter of the cluster jet was ∼1 mm. The
relative delay between the pump and probe IR pulses
was set using a mechanical delay stage and the IR-FEL
timing was measured for each shot using a spectrally-
encoded time tool system.12

Two cylindrically curved PET (002) crystal spectrom-
eters measured XRTS of the FEL probe in forward
(FXRTS) and backward (BXRTS) scattering geometries
at scattering angles of 28◦ and 152◦, respectively. The
details of the spectrometer design, setup, and characteri-
zation are described in detail in a separate publication.13

Single photon counting was enabled by the low noise
pnCCD detector.7 Two layers of aluminized polyimide
film (700 nm polyimide + 100 nm Al each) were used
to stop optical light and an x-ray block was in the di-
rect line-of-sight between pnCCD and interaction region.
Background was further reduced by the use of light baf-
fles to limit diffuse IR reflections within the chamber.

III. REMOVAL OF IR LASER BACKGROUND

Fig. 2 shows a histogram of detected pixel intensity
values, measured in analog digital units (ADU), normal-
ized by the number of shots for each run. Three runs are
presented to show the contribution of each source: a dark
run, an IR only run, and an IR + FEL run, containing
8,280, 12,067, and 190,784 shots, respectively. The his-
togram shows that the IR laser contributes the vast ma-
jority of the signal, ∼0.1 IR photons/pixel/shot, but this
contribution can be easily removed by setting a minimum
threshold above ∼500 ADU. The scattered x-ray peak
is located above 1800 ADU, where a minimum thresh-
old is set to remove additional background as shown in
the inset, where the counts per shot are shown on a lin-
ear scale. A small peak appears near 1750 ADU, which
is most likely Al K-α fluorescence at 1486 eV from the
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FIG. 2. Histogram of pnCCD ADU values for a dark run, an
IR only run, and an IR + FEL run to show the contributions
from each source. Counts from scattered x-rays are shown in
the inset with the threshold used to remove background.

pnCCD filtering or other Al components in the cham-
ber. In addition to the XRTS measurements made by
the pnCCD, the slope of the histogram data can be used
to infer a temperature for the hot plasma.

IV. FEL ENERGY JITTER CORRECTION

The FEL at LCLS has a RMS photon energy jitter
of ∼ 0.1% at 1.8 keV. These variations reduce the spec-
tral resolution of scattering measurements when integrat-
ing over many shots by convoluting the output spectrum
with this distribution. This can be avoided by measuring
the centroid of input spectrum for each shot.

To do this, the energy of the electrons before the undu-
lator was recorded for each shot, which is directly corre-
lated to the photon energy of the FEL. A contour plot of
the measured BXRTS spectral intensity as a function of
electron energy is shown in the inset of Fig. 3. The peak
of the scattered intensity, which is dominated by elastic
scattering, as a function of electron energy was fit using a
linear regression with the best fit line shown in the inset
of Fig. 3, with Ephoton(eV ) = 604.9Ee−(GeV) − 2027.

To remove the effect of electron energy jitter the pho-
ton energy of each detected photon was corrected accord-
ing to this formula and centered at 1811 eV. This reduced
the full width at half maximum of the BXRTS spectrum
by 18% (1.7 eV) as shown in Fig. 3.

V. XRTS SPECTRA FROM COLD ARGON CLUSTERS

Fig. 4 shows the result for a XRTS spectrum from ar-
gon clusters at a scattering angle of 152◦, integrated over
175,000 shots. On average, 1 photon is detected within
the spectral window shown in Fig. 4 every 2 shots. For
this measurement the FEL was defocused to a 200 µm
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FIG. 3. Comparison of scattering spectra with and without
input photon energy correction. The elastic peak of the scat-
tering is a linear as a function of electron energy (inset), which
can be used to correct for variations in probe photon energy.

spot, delivering 0.25 mJ per shot onto the target. We
estimate that on average an energy of 0.2 eV per atom
is absorbed in the clusters, which can thus be considered
cold. The data is shown on an absolute scale based on
spectrometer efficiency and its spectral sensitivity.13 The
spectral bandwidth of 10 eV was chosen as it is close
to the spectral resolution of the measurement (7.7 eV).
The spectrum is fit using elastic scattering from bound
electrons and an inelastic scattering contribution from
ionization of M-shell electrons,14 where the ratio of elas-
tic to inelastic scattering of 215 is found in the data.
There is some uncertainty on the exact FEL spectrum in
the lower wings of the elastic scattering profile. Here we
assumed exponential functions that are consistent with
the slope at high elastic scattering signal levels. This as-
sumption might explain the deviation of the data from
the fit at energies above 1835 eV. The noise floor for this
measurement is almost four orders of magnitude below
the peak signal. Because of the near background-free
measurement, the noise floor could be further lowered by
increasing the number of shots used for signal integration.

VI. CONCLUSION

We have presented a proof-of-principle experiment to
measure x ray Thomson scattering from a cluster jet tar-
get at LCLS. Background signals were successfully mit-
igated by selecting a narrow range of ADU values from
the energy-dispersive pnCCD detector. Despite a very
low count rate, we demonstrated the ability to measure
high-dynamic range scattering spectra with a clear in-
elastic scattering component from Ar clusters. These re-
sults show great promise for future experiments that will
use XRTS to study laser-driven ionization and relaxation
dynamics in clusters with sub-100 fs time resolution.
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FIG. 4. Scattering spectrum at θ = 152◦ and fit from un-
heated Ar clusters demonstrating the ability to measure elas-
tic and inelastic features with high-dynamic range using single
photon counting and a high repetition rate system.
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