Ultrafast time-resolved 2D imaging of laser-driven fast electron transport in
solid density matter using an x-ray free electron laser
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Abstract

High-power, short-pulse laser-driven fast electrons can rapidly heat and ionize a high-density target before it
hydrodynamically expands. The transport of such electrons within a solid target has been studied using two-
dimensional (2D) imaging of electron-induced Ka radiation. However, it is currently limited to no or picosecond scale
temporal resolutions. Here we demonstrate femtosecond time-resolved 2D imaging of fast electron transport in a solid
copper foil using the SACLA x-ray free electron laser (XFEL). An unfocused collimated x-ray beam produced
transmission images with sub-micron and ~10 fs resolutions. The XFEL beam, tuned to its photon energy slightly
above the Cu K-edge, enabled 2D imaging of transmission changes induced by electron isochoric heating. Time-
resolved measurements obtained by varying the time delay between the x-ray probe and the optical laser show that
the signature of the electron-heated region expands at ~25% of the speed of light in a picosecond duration. Time-
integrated Cu Ka images support the electron energy and propagation distance observed with the transmission
imaging. The x-ray near-edge transmission imaging with a tunable XFEL beam could be broadly applicable for
imaging isochorically heated targets by laser-driven relativistic electrons, energetic protons, or an intense x-ray beam.

energetic electron knocks out the K-shell electron of

I. INTRODUCTION

A high-power short-pulse laser interacting with a
solid target at a laser intensity greater than 10" W/cm?
produces a large, energetic (fast) electron current.' Such
electrons play a central role in transferring the laser
energy absorbed near the surface to the deep inside of the
target. Understanding the electron transport mechanisms
is critical for the efficient generation of ultrafast
secondary sources such as energetic ions, terahertz
radiation, x-ray, and gamma-ray radiation, as well as for
the creation of warm and hot dense matter in isochoric
(constant volume) heating®**.

The transport of laser-driven fast electrons in a solid
or high-density target has been diagnosed using two-
dimensional (2D) imaging of Ko radiation. The
characteristic line emission is produced when an

background ions. Thus, the spatial distribution of Ka
emissions is directly related to the trace of the electrons
in the target. For such measurements, a monochromatic
crystal imager™®’ has been extensively used to record
time-integrated Ko images of a solid metal target®!%!!-12
or a fluorescence tracer embedded in a low-Z
target'3:'*-'>_ In the context of fast electron transport
studies, several groups have demonstrated ultrafast time-
resolved 2D imaging, such as 2D fiber bundles coupled
to a streak camera'® with a few tens of ps resolution, a
dilation x-ray imager'’ with a ~7 ps resolution, and a
chirped optical rear surface probe'® with a 100 fs
resolution. However, measuring the fast electron
propagation inside a high-density target at the near speed
of light requires a hard x-ray pulse with a large probing
area and a femtosecond scale temporal resolution.



Here we present a novel time-resolved 2D x-ray
imaging setup to visualize laser-driven fast electrons
propagating in a solid-density copper foil using
femtosecond x-ray free electron laser (XFEL) pulses. An
unfocused collimated x-ray beam, in conjunction with a
high spatial resolution detector, produced x-ray
transmission images of the foil with 10 fs and sub-
micron resolutions. We identified electron target heating
with this imaging capability by measuring transmission
changes in a K-absorption edge spectrum. As reported in
several experiments'***?! isochoric target heating, here
with fast electrons, causes shifting, smearing, or both of
a near-edge absorption spectrum, increasing in
transmission at photon energies slightly above the K-
edge. By tuning the XFEL’s photon energy to ~9.05 keV,
~50 eV above the Cu K-edge of 8.989 keV, we measured
a region in the Cu foil with increased x-ray transmission
as a signature of electron heating and its temporal
evolution in a picosecond temporal scale for the first
time. To assess the feasibility of the time-resolved x-ray
transmission imaging, we present an analysis of the
experimental transmission of cold Cu foils and a
comparison of the results of the transmission images
with time-integrated Ko images.
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FIG. 1 A schematic diagram of the high-power laser-
pump-XFEL probe experiment. An XFEL pulse
transmitting through the Cu foil was recorded with a
high spatial resolution detector using a CMOS camera.
Laser-driven fast electrons and electron-induced Ko
radiation were measured with a magnetic electron
spectrometer (e-spec), a spherical crystal imager (Cu
Ka imager) and a Bragg crystal spectrometer (X-ray

spec).

II. EXPERIMENT

An XFEL experiment combined with a high-power
short-pulse laser was carried out in the Experimental
Hutch (EH) 6 of the SACLA beamline****. Figure 1
illustrates a schematic diagram of the experiment. A thin
solid copper foil laser-cut into a 0.5%3 mm? size** was
placed at the target chamber center. The foil thickness
varied from 2, 10, and 25 pm. For the generation of a
fast electron beam, the high-power femtosecond (fs)
laser was focused on the foil with an /10 parabola at an
incident angle of 45°. The spot size and pulse duration
were ~20 um diameter and 40 fs at full width at half
maximum (FWHM). A focused beam with a laser energy
of 0.8 J resulted in a laser intensity of 1~2x10'® W/cm?
at the best focus. According to the ponderomotive
scaling®, the electron energy distribution is predicted to
have an exponential slope temperature of ~100 keV at
this laser intensity. An unfocused 10-fs XFEL pulse
probed the laser-irradiated foil with a 1 mm diameter
spot at 27° from the target normal. As shown in the
following sections, we varied the photon energy of the
x-ray probe beam (hv) to obtain transmission of cold Cu
foils in Sec. III A, and the time delay (At) of the x-ray
beam with respect to the optical laser to measure the
temporal evolution of fast electron transport in Sec. III
Band III C.

Two primary diagnostics were x-ray transmission
imaging with the XFEL pulses and Ko emission imaging
based on a spherically bent crystal*®”*°, A single x-ray
pulse transmitting through a cold or laser-irradiated foil
was recorded with a 16-bit scintillator-based
complementary metal-oxide-semiconductor (CMOS)
image sensor. The camera had a pixel size of 6.5 pm
square with 2048 x 2048 pixels (Hamamatsu Photonics
ORCA-Flash4.0 v2)*’. A magnification of 10 or 20 was
chosen to probe the entire 500 um width of the foil at the
target plane. The effective pixel size was 0.3~0.6 um,
depending on the magnification in this experiment. Note
that a higher optical magnification of up to 100 is
available.”” As briefly described in the introduction, the
XFEL's tunability and narrow spectral bandwidth are
essential for this technique using subtle changes in the
K-absorption edge spectrum caused by target heating.
The shape of an x-ray absorption edge of Fermi
degenerate matter can be understood by a combination
of the spectral resolution of measurements, the intrinsic
broadening caused by the lifetime of the initial core
state, and the temperature effect of the Fermi surface.”*%
In a dense heated target with a temperature of > ~1 eV,
the slope of an edge spectrum is predominantly



determined by the Fermi Dirac distribution function with
a finite temperature representing the electron
distribution near the Fermi surface.’° For example, x-ray
absorption near-edge spectroscopy in Ref.21 shows the
smearing (broadening) of a Cu K-absorption edge in the
range of a few tens of eV from the cold K-edge position.
As a result, an x-ray transmission value slightly above
the K-edge becomes higher than that of the cold sample.
To ensure the x-ray beam's photon energy stays above
the Cu K-edge of 8.989 keV, we set it to ~9.05 keV,
larger than the spectral bandwidth of ~50 eV (FWHM),
for x-ray transmission imaging in this experiment. As
shown later in Figures 3 and 4, probing a laser-irradiated
Cu foil at 9.05 keV shows a localized region where
transmitted x-ray intensities increased. A quantitative
estimate of the edge structure and transmission changes
due to isochoric heating is an active research topic in
high-energy-density science and is beyond this work's
scope. Here, we focused on experimentally determining
the temporal evolution of an electron-heated region by
using near-edge transmission changes. The applicability
and limitations of this technique based on the experiment
are further discussed in Sec. III C.

The monochromatic x-ray imager for 8.05 keV Cu
Ka consisted of a spherically bent quartz crystal, an x-
ray CCD camera, and a beam block. The quartz crystal
had a radius of curvature of 500 mm, the Miller indices
of 21-31, and a Bragg angle of 88.7°. The distance from
the laser interaction point to the crystal and from the
crystal to the camera was 287 mm and 1947 mm, setting

FEL images of a 10 ym thick Cu foil

a magnification of 6.74. The effective pixel size was 3.0
pm/pixel with a camera's 20 pm pixel size (Princeton
PIXIS-XB 1300B) and magnification. The spatial
resolution was estimated to be ~8 um from the sharpness
of a grid image obtained in a separate experiment. The
XFEL transmission imaging produced an instantaneous
x-ray image at a delay of At after the optical laser
irradiation, while the Cu Ka imaging was a time-
integrated measurement. In addition, two secondary
diagnostics were fielded to monitor shot-to-shot
variations in fast electron generation: a magnetic
electron spectrometer and a Bragg crystal spectrometer
with a highly annealed pyrolytic graphite (HAPG)?'
crystal. The slope of a measured escaped electron
spectrum provides information on the on-target laser
intensity****, while Cu Ko yields indicate the number of
fast electrons colliding with the target. More details of
the magnetic electron and x-ray spectrometer at EH6 are
described elsewhere.”> We recorded data on these four
diagnostics on each shot at a rate of 3-5 minutes per shot.

1. EXPERIMENTAL RESUTS

A. Transmission measurements of cold Cu foils with
the XFEL beam

We first recorded 2D x-ray images of cold Cu foils
with the photon energy near the K-edge to demonstrate
the method of measuring transmission with XFEL
imaging. The tunability of the x-ray beam allowed us to
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FIG.2 X-ray images of a 10 um thick Cu foil at (a) 8.92 keV and (b) 9.05 keV. (c) Post-processed transmission
profiles of the images shown in Fig.2(a) and 2(b). The reference profile was reconstructed by fitting the x-ray
intensity distribution outside the foil with a polynomial function. The blue and black dashed lines in the figures

are theoretical values.



measure a distinctive difference in 2D x-ray intensity
maps below and above the K-edge. Figures 2(a) and 2(b)
show x-ray images of a 10 pm thick Cu foil measured
with the XFEL beam at 9.05 and 8.92 keV. The figures
show that the x-ray intensity within the foil at 9.05 keV
is significantly lower than that at 8.92 keV, as expected,
due to the K-edge absorption. Here, we limited ourselves
to using a 1D transmission profile because obtaining a
2D transmission image from consecutive shots with and
without a target is difficult due to large spatial and
intensity fluctuations of the XFEL pulse from the self-
amplified spontaneous emission (SASE)**. Instead, a
reference intensity profile [Io(x)] was first reconstructed
by fitting the measured profile [I(x)] outside of the foil
for each shot. A 1D transmission profile was then
calculated from a ratio of the two lineouts [T (x) =
I(x)/1y(x)]. Figure 2(c) shows 1D transmission profiles
of the images in Figs. 2(a) and 2(b) together with the
theoretical transmission values of a 10 um thick Cu foil
at 8.92 and 9.05 keV obtained from the tabulated
transmission dataset’® provided by the Center for X-ray
Optics (CXRO). The spatially averaged transmission
over the foil region is estimated to be 0.80+0.10 and
0.09+0.09 at 8.92 keV and 9.05 keV, respectively. The
error was estimated from the standard deviation of the
measured transmission lineouts, the variation in
transmission due to the XFEL's spectral bandwidth, and
the transmission variation due to the foil thickness
tolerance. The tolerance of the foil thickness is +15%
and £25% for 25 um and thinner ones (2 and 10 um thick
foils), respectively, according to the vendor
(Goodfellow). In addition to the 10 pm thick foil
measurements, we measured and systematically
analyzed x-ray images of 2 and 25 pm thick Cu foils to
obtain transmission. As summarized in Table 1, the
experimental data reasonably agree with the theoretical
values for the foil thicknesses and x-ray energies
considered. This suggests that the analysis to obtain the
ID transmission profile using the reconstructed
reference profile is adequate.

However, the measured 2D x-ray images and the
transmission profiles of the cold Cu foils revealed
several limitations in visualizing fast electron transport.
(1) A thick sample foil, which strongly attenuates an x-
ray probe intensity, particularly above the K-edge, could
bury the experimental signature of a weak transmission
signal into the background. For instance, the measured
x-ray signal attenuated by the 25 um thick Cu foil was
only 20 counts above the background (~100 counts) at
9.05 keV. (2) Surface structures of a thick sample foil
are more pronounced in an x-ray image than those of thin

foils. As seen in Figs. 2(a) and 2(b), the grain on the
surface of the 10 um foil was imprinted in the x-ray
images (photographs of Cu foils can be found in Ref.24).
Any non-uniform structures such as the grain, foil
defects, and/or scratches on the foil surfaces could
interfere with a feature of transmission changes. In
addition, a temperature gradient in the foil thickness
direction must be carefully considered if a sample is
thick. Considering these factors, we chose 2 um thick
foils as a test sample for visualizing fast electron
transport in the foil, as shown in the next section.

Table 1 Summary of experimental and theoretical
transmission with the two x-ray probe energies

XFEL photon | T T (Exp)
energy (Theory)
2umCu  8.924 keV 0.935 0.97+0.06
9.051 keV 0.607 0.63+0.14
10 pm Cu  8.924 keV 0.716 0.80+0.10
9.051 keV 0.082 0.09+0.09
25um Cu  8.924 keV 0.434 0.41+0.09
9.051 keV 0.002 0.01+0.01

B. 2D transmission imaging of a high-power-laser-
irradiated Cu foil

The 2D transmission image of a laser-irradiated Cu
foil was obtained by analyzing two consecutive shots
before and after high-power laser irradiation. Figures
3(a) and 3(b) show raw x-ray images of the two shots
recorded with a camera magnification of 20. The x-ray
photon energy was fixed to 9.05 keV. The reference
image with the XFEL beam (run71387) allowed us to
inspect the initial foil condition (density and thickness).
In addition, it recorded diffraction fringes produced by
the foil edges and defects in the foil, if any. The x-ray
beam then imaged the same target irradiated by the
optical laser at a time delay of At (0.7 ps for run71388).
Although a slight increase in the x-ray intensity near the
center is seen in Fig. 3(b), it is difficult to quantitatively
evaluate the spatial size of the electron-heated region in
the raw image. Instead, dividing the two images cancels
out most diffraction fringe patterns, making the
transmission change’s contrast more apparent. In Figure
3(c), the result of the image division shows a somewhat
circular enhanced transmission region. The size of the
experimental feature expands with time, as shown in the
next section. In Fig.3(c) and most shots, a strong
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FIG.3 Raw x-ray images of a 2 um thick Cu foil (a) before and (b) after the optical laser irradiation at 0.7 ps. (c)
Result of the image division of (b) by (a). The solid white line shows a horizontal lineout of the normalized
transmission. (d) Cu Ka image for run 71388 and a lineout of the emission spot along the x-axis on the log scale.

gradient in transmission remains across the resulting
image even after the image division due to the stochastic
nature of the SASE XFEL beam. Therefore, it was
further processed to remove the gradient by applying a
masking function outside the region of interest. A
horizontal lineout of the normalized transmission image
to the unity is superposed in Fig. 3(c). A series of
transmission images recorded at various time delays are
presented and discussed in the next section.
Time-integrated Cu Ka imaging provided additional
information on the laser-driven fast electrons to support
the results of the XFEL transmission imaging. Figure
3(d) shows a Ko image in the same target shot shown in
Fig. 3(b) (run71388). The spatial extent of the Ka
emission can be correlated to the collisional stopping
distance of energetic electrons in a solid-density target.*®
A Gaussian profile fitting to the central peak of the
lineout yielded 54.2 um in FWHM, corresponding to the
mean energy of an electron spectrum of ~100 keV
according to the continuous-slowing-down
approximation (CSDA) distance’’. The electron energy
estimated is consistent with the ponderomotive scaling

at the laser intensity used in this experiment. Fig. 3(d)
also shows the emission signals produced at the foil
edge, indicating the generation of high-energy electrons
(> ~0.5 MeV) whose CSDA distance is ~250 um,
although the number of the electrons is approximately
two orders of magnitude smaller than the ones producing
the central Ka peak. Lineouts of the time-integrated Ka
emission spots and time-resolved transmission images
are compared in the next section.

C. Time-resolved measurements of fast electron

transport in a solid Cu foil

The temporal evolution of fast electron propagation
identified as increased transmission signals was
measured by delaying the x-ray probe timing. Figure 4
shows lineouts of the transmission spot observed at a
time delay of 0.2 ps, 0.7 ps, and 1.2 ps and compares
them with those of the Ko emission spot for the
corresponding shots. The size (width) of the enhanced
transmission region is evaluated by taking the horizontal
lineout averaged over the spatial resolution and using a
threshold based on 5% of the averaged signal near the



peak of a transmission ratio. Here, we used horizontal
lineouts instead of azimuthally averaged profiles
because the shape of an enhanced transmission region is
not necessarily round due to the incident angle of the
laser and the x-ray beam. After considering these view
angles, the measurements show that the width of the
electron-heated region was 64.1 um, 95.8 um, and 133.2
um at 0.2, 0.7, and 1.2 ps, respectively. The expansion
of the heated area was no longer observed after ~1.2 ps.
The spatial and temporal uncertainties of the
measurements were £2.9 um and +0.1 ps. Therefore, the
speed of the expanding electron heat front is estimated
to be 63.4+19.1 um/ps (0.21¢£0.06¢) from 0.2 ps to 0.7
ps and 74.8+£23.1 pm/ps (0.25¢+0.08c) from 0.7 ps to
1.2 ps, where c is the speed of light. Since the timing
jitter and spatial resolution were 0.1 ps and ~3 um in the
current setup, this technique can capture an electron heat
front propagating at the speed of light (i.e., 300 um/ps).

On the other hand, the Ka profiles, fitted with a
Gaussian function, yielded the FWHM of47.1, 54.2, and
58.9 um for these three shots. The average FWHM and
the standard deviation over 38 shots were 58.3 + 5.2 um.
The fluctuation is likely due to target positioning and
manual target mounting variations. Nonetheless, the size
of the measured Ko emission spots is comparable to the

stopping distance of ~ 100 keV electrons. The x-ray
transmission and Ko image measurements suggest that
fast electron isochoric heating of a solid Cu at the laser
intensity we used is driven by ~100 keV electrons rather
than the much smaller number of sub-MeV electrons.
The XFEL-based transmission imaging presented
here could be a versatile diagnostic for various
thicknesses and materials of targets in isochoric heating
with a variety of heating sources. As shown in Fig.4, the
transmission ratio increased by 3~6% after heating, and
the signal-to-noise ratio was 12~20 in our
measurements. With the threshold of 5% of the peak
signal, this technique could be applied to measuring a
transmission change in a minimum of ~150 nm Cu foil
at 9.05 keV, provided that the density and thickness
remain constant during the heating. Furthermore, the
XFEL’s wavelength tunability provides great flexibility
in selecting a target material to be studied using either a
K- or L-absorption edge. Changes in the near-edge
absorption spectrum have been observed with various
pump drivers, including laser-driven relativistic
electrons?', energetic protons'®, an XFEL beam®, a non-
relativistic intensity laser*®, and current-driven magnetic
cylindrical compression®’**. In our experiment at a
relativistic laser intensity of ~10'® W/cm?, we measured
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an increase in x-ray transmission at a photon energy of
50 eV above the K-edge but not ~140 eV (at 9.12 keV),
while a transmission decrease was observed at ~60 eV
below the K-edge (at 8.92 keV), indicating the smearing
of the near-edge spectrum occurred due to the fast
electron heating. *' Diagnosing the plasma condition
from the modified Cu K-edge transmission spectrum
will be reported in a future publication.

IV. SUMMARY

We have demonstrated an XFEL-based time-resolved
2D imaging diagnostic to measure laser-driven fast
electron transport in a solid Cu foil. The 10-fs x-ray
probe pulse with the photon energy slightly above the Cu
K-edge visualized an increased transmission spot as a
signature of fast electron isochoric heating of the foil.
The time-resolved transmission measurements show that
the electron-driven heat front propagated at
approximately a quarter of the speed of light in a
picosecond. The time-integrated Ko emission images
confirm the mean energy of the fast electrons and the
electron propagation distance observed in the
transmission measurements. The x-ray transmission
imaging presented could be a spatiotemporally resolved
powerful diagnostic to probe the condition of an
isochorically heated high-density target by ultrafast
heating sources such as relativistic electrons, energetic
protons, or a direct x-ray beam.
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