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Abstract

In pump-probe experiments with an X-ray Free Electron Laser (XFEL) and a high-power optical laser, spatial overlap of the two
beams must be ensured to probe a pumped area with the x-ray beam. A beam monitoring diagnostic is particularly important in
short-pulse laser experiments where a tightly focused beam is required to achieve a relativistic laser intensity for generation of
energetic particles. Here we report demonstration of on-shot beam pointing measurements of an XFEL and a Terawatt class
femtosecond laser using 2D monochromatic Ka imaging at the Matter in Extreme Conditions end-station of the Linac Coherent
Light Source. A thin solid titanium foil was irradiated by a 25-TW laser for fast electron isochoric heating, while a 7.0 keV XFEL
beam was used to probe the laser-heated region. Using a spherical crystal imager (SCI), the beam overlap was examined by
measuring 4.51 keV Ka x rays produced by laser-accelerated fast electrons and the x-ray beam. Measurements were made for
XFEL-only at various focus lens positions, laser-only and two-beam shots. Successful beam overlapping was observed on ~58%
of all two-beam shots for 10 um thick samples. It is found that large spatial offsets of laser-induced Ka spots are attributed to
imprecise target positioning rather than shot-to-shot laser pointing variations. By applying the Ka measurements to X-ray
Thomson scattering measurements, we found an optimum x-ray beam spot size that maximizes scattering signals. Monochromatic
x-ray imaging with SCI could be used as an on-shot beam pointing monitor for XFEL-laser or multiple short-pulse laser
experiments.

probing of a relatively uniform sample condition. For XRTS,
however, a probe beam size must be carefully chosen to strike

I. INTRODUCTION

X-ray Free Electron Lasers (XFEL) combined with high-
power optical lasers have introduced ultrafast time-resolved
diagnostics capabilities to high energy density (HED) plasma
experiments. Such capabilities are currently available at the
Matter in Extreme Conditions end-station (MEC) [1,2] of the
Linac Coherent Light Source (LCLS) [3], SPring-8 Angstrom
Compact free electron LAser (SACLA) [4,5] and European
XFEL [6]. At the MEC end-station, a variety of XFEL-based
techniques have been used to diagnose samples irradiated by
optical laser beams such as x-ray diffraction [7,8,9], x-ray
absorption near edge spectroscopy [10], small-angle x-ray
scattering [11], wide-angle x-ray scattering [12], x-ray phase-
contrast imaging [13] and x-ray Thomson scattering (XRTS)
[2].

The requirement of an x-ray beam spot size depends on
the diagnostic techniques. A small x-ray spot ensures the

a balance between maximizing the number of scattering
photons proportional to a probe volume and avoiding
scattering from too large non-uniform plasmas. Unlike long-
pulse laser experiments where a laser-driven shockwave
creates a large pumped region (> ~100 um in radius), the use
of a high intensity, short-pulse laser for plasma creation
imposes additional complications. To achieve a relativistic
intensity (> ~10'® W/cm?), a beam is required to tightly focus
to a spot of the order of ~10 pm for Joule class lasers. Such a
small focal spot is highly sensitive to thermal drifts and
mechanical vibrations, causing spatial fluctuations of the beam
pointing. [14] Furthermore, inaccuracy of sample positioning
leads to a low peak laser intensity as well as a spatial offset of
the x-ray probe path. Measurements of short-pulse, laser-



pumped area are also important because it is larger than the
laser spot due to divergence of laser-accelerated charged
particles (fast electrons or energetic protons).

Spatial overlap between a FEL beam and an optical laser
is commonly achieved using a cerium-doped yttrium
aluminum garnet (Ce:YAG) screen or a painted-on phosphor
in the sample plane. [15,16,17,18,19] Such a beam viewing
screen is inserted in the interaction region and optical radiation
from the screen induced by the x-ray and optical laser is
recorded with a CCD camera. This measurement method is
not available for full energy shots or non-phosphor targets. For
time resolved XRTS measurements, x-ray scattering signals
from a target of interest and monitoring of two beams in the
target plane must be measured on a same target shot. Full
energy beams are required to maximize scattering signals and
to measure the size of a pumped region. In addition, real-time
beam overlap monitoring is required on every shot in order to
construct a time history of plasma conditions inferred from
XRTS spectra.

In this paper, we report a novel application of 2D
monochromatic imaging for simultancous beam pointing
monitoring of an XFEL and a relativistic femtosecond (fs)
laser by measuring XFEL- and laser-induced Ka x rays with a
spherical crystal imager (SCI) [20,21,22,23]. Irradiation of an
XFEL and/or a high-power optical laser on a solid metal
produces characteristic Ko x rays through photoionization and
electron impact ionization, indicating the x-ray beam profile if
it is in the linear photoabsorption regime and the area ionized
by fast electrons. Using the measured 2D Ko photon
distribution, we have quantitatively evaluated changes in x-
ray probing areas at various focus lens positions, spatial
fluctuations of the optical laser pointing, and a success rate of
spatial overlaps of the XFEL and the fs optical laser on two-
beam (XFEL+fs laser) shots. As an application of the Ka
imaging diagnostic, we have also presented how Ka images
and yields help to optimize an x-ray beam spot for X-ray
Thomson scattering experiments in Sec. IV.

Il. EXPERIMENT

The experiment was carried out using the FEL beamline
and the 25 TW femtosecond optical laser available at the MEC
instrument [ 24 ]. Figure 1 shows a schematic of the
experimental layout with the beam and diagnostic
configuration. Solid titanium samples with 2 or 10 pum
thickness were laser-cut into three different sizes: 1 mm?
square, 1.5 mm %X 200 um or 1.5 mm X 40 um rectangular
strips. [25] These samples were mounted on a translation stage
set at 45° with respect to the incoming x-ray beam. The XFEL
beam based on self-amplified spontaneous emission (SASE)
at a photon energy of 7.0 keV was focused by a stack of nine
beryllium compound refractive lenses (CRL) with 500 pm
radius of curvature. Alignment of the x-ray beam to a pin at
the target chamber center (TCC) was performed using a 20 um
thick Ce:YAG scintillator coupled with a combination of an
optical camera (Andor Neo 5.5 sCMOS), microscope
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Figure 1 A schematic of the experimental layout at the
MEC end station. A spherical crystal imager (SCI)
consists of a spherically bent quartz crystal, an x-ray
CCD and a beam block. Scattering photons were
recorded with an X-ray Thomson Scattering spectrometer
(XRTS spec) based on a cylindrically curved Bragg
crystal. An optical camera along the laser axis was used
to monitor the positioning of a titanium sample.

objective and a tube lens. The x-ray pulse energy and duration
were ~4.0 mJ and ~50 fs.

The MEC’s femtosecond laser at a wavelength of 800 nm
delivered a beam energy up to 0.8 J in a 40 fs FWHM pulse
duration. The beam was focused with a f/5 off-axis parabolic
mirror to a sample positioned at TCC at an incident angle of
~40° from the sample normal. The spot size in the focal plane
was imaged with an optical camera in conjunction with an
apochromat 2-inch aperture objective lens providing a 0.184
um/pixel resolution. The same imaging system was used as a
sample alignment monitor. An analysis of measured beam
profiles shows 30% of the beam energy contained within a 10
um in radius. Based on the measured parameters, the peak
laser intensity was estimated to be 1~2x10'"® W/cm? in this
experiment. According to the ponderomotive scaling [26]
based on the peak laser intensitics, a mean energy of fast
electrons characterized by a slope of the electron spectrum is
estimated to be 65~100 keV.

The monochromatic crystal imager consisted of a
spherically bent quartz crystal for 4.51 keV Titanium Ko, an
x-ray CCD detector (PI-MTE:1300B) and a direct beam block.
The specifications of the crystal deployed were the Miller
indices of 20-23, a curvature of 250 mm and a corresponding
Bragg angle of 89.0° for 4.51 keV photons. The magnification
of the imager was 7.5. The camera’s 20 um pixel size together
with the magnification provided a 2.6 um per pixel resolution
at TCC. Based on past experiments using the same quartz
crystal [23,27,28], the nominal resolution of the crystal imager
is ~15 um, which is adequate to resolve XFEL- and laser-
produced Ko emissions in this experiment as shown later. The
entrance of the detector was covered by a 10 um thick Ti and
a 25 pum thick Al foil to reduce background signals. Direct
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Figure 2 Ko x-ray images at the Be CRL position of (a) L=4415 mm, (b) 4250 mm, and (c) 4008 mm. (d) Measured Ko spot
sizes in FWHM. Calculated spot sizes in X (orange) and Y (blue) are shown in dotted lines.

light from the laser-sample interaction to the camera was
blocked by a metal beam stop.

Scattered x-ray photons were measured with a Bragg
crystal spectrometer for x-ray Thomson scattering. It
consisted of a cylindrically curved highly annealed pyrolytic
graphite (HAPG [29]) having 32x30 mm? size and 51.7 mm
radius of curvature coupled with an ePix100 detector [30]. The
spectrometer was fielded in a backscattering geometry with a
scattering angle of 160°. 7.0 keV photons undergo scattering
from individual free electrons in this non-collective scattering
regime [31] and form a scattering spectrum consisting of an
elastic Rayleigh peak and an inelastic Compton peak. The
ratio of the peaks relates to the ionization state, while the width
of the Compton peak depends on the electron/Fermi
temperature. The Compton downshifted energy for the
scattering angle is 186 eV.

lll. EXPERIMENTAL RESUTS

A. Measurements of XFEL beam profiles for various
focus lens positions

Figure 2 (a-c) shows 2D Ka x-ray images produced by
irradiation of the XFEL beam at various focus lens positions,
L, and intensity lineouts of the images along the X direction.
In Fig. 2(a), a nearly round shape of the Ko emission pattern
is observed at the lens position of 4415 mm. Measured Ko
spots became smaller as the focusing lens was moved towards
4000 mm for better focusing, but the emission pattern was
focused better in the Y direction (meridional plane) than in X
(sagittal plane), producing a rectangular shape at L=4008 mm.
The smallest Ko profile observed was ~20 x ~40 um? in this
experiment. Fig. 2(d) shows measured Ka spot sizes and
calculated x-ray beam spot sizes as a function of the CRL
positions. The measured spots were corrected by taking into
account the 45° diagnostic line of sight. The x-ray beam spot
size focused through the CRL was calculated based on a
measured unfocused x-ray beam size (550x880 pm?) before
the CRL as an input beam. The comparison of the measured

and calculated spot sizes shows a reasonable agreement at
4250 mm and 4400 mm. However, the calculated beam sizes
of 1.3x2.0 um? and 15x22 um? at 4000 mm and 4100 mm are
much smaller than the measurements.

The discrepancy of the spot sizes at L <~4200 mm
observed in Fig. 2(d) could be explained by production of
nonthermal electrons (photoelectrons and Auger electrons)
[32,33,34] and/or nonlinear photoabsorption processes [35]
due to a tightly focused high intensity x-ray beam. When a K-
shell electron is photoionized by a beam of high energy
photons, a vacancy can be filled with an outer electron by
either a radiative or non-radiative (Auger) decay process.
Because of the short time scale of the XFEL pulse, non-
thermal electron distribution created by 7.0 keV photons
includes electrons with higher energies than the K-shell
binding of titanium (4.966 keV), producing Ko emissions.
Since SCI is a time-integrated diagnostic, a small spot of
XFEL-induced Ko could be masked by Ka emissions
produced by the secondary electrons after the x-ray beam
transits the sample. This sets a limitation of the Ko imaging
technique for beam monitoring that only allows for inferring
an upper limit of the beam size. As shown in Fig. 2(d), the
discrepancy is observed when L <4200 mm. A corresponding
x-ray beam intensity at L=4200 mm is ~10'7 W/cm? and this
intensity might be a threshold limiting this technique
[2.1x10' W/cm? at L=4250 mm and 1.2x10" W/cm? at
L=4100 mm)]. The threshold intensity found in this experiment
is consistent with the onset of nonlinear x-ray absorption
processes with the x-ray fluence > a few thousands of J/cm?
equivalent to a peak intensity of ~6x10'® W/cm? [35]. A
further experiment with x-ray intensities below the threshold
by lowering the x-ray beam energy could show measurements
of a smaller beam profile than the current limited size of ~20
x 40 pm?.

B. Ka x-ray emissions produced by the optical laser

Figure 3(a) shows a measured Ko image produced by fs
laser-generated fast electrons and line profiles of the image



along the X and Y axes. The lineouts are obtained by
averaging the image in each direction after the background is
subtracted. Measured widths of the Ka spot for all optical
laser-only shots range FWHM of 54+11 pm and 6620 um in
the X and Y directions, respectively. The spread of Ka
emission region depends on the energy of fast electrons
propagating in a solid titanium foil. For 65~100 keV electrons
estimated from the ponderomotive scaling in this experiment,
an average collisional stopping range calculated with the
continuous slowing down approximation (CSDA) [36] is
23~45 pum in radius, resulting in a 46~90 um diameter. This is
consistent with the measurement and verifies the estimation of
the order of the peak laser intensity. Ka signal counts
increased as the laser energy was changed from 0.1J to 0.8],
but the widths of the profiles were relatively insensitive to the
changes. A measurement of an escaping fast electron spectrum
could be used as another indirect diagnostic to infer an on-
target peak laser intensity [37,38].

Shot-to-shot variations of the optical laser pointing are
assessed by examining the central position of the Ko spots.
The Ka intensity profiles are neither symmetric nor Gaussian.
Here, the nominal beam position is defined as the central
position of a half-maximum Ko intensity contour. Figure 3(b)
shows a scatter plot of laser beam pointing for all laser-only
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Figure 3 (a) A measured Ko, image on an optical laser shot
with the widths of the line profiles in X and Y (FWHM) (b)
A scatter plot of measured optical beam positions inferred
from the Ko emission spots. The red dot represents the
central position of the background intensity shown in (a)
and its half-maximum intensity contour (black dotted line).

shots and the Ko image with its half-maximum intensity
contour of Fig. 3(a) in the background. A red dot in the figure
represents the central position of the Ka image. It is noticeable
that the spatial drifts of the laser pointing in X ranging from -
61 to +65 um are much larger than those in Y from -20 to -1
um. As will be discussed in the next section, the variations of
the laser-induced Ka spot positions are due to fluctuations of
the laser pointing (=10 pm) in Y and a combination of the laser
pointing and sample offset in the X direction.

C. Simultaneous measurements of the XFEL and
optical laser beam pointing

Figure 4 shows measured Ko x-ray images and line
profiles along the horizontal (X) direction on XFEL+fs laser
shots for 10 um thick samples with the surface area of 1 mm?
for three cases: (a) overlapped, (b) laser offset and (c) sample
offset. The target chamber center is indicated in the figures
with a cross symbol at (x, y) = (0, 0) where both the XFEL and
the fs laser were aimed. From repeated XFEL-only shots on
identical samples, it is confirmed that the center of XFEL-
induced Ka emissions was near the (0, 0) position within 9 um
in radius, which allows us to assume the x-ray beam passes
through TCC unless a sample was offset. The image data for
the two-beam shots were acquired with different timing delays
between 0 and 5 ps. However, it does not affect the results of
the beam pointing because the SCI diagnostic is time
integrated.
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Figure 4 Measured Ko images on two beam shots. (a) The
two beams were overlapped. (b) The fs laser beam was
outside the x-ray beam due to the laser pointing jitter. (c)
Ka spots created by both x-ray and laser beams were offset
from the intended focus point due to the sample offset.



Fig. 4(a) shows an example of the two beams overlapped.
In Fig. 4(b), the x-ray beam is on the cross mark, but the laser-
induced Ka spot is slightly offset. The separated Ko emissions
in this case are caused by a laser pointing offset because the
x-ray-beam-induced Ka near the origin verifies that the
sample was positioned at TCC. The beam overlaps were
examined by using the Rayleigh criterion. Another case of
separated Ka spots is due to an offset of the sample as shown
in Fig. 4(c). A mispositioned sample along the sample monitor
axis [see in Fig.1] causes drifts of the interaction points of both
beams in the sample plane. Based on the measured Ko spots
representing the two beams (XFEL at X=-200 um and laser at
X=~100 pm from the origin) and view angle of the alignment
camera, the sample position on this particular shot is deduced
to be 170 um in the -Z direction with a rotation by 4.5° in
counterclockwise direction. Well-separated Ka spots can be
observed when a sample is offset in the +Z direction as well.
However, the corresponding Ko would switch the positions in
this case, namely the XFEL spot would appear to the right to
the fs laser.

The lineout of the Ko emission intensity in Fig. 4(c)
shows that the emission intensities are comparable at the 0.1 J
optical laser and the 4.6 mJ XFEL beam. Lower x-ray-induced
Ka intensities in Fig. 4(a) and (b) were attributed to lower x-
ray beam energies of 4.0 and 3.3 mJ, respectively. Since the
MEC fs laser can deliver the energy up to 0.8 J, the brightness
of a laser-induced Ko spot is expected to be higher than that
of an x-ray-induced. In this case, measured Ko intensities
could be used to identify the laser and x-ray beam interaction
positions when they are separated.

The monochromatic Ka imaging was successfully used to
quantify success rates of the two-beams shots. Among the total
19 shots taken with similar laser and sample conditions, the
beam overlapping was observed on 11 shots (58%). Shots for
40 pm-width strip samples were hit at a lower rate of 36%.
Non-overlap shots show that the two Ka spots are separated
along the X direction as shown in Fig. 4(b) and (c). This is

consistent with the scatter data of the optical laser-only shots
presented in Fig. 3. Because the pointing of the x-ray beam is
stable, it is reasonable to conclude that the spatial drifts of the
Ka spots are primarily caused by the sample positioning error
rather than the pointing fluctuations of the optical laser. An
accurate sample positioning system such as an additional
target monitor in the orthogonal view or an automated system
[39] could increase the success rate of the two-beam shots as
well as shot rates on a high repetition rate laser system.

In this experiment, x-ray scattering signals on the two-
beam shots were overwhelmed by strong background
generated by the fs laser-target interaction even at the laser
energy of 0.1J. Comparisons of x-ray scattering spectra on
overlapping and non-overlapping two-beam shots as well as
time-resolved x-ray scattering spectral measurements will be
performed in a future experiment including an improvement
of detector shielding and an optimized x-ray probe as
discussed in the next section.

IV. Application of Ka imaging for X-ray Thomson
scattering experiment

In addition to the beam pointing measurements, Ko
crystal imaging can provide supporting information on shot-
to-shot consistency and optimization of an x-ray beam spot for
x-ray Thomson scattering measurements. Figure 5(a) shows
integrated Ko and scattering signals for 10 um thick titanium
samples at lens positions between 4000 mm and 4250 mm
along with linear least square fitting to the data. Both Ka and
scattering signals linearly increase by a factor of ~3 as x-ray
beam sizes are changed from 20x40 um? at 4000 mm to 40x60
pum? at 4250 mm.

X-ray scattering spectra are affected by not only x-ray
beam sizes shown in Fig. 5(a), but also sample thicknesses.
Fig. 5(b) compares raw x-ray scattering spectra from cold
titanium foils for 2 and 10 um thick foils. The large and small
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Figure 5 (a) Integrated Ko yields (blue) and x-ray scattering signals (orange) as a function of the CRL position for 10 um
thick titanium samples. (b) Measured x-ray scattering spectra from cold titanium sample. The large and small spot sizes are
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x-ray beam spots indicated in the figure correspond to
measured XFEL-induced Ka spot sizes of 58x81 pum? for
Large spot (2 pm Ti), 23x42 um? for Small spot (2um Ti) and
26x45 um? for Small spot (10 pm Ti). The scattering spectrum
with the large spot was well above noise levels and
reproduceable. The spectral shapes for the 2 um samples agree
with each other when they are normalized to the Rayleigh
peak. Increasing a sample thickness from 2 um to 10 um with
the same beam spot enhances scattering signals near 7.0 keV.
However, the XRTS spectrum for the 10 um sample does not
match the other two spectra even after scaled because of
wavelength-dependent attenuation by the solid sample, for
instance, a 10 pm thick Ti foil transmits 23% at 6.8 keV and
26% at 7.0 keV. In addition, attenuation lengths could vary
depending on where scattering occurs within a 10 um thick
sample, changing the overall spectral shape. Probing a
uniform plasma condition can be ensured by using a thin
sample and/or a high photon energy x-ray beam (> 10 keV)
available such as at LCLS-II [40].

Fig. 5(c) shows a post-experiment analysis of a
relationship between integrated x-ray scattering signals and x-
ray probe spot sizes in X. The two-beam shots were taken with
X=25~30 um. Based on this analysis, an optimum x-ray spot
size for the present x-ray Thomson scattering experiment is
estimated to be X=43~65 pum, as the beam size would fully
cover the laser-produced Ko area shown in Fig. 3. It is noted
that the shape of the x-ray probe is asymmetric. The
corresponding spot sizes in Y are shown in Fig. 2(d). Matching
the x-ray beam spot with the pumped area would increase
integrated scattering signals by a factor of 2.4~4.1 according
to the fit shown in Fig. 5(c). Moreover, signal-to-noise ratios
could be further improved by increasing spectrometer
shielding to reduce the background and/or using a larger x-ray
beam spot if the short-pulse laser spot could be enlarged while
maintaining the relativistic intensity. To make this work, we
will implement an improved x-ray scattering spectrometer and
a hard x-ray probe at 15 keV of LCLS-II at the MEC end-
station in future experiments.

V. CONCLUSIONS

Simultaneous beam pointing monitoring of the LCLS
XFEL and the MEC fs laser has been successfully
demonstrated using 2D monochromatic x-ray imaging with a
spherical crystal imager. The XFEL- and laser-induced
titanium Ka emissions were used to identify relative beam
positions in the sample plane. Successful beam overlap was
found to be ~58% of two-beam shots. The results reveal that
the separation of the beam pointing is mainly caused by
imprecise sample positioning rather than spatial fluctuation of
the laser pointing. On XFEL-only shots, an agreement
between the measured and calculated Ka sizes indicates that
2D emission patterns represent the x-ray beam profiles for a
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large spot. This imaging diagnostic, however, is limited as a
beam profile monitor to measure a spot size smaller than
~20x40 pm?, which could be attributed to nonthermal Auger
electrons and/or nonlinear photoabsorption process by a
tightly focused x-ray beam with an intensity above ~10'7
W/cm?,

The results of laser-induced Ko measurements provide
information not only on the pointing of the laser beam, but
also on the mean energy of fast electrons inferred from the
spatial  distribution.  Furthermore, the experimental
determination of the laser-pumped area enables users to find
an optimum x-ray probe spot for X-ray Thomson scattering
measurements. Target materials can be changed to others such
as Cu, Ar or Zr since several spherically bent crystals
matching to its Ko photon energy are available [22]. The
monochromatic x-ray imaging with SCI demonstrated in this
work could be used as an on-shot beam monitor in XFEL-high
power laser and/or multiple short-pulse laser experiments.
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