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Abstract

We present new diagnostics for use in optical laser pump - X-ray Free Electron Laser (XFEL) probe experiments to monitor dimensions,
intensity profile and focusability of the XFEL beam and to control initial quality and homogeneity of targets to be driven by optical laser
pulse. By developing X-ray imaging, based on the use of an LiF crystal detector, we were able to measure the distribution of energy inside a
hard X-ray beam with unprecedented high spatial resolution (~1 pum) and across a field of view larger than some millimetres. This diagnostic
can be used in situ, provides a very high dynamic range, has an extremely limited cost, and is relatively easy to be implemented in pump-
probe experiments. The proposed methods were successfully applied in pump-probe experiments at the SPring-8 Angstrom Compact free
electron LAser (SACLA) XFEL facility and its potential was demonstrated for current and future High Energy Density Science experiments.
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1. Introduction

Pump-probe experiment is one of the most informative
approaches for receiving unique knowledge about properties
of matter under extreme conditions [1—4]. The combination of
pulsed power lasers and X-ray Free Electron Laser (XFEL)
beams in pump-probe experiments allows insight into the
behaviour of solid materials on the timescale of atomic mo-
tion, probing ultrafast lattice-level dynamical phenomena and
transient states [4—7]. High energy lasers can drive strong
shocks by rapidly ablating the surface of a sample, or an
ablator layer designed for this purpose. Recently sub-
nanosecond or nanosecond laser pulses with intensities
10''—10" W/cm? have been used as generators of shock
waves, driving pressures from tens of GPa up to multiple TPa.
Better understanding of material properties under such con-
ditions is of great interest in different fields including inertial
fusion energy research, planetary formation science, and high
energy density science. XFELs have allowed in sifu studies at
the lattice-level of matter deformation, melting, and ablation
under such extreme pressure for the first time. However, the
quality and accuracy of obtained data suffer from a lack of
shot-to-shot reproducibility of the experimental data due to the
variation in the laser intensity, target quality, and focusing
stability. It means that to obtain high quality experimental data
in pump-probe experiments, it is necessary to provide moni-
toring of dimensions, intensity profile and focusability of an
XFEL beam used as a probe, as well as quality of targets,
driven by optical laser pulses [8]. Presently different methods
can be applied for the characterization of XFEL beams. For
example, scanning coherent X-ray microscopy or ptychog-
raphy [9], single-grating interferometry [10], imprinting and
ablation method [11], Hartmann method [12] and others are
now routinely employed.

In this article, we present new imaging diagnostics based on
the use of LiF detectors, which can be easily implemented in
experiments to control parameters of XFEL beam and quality
of targets with very high spatial resolution within a large field
of view.

LiF crystal is a widely used material, in particular as
scintillator detector, for different ionizing sources [13].
Recently it is found that LiF is also a very good imaging
detector for X-ray radiation [14—21]. Photons with energy
greater than 14 eV generate F, and F3 type color centers
(CCs) in LiF crystals, which are very stable at room tem-
perature. Additionally, these color centers have absorption
and emission bands in the visible spectral range, so photo-
luminescence (PL) of CCs can be observed using conven-
tional fluorescent microscopes. Our investigations have
shown that for EUV and soft X-ray radiation the spatial
resolution of the PL images can be as low as 700 nm if
readout is done using confocal fluorescent microscopes [18]
and 75 nm in the case of using scanning near field micro-
scopes [17]. For such radiation, the limit of spatial resolution
is mostly defined by the spatial resolution of the microscope
system acquiring the readout process. For hard X-ray radia-
tion (spectral range of 5—30 keV), on the other hand,

incoming photons generate secondary electrons, causing the
creation of color centers inside the crystal throughout the
volume of the electron cloud. For example, the size of the
electron cloud reaches 1 pum in diameter for 10 keV radiation
[21,22] and it becomes even larger for harder photon en-
ergies. Consequently, the spatial resolution of LiF detectors
at hard X-ray spectral range is defined by the size of the
electron cloud. Independent of the spectral range, the LiF
detector has a large (at least 10°) dynamic range. It is not
sensitive to visible light and its field of view can be as large
as the size of the LiF crystal plate. The unique combination
of the properties of the LiF crystal detector allowed signifi-
cant improvements in capabilities of radiographic technique
in X-ray spectral range along with simplification of the
experimental setup.

In this article, we discuss the application of LiF detectors
for in situ single-shot quantitative determination of XFEL
beam parameters and describe a novel short-wavelength
coherent beam metrology method, based on Fresnel diffrac-
tion analysis of high resolution, high dynamic range images
(HR-FDA method) [23]. Also we propose the use of an LiF
detector to control the quality of targets prior to a pump-probe
experiment. In this case, phase contrast and diffraction
enhancement in transmission images of thin foils is utilized.
At micrometer scale, it allows us to observe structural features
of targets in initial condition and changes of target structure
under the action of driving optical laser pulse. All the methods
mentioned have been successfully applied in pump-probe ex-
periments at the SACLA XFEL facility [21—23].

2. Metrological measurements in pump-probe
experiments

As mentioned in Section 1, two types of metrological
measurements applied in optical pump-XFEL probe experi-
ments will be discussed below.

LiF detector
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Fig. 1. Schematic views of experiential setup for different type of measure-
ments in experimental hutch EH5 of beam line BL3: (a) 3D visualization of
the fully focused XFEL beam; (b) measurement of intensity distribution of the
1D focused XFEL beam along propagation; (c) investigations into the influ-
ence of (1) slit dimensions and (2) “knife-edge” on intensity distribution of the
direct XFEL beam.
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Fig. 2. Intensity profile of XFEL beam focused by HERMES focusing system
measured by wire scan method in vertical and horizontal directions (photon
energy is 10.1 keV, signal is averaged over 10 shots, energy of beam after
attenuation by 1.5 mm Si plate is 0.26 nJ, diameter of gold cross wire is
200 pm).

2.1. In situ, single-shot determination of XFEL beam
parameters and focusability

At coherent X-ray radiation facilities, there is an urgent
need of simple and efficient methods for in situ beamline
metrology. Additionally, measurements of energy distribution
of XFEL beams within focusing system are very important
both for correct evaluation of X-ray fluence in different cross-
sections of such beams and for further improving different
focusing systems. Here we present X-ray diagnostics based on
using LiF X-ray detectors to perform in situ measurements on
the intensity distribution of X-rays beams with diameters
ranging from some microns up to some millimetres with a
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high spatial resolution (~1 pum). This diagnostic has been
applied to characterize the SACLA XFEL beam profile and its
focusability.

A sketch of the experimental setup is shown in Fig. 1(a).
Experiments have been carried out at the hard X-ray beam line
BL3 of the SACLA-SPring-8 facility in experimental hutch
EHS5 [17]. The XFEL beam was focused to 0.2 um x 0.3 um
spot by a Kirkpatrick-Baez (KB) type HERMES focusing
system onto the surface of the LiF crystal detector. Fig. 2
presents the intensity profiles of the focus spot measured by
a wire-scan method in vertical and horizontal directions.

The operating principle of an LiF crystal detector is as
follows: the crystal is exposed to the X-ray radiation, which
generates CCs. Particular CCs have an absorption band from
440 to 480 nm and a photo-emission band (photo-lumines-
cence) in the visible spectral range, which allows the readout
of the images using commercial microscopes such as confocal
fluorescence microscopes. The high sensitivity and large dy-
namic range of the LiF crystal detector allows intensity dis-
tributions at distances far from the best focus as well as near
the best focus to be measured (See Fig. 3(a) and (b)). We
would like to underline that the dynamic range of the LiF
detector was enough to observe not only the XFEL beam itself
but also the projection of the focusing system aperture. PL
images in Fig. 3(a) show the presence of small shift of XFEL
beam from the center of the aperture which takes place in this
particular experiment. Thus alignment of XFEL axis on the
mirrors of the focusing system can also be controlled.

Intensity distribution in cross sections of XFEL beam was
measured at relatively long distance of 17.5 mm around the
focus. This sequence of PL images was used to reconstruct the
caustic of the focused beam and to provide evaluation of the
XFEL source size and beam propagation factor M?. Tt was also
found that the actual position of the focus was 5 mm away
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Fig. 3. Intensity distribution of focused XFEL beam near the focal position [21]: (a) sequence of PL image of XFEL beam, obtained on the LiF detector surface by
scanning along the propagation direction with step of 2.5 mm, and schematic interpretation of images (above); (b) observation of PL caused by XFEL beam in the
volume of LiF at the position of minimum image size (Z = 12.5 mm). The coordinate of Z is defined in Fig. 1(a and b). Sketch on the left hand side shows the range
of measurements inside the crystal; below there are PL images, measured at different distances from the surface of the LiF crystal. The spatial distribution of the PL
intensity for each image is shown above. The best focus is indicated by a blue arrow.
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from the predicted location. At the same time, the smallest
measured size of the focal spot was of order ~1.0 um, which is
larger than the one mentioned above. Analysis of this result
allowes to conclude that our measurements well support the
theoretical prediction that for photons with energies of
~10 keV, the diameter of the generated photoelectron cloud in
LiF reaches ~1000 nm before thermalization [21,22].

In many pump-probe experiments, the size of the X-ray
probe beam should be comparable to the size of the optical laser
focal spot, i.e. of the order of a few hundreds of microns. In such
cases, to have high probe beam intensity on the target, the XFEL
beam is focused in one direction while in the second direction,
the size of beam is set by selecting the 4-jaw slit equal to the size
of the pumping optical laser beam focal spot (See Fig. 1(b)).

The LiF crystal detector was used in such pump-probe
experiments at SACLA XFEL facility to determine the posi-
tion along the beam axis with optimal sizes and to control the
quality of the focused beam. It was found that at the beginning
of the experiment, a local damage on Kirkpatrick mirror dis-
torted the focused beam (See Fig. 4). After the damaged part
of the mirror was moved out of the beam, the probe beam
profile was improved containing a diffraction pattern only (See
the inset in Fig. 4). The obtained quality of the XFEL beam
allowed us to successfully provide pump-probe experiments
[4,7]. We would like to stress that distortions and diffraction
patterns in the XFEL beam were clearly resolved in the single-
shot XFEL transmission images.

2.2. A novel short-wavelength coherent beam metrology
method for single-shot quantitative determination of

XFEL beam parameters

Diffraction of X-ray laser beams is widely used for a va-
riety of different measurements. At the same time, the

Ax=(0-27) mm

The plane of

pump-probe measurements
IXFEL beam quality after improvement]
i (Distance focus-detector ~120 mm) l

_ Ax=9 mm

Slit: 95 umx160 um

Slit: 120 umx270 pm

Slit: 450 pmx450 um

Fig. 5. In situ registration of intensity distribution of the XFEL probe beam,
limited by a rectangular aperture. Diffraction patterns in the position of the
target for different sizes of 4-jaw slit are shown. In the inset, the diffraction
fringes formed by the knife-edge obstacle, which is placed closer to the LiF
detector than the slit are clearly resolved. The distance from 4-jaw slit to the
detector is 8.3 m; the distance from knife-edge to the detector is 150 mm.

potential of diffraction methods for beamline metrology has
not been yet fully exploited because the diffraction fringes are
very often separated by only a few microns or even less, and
their intensity drops dramatically with increasing fringe
number. This means that usually they could not be resolved
with ordinary pixel- and luminosity-limited detectors. A two
dimensional (2D) procedure based on high-resolution Fresnel
diffraction analysis is discussed and applied in Ref. [23],
which allowed an efficient and detailed beamline character-
ization at the SACLA XFEL facility.

Fig. 1(c) shows a conceptual sketch of the experimental set-
up, while Fig. 5 demonstrates the images obtained in the case
of using various rectangular field masks. Self-amplified
spontaneous emission (SASE) occurs about the virtual
source position of XFEL beam, which then propagates until

Ax=0 mm

Ax=12 mm
14.5 um

205 um Ax=15mm

Ax=27 mm

Fig. 4. Intensity distribution of XFEL beam, vertically focused and dimensionally limited by the horizontal slit of 200 um. Selected images were obtained on the
LiF detector at different cross sections of the beam near the focal plane (see scheme in the upper left). The plane with beam dimensions required for target probe
(Ax = 15 mm) was determined with high accuracy. Diffraction pattern and local destruction of beam quality by tiny obstacle located on the focusing mirror is
clearly seen. The inset shows the high quality of the XFEL beam after improvement of mirror quality.
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Fig. 6. Schematic presentation of algorithm, used for modelling XFEL beam
intensity distribution in the plane of detector for experimental scheme (3) (see
Fig. 1 (c)).

meets the probe-mask and is diffracted by it. The diffraction
from the probe-mask was monitored at distance Ly = 8.3 m
from the aperture of the mask, which was close enough to the
detector to produce a Fresnel diffraction pattern (see Fig. 5).
The intensity patterns were obtained in sifu from a single-shot
and acquired with an LiF crystal imaging detector, that is LiF
plate with diameter of 20 mm and thickness of 2 mm. A
photon energy Ep, = 10.1 keV was used, which is well above
the LiF cutoff sensitivity of 14 eV. The pulse energy of the
XFEL beam at the exit of the undulator was E ~400 pJ
(2.5 x 10" photons). In Fig. 5 the high-spatial frequency
imaging capability of an irradiated LiF crystal detector is
clearly seen. Very tiny details of diffraction patterns are
obviously resolved, which allow 2D information of the
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coherence degree, beam divergence, beam quality factor M2,
pointing stability of the beam in vertical and horizontal di-
rections and the size of virtual source to be retrieved.

The experimental patterns were analysed with a computa-
tional method which reproduced their shape for a given set of
initial beamline parameters. The analysis was based on
calculating the wave equation using the Fourier transform al-
gorithm. The basic idea of algorithm is schematically pre-
sented in Fig. 6. A self-written iterative code was applied to
convolute the theoretical patterns and different Gaussian illu-
mination functions, to find the least residuals to the experi-
mental results (see Fig. 6). A very good overlap of
experimental and modelled results was obtained and it is
clearly seen for both horizontal and vertical directions of the
rectangular slit (see Fig. 7).

We would like to stress that the discussed method can be
accurately realized in a single-shot measurements due to high
dynamic range of LiF detector. Ordinary and compact equip-
ment is required. Thus it can be easily implemented for
characterization and optimization of probe beam. As was
mentioned above, in the context of High Energy Density
(HED) research, an XFEL beam can be used as a probe to
obtain information on material properties and/or on atomic
scale processes with an unprecedented time resolution. In most
of these experiments [1—4], a slit was located in the path of
the XFEL beam at various distances from the zone of pump-
probe investigations to control the size of the beam from
tens to hundreds of microns. It means that due to a very high
degree of XFEL beam coherence, the initial distribution of
beam intensity passing through the optical channel will be

(a) Slit size: Slit-detector distance: 8.38 m N porzonai=0.-2
Horizontal=160 um Wavelength=0.123 nm e vertica =22
Vertical=95 um
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Fig. 7. (a) Result of 2D modelling and experimental diffraction patterns at the position of the target for the XFEL beam limited by a slit with a size of 160 pm
(horizontal) x 95 pum (vertical); (b) comparison of theoretical and the experimental intensity distributions in horizontal and vertical directions. Almost perfect

agreement of traces confirms a high degree of beam coherence.
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Fig. 8. Evolution of the diffraction patterns for the monochromatic planar
wave propagated through the slit with increasing the distance between the 4-
jaw slit and the detector, which caused transformation from Fresnel diffraction
(Ng > 1) to Fraunhofer diffraction (Vg << 1). The dimension of slit shadow is
shown in pink.

disturbed by any aperture, the 4-jaw slit, obstacle or micro-
defects on the surface of optical components and, in particular,
on the surface of the focusing system. When coherent wave-
fronts are incident on the aperture, the intensity distribution
(diffraction patterns structures) in the propagated beam
strongly depends on the distance from the aperture to the plane
of the detector (See Fig. 8). The shape of the intensity dis-
tribution on the detector will be similar to the aperture shape
only at a distance of a few wavelengths from the aperture.
With the increase of the distance from the aperture to the
detector, the intensity distribution in the beam will transfer to
Fresnel diffraction pattern. With further increase of the dis-
tance to the detector, a Fraunhofer diffraction pattern occurs.
The general criterion for describing a particular diffraction
regime is the Fresnel number Ng = a2/(Z A), where a is the
aperture radius, Z is the aperture-detector distance and A is the

Aperture-detector distance: 0.2 m

XFEL wavelength. The diffraction patterns for mono-
chromatic planar wave propagated through the 4-jaw slit
evolve with the increase of the distance to the slit from Fresnel
diffraction (Ng > 1) to Fraunhofer diffraction (Vg << 1) as
shown in Fig. 8. Fresnel diffraction is characterized by the
appearance of large numbers of diffraction fringes near the
edges of the slit image and the size of image is close to the size
of the slit width. In the Fraunhofer regime, the size of the
beam is different to the shape of the slit. The intensity dis-
tribution in the pattern becomes pure diffraction with size
much greater than the slit size. In Fig. 8, the size of the slit
aperture relative to the diffraction pattern is shown by the pink
rectangular areas. Usually experimental conditions require to
use XFEL beam with specific dimensions in one or both
(horizontal and/or vertical) directions, which causes different
inhomogeneities in the beam aperture.

Characterizing the level of such inhomogeneous energy
distribution inside the X-ray beam with high spatial resolution
(Iess than 1 um) is challenging but necessary. Indeed, several
studies already show that this characterization has a key role in
the success of XFEL experiments. For example, knowledge of
the homogeneity of the X-ray beam is essential to undertaking
useful comparison between molecular dynamics (MD) simu-
lations and experimental results while avoiding large error
bars on experimental data. On the other hand, studies of ul-
trafast elastic—plastic transition [1] need a spatially uniform
probe to avoid strong inhomogeneities in the Debye—Scherrer
cone, as the detector generally only observes part of the ring,
while still being able to compare the experimental results to
simulations.

As mentioned above, the LiF crystal X-ray detector could
be effectively used for the characterization of XFEL beam
quality (See Figs. 3—5), but experimental measurements are

Aperture-detector distance: 0.4 m

~100 —50

?&n 50 100
X (4m)
0.78
0.76
0.74
0.72
0.70
0.68
0.66
10 -5 0 5 10
X (um)

X (um)

Fig. 9. Near field (Fresnel diffraction) XFEL beam intensity distribution vs Fresnel number at distances from the slit, modelled for monochromatic radiation

(10.1 keV).
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time consuming. It is very useful to know in advance the
influence of beam diffraction on the beam homogeneity for
different sizes of stop aperture and distances from the object.
In Figs. 9—11, the results of the beam propagation modelling
for different distances between the aperture and the detector
and for different sizes of the aperture are presented in the
Fresnel diffraction case. In this regime (Ng >> 1), the in-
tensity distribution of the monochromatic beam is highly
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modulated (clearly seen in the enlarged part of the red traces
in Figs. 9 and 10). Increasing the Fresnel number leads to a
quasi-homogeneous intensity distribution (particularly in the
central part of the beam) with high frequency oscillations,
which are not so strongly affect the experimental conditions
in most cases. We also could see that the size of the beam is
similar to the size of the aperture despite the effect of
diffraction.

(a) (b)
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Fig. 10. Modelling of near field (Fresnel diffraction) XFEL beam intensity distribution by taking into account real spectral bandwidth of XFEL pulse: (a) a sample
SACLA XFEL spectrum with a fundamental photon energy of 10.1 keV; (b) comparison of calculated intensity distributions for monochromatic and quasi-

monochromatic radiation with Ng = 400.

Slit, D=100 um

P

z=20 m
-200

-100 0
X (um)

-200 -100

z=40 m

X (um)

z=80 m

100

-200 -100 0 200

X (um)

—— NF=0.5 E=5

-200 -100
4

0 N:=0.25

Slit, D=50 um

%

0 15&" 2
HEN
200 -100 0 } i10
/ X (um)

-200

-100 0
X (um)

-100 0 100

f X (um)
N-=0.06

N.=0.125 %

/

z=160 m _

200 -100 0

X (um)

100

200

Fig. 11. Far field (Fraunhofer diffraction) XFEL beam intensity distribution vs Fresnel number at two sizes of slit; modelling for monochromatic radiation
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Fig. 12. XFEL beam intensity distribution on dependence of Fresnel number
(slit-detector distance is 8.3 m).

In the case of Fraunhofer diffraction (large distances be-
tween the aperture and detector), as could be seen from
Fig. 11, the diffracted beam is generally more smooth. This
effect is more pronounced in the central zone of the propa-
gated beam. Unfortunately the major drawback of using
Fraunhofer diffraction in pump-probe experiments is the need
to place the aperture very far (usually at >10 m) from the
detector, then the consequent increase in the beam size will
lead to a decrease in intensity.

The experimental dependence of intensity distribution of
the SACLA XFEL beam on the size of the slit is presented in
Fig. 12. The photon energy is 10.1 keV and the slit is located at
8.3 m from the center of the pump-probe experimental
chamber. On the left side of each image, a corresponding
Fresnel number is shown.

LiF
Target, 20°

E

photon

10 um Fe (1);

10umFe(2); t~2% (a)

(b)

(b)

(c)

Vertically focused XFEL beam

=10.1 keV

3. Proof of principle of target quality control in optical
laser pump-XFEL probe HEDS experiments by high
spatial resolution X-ray imaging

For high precision pump-probe measurements, it is necessary
to control not only the homogeneity of the pump and probe
beams, but also the homogeneity and quality of the targets. To
reach this goal, it is very important to measure the target quality
directly before the pump-probe experiment. Our experiments at
the SACLA XFEL facility demonstrated that such single shot in
situ control is possible using LiF crystal detectors (See Fig. 13).
Indeed, differences between targets are clearly resolved in single-
shot XFEL transmission images. These inhomogeneities could
be observed for targets with a wide range of X-ray trans-
missivities: 50 pm CH + 10 um Al (80% transmission at
10.1 keV), 5 pum (Si 4+ Cu) (5% transmission), 10 pm Fe (2%
transmission) and even 5 um Ta (0.3% transmission). Significant
differences in structure for targets made from the same material
(marked in Fig. 13 as (a)—(b) or (a)—(c)) were also found. Such a
large dynamic range is unique for detectors used in the hard X-ray
energy range. We applied the proposed technique in pump-probe
experiment to observe structural transformation of targets driven
by the pump laser pulse (Fig. 14). The experiment was carried out
as follows. The LiF crystal was placed ~120 mm behind the
target. Thin target foil consisted of 30 um layer of polypropylene
and 40 um of Ge. Subsequently ten XFEL probe pulses with an
energy of 400 pJ (photon energy of 10.1 keV, repetition rate of
1 Hz, attenuated much below the ablation threshold of the target)
were sent to the target. The inclination of the target to the axis of
the XFEL beam was 24°. Each of the ten transmission images of
the target was measured by the LiF crystal. Randomly, one of the
XFEL pulses (No.07 in the experiment) was synchronized with
the pump laser pulse. Obtained images clearly show the scenario

T703%

5 um Ta;

™ 2% (b)

50umCH+ 10umAl; T~ 80%

S5um(Si+Cu); T~5%

Fig. 13. Control of pump-probe targets homogeneity: experimental setup and single-shot transmission images of targets made from different materials.
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Fig. 14. High resolution transmission imaging for observation of a volume structure transformation of a thin target driven by a single pump laser pulse.

of measurements. During the first six shots, XFEL pulses illu-
minated the target, which kept the initial condition, therefore
images 01—06 were similar and initial structural in-
homogeneities of the target were well resolved. During XFEL
shot No.07, the coming pump laser pulse completely changed the
internal structure of the target. As the optical pump laser finally
destroyed the target, three more XFEL pulses freely propagated
through the target hole. Images obtained during XFEL shots
08—10 show only the structure of the XFEL beam itself.

4. Conclusion

We have developed a package of diagnostics to be used for
metrological control of different parameters in optical laser
pump-XFEL beam probe experiments. They provide single
shot in situ metrology of the hard XFEL probe beam charac-
teristics and XFEL beam focusability, allowing single-shot
transmission imaging for controlling the quality of targets in
such experiments to be performed. All of these methods have
been successfully applied in pump-probe experiments at the
SACLA XFEL facility. We would like to stress that the X-ray
diagnostics presented here, all based on the use of an LiF
crystal X-ray detector, are able to measure the distribution of
energy inside an X-ray beam in situ, with high spatial resolu-
tion (~1 pwm) for a beam diameter larger than a few millimetres.
The diagnostics have an extremely limited cost, which are
relatively easy to set up and can be used to provide information
on the uniformity of the X-rays beam on a shot-to-shot basis. A
first observation using this diagnostic at EH5 in SACLA shows
that the presence of an upstream slit leads to a highly structured
XFEL beam due to the generated diffraction pattern.
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