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ABSTRACT

In dynamic-compression experiments, the line-imaging Velocity Interferometer System for Any Reflector (VISAR) is a well-established diag-
nostic used to probe the velocity history, including wave profiles derived from dynamically compressed interfaces and wavefronts, depending
on material optical properties. Knowledge of the velocity history allows for the determination of the pressure achieved during compression.
Such a VISAR analysis is often based on Fourier transform techniques and assumes that the recorded interferograms are free from image
distortions. In this paper, we describe the VISAR diagnostic installed at the HED-HIBEF instrument located at the European XFEL along
with its calibration and characterization. It comprises a two-color (532, 1064 nm), three-arm (with three velocity sensitivities) line imaging
system. We provide a procedure to correct VISAR images for geometric distortions and evaluate the performance of the system using Fourier
analysis. We finally discuss the spatial and temporal calibrations of the diagnostic. As an example, we compare the pressure extracted from
the VISAR analysis of shock-compressed polyimide and silicon.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0271027
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I. INTRODUCTION

Warm dense matter (WDM) is an exotic state of matter that
occurs in fusion processes,1±4 as well as in the interiors of giant plan-
ets and stellar accretion disks.5±9 Accurately modelingWDM is chal-
lenging due to its position at the intersection of condensed matter
physics and conventional plasma physics. Experimental studies are
therefore essential for developing models that describe matter under
extreme pressure and temperature conditions. A well-established
method for generating WDM involves irradiating a solid-density
target with a high-energy, nanosecond-long laser pulse.10,11 The laser
interacts with the target’s front surface, creating an ablation plasma
that expands outward from the target into the vacuum. By conser-
vation of momentum, this process generates a compression wave
traveling inside the target, in the opposite direction to the expanding
plasma. The evolution of this compression wave is commonly diag-
nosed using a 1D line-imaging Velocity Interferometer System for
Any Reflector (VISAR).12±14 By measuring the phase shift of a laser
reflected from a moving surface, VISAR provides a precise, high-
temporal-resolution velocity profile as a function of position along
a straight line on the target surface. This is achieved by projecting
an image of the sample surface through an interferometer onto the
entrance slit of a streak camera.15,16 This technique enables precise
characterization of the uniformity (planarity) of dynamic compres-
sion along the imaging direction. The reflecting surface can either
be a free surface, a material interface within the compressed sam-
ple, or a reflecting shock front in an initially transparent material,
yielding measurements of the free surface velocity, particle velocity,
or shock velocity, respectively. In addition, VISAR can be used as
an active shock breakout diagnostic to infer the average shock veloc-
ity through transit time measurements. We note that in this case,
the accuracy of the inferred average velocity is often limited by the
characterization of the sample thickness. Additionally, VISAR can
be used as a diagnostic of sample optical properties, which may, in
turn, be useful for temperaturemeasurement and characterization of
the sample state. When combined with mass, energy, and momen-
tum conservation principles, these measurements provide insight
into the time history of the longitudinal stress applied to the sample
of interest.

With the recent commissioning of the high-repetition rate
DiPOLE-100X long pulse laser system at the HED-HIBEF
instrument,17,18 we present the calibration and characterization of
the 1D line-VISAR diagnostic for dynamic compression experi-
ments. The rawVISAR images initially exhibit electron optics barrel-
like distortions, which introduce a coupling between spatial and
temporal dimensions. To address this, we implement a correction
procedure based on non-linear mapping of control points between a
distorted and a corrected Cartesian grid. The quality of the method
is then evaluated by minimizing transverse wavevector components
in the Fourier domain. Using the corrected images, we perform spa-
tial and temporal calibration of the VISAR system installed at the
HED-HIBEF instrument. Finally, we compare pressure measure-
ments inferred from VISAR using polyimide and silicon samples
shock-compressed using the DiPOLE-100X laser system.

II. DESCRIPTION OF THE VISAR SYSTEM

AVISAR systemmeasures the Doppler shift of an optical probe
as it is reflected from a moving target using interferometry, with

typical implementations resulting in 10 m/s to 100 km/s velocity
sensitivities.14,19 It consists of a pulsed probe laser, an optical sys-
tem that images a reflective surface on the rear side of the sample, an
interferometer, and, for 1D line-VISAR, a streak camera. The probe
laser pulse is back-reflected from a surface of the laser-compressed
sample before passing through the interferometer and recorded on
streak cameras.20 The interferometer superposes in space two images
of the reflecting surface with (1) an angle between their optical axes
(producing fringes) and (2) a precise time delay, typically of order
1±1000 ps. When this interference pattern is recorded through the
entrance slits of the streak cameras, the temporal evolution of the
optical phase difference between the two images is captured along a
straight line on the sample. The velocity profile of the moving inter-
face can then be reconstructed with a few percent accuracy15 from
the differences in the resulting interferogram. The precise time delay
between the two images is produced by inserting a flat and paral-
lel AR-coated slab of UV-grade fused silica with precisely known
thickness, known as an etalon, in one of the legs of the interferome-
ter. The etalons used at the HED-HIBEF instrument are additionally
treated with anti-reflection coatings for 532 and 1064 nm on both
surfaces. Since the etalon displaces the image along the optical axis,
the path length of the corresponding interferometer leg is com-
pensated with μm-precision mechanized translation stages.14 The
etalon sets the velocity per fringe (VPF), which relates the measured
phase shift to the velocity of the reflector. Further details on VISAR
can be found in Refs. 14±16. Example VISAR images from shock-
compressed samples at the HED-HIBEF instrument are shown in
Sec. V.

A. General layout

The VISAR system at the HED-HiBEF instrument is designed
as a versatile diagnostic for characterizing the sample evolution dur-
ing laser-driven compression experiments. It consists of 3 VISAR
armsÐtwo operating at a wavelength of 532 nm and one at a wave-
length of 1064 nm. In specific configurations, measuring reflectivity
at two different wavelengths allows the extraction of material prop-
erties, such as AC conductivity.21±23 Additionally, in cases where
reflectivity or transparency at one wavelength is insufficient for mea-
surement, the other wavelength may still provide useable data. The
system also includes a line-imaging Streak Optical Pyrometer (SOP),
which shares the same optical beam path, uses VISAR-inferred opti-
cal properties to establish the pyrometric temperature, and provides
additional shock breakout information to complement the VISAR
data in some experiments.24±26

The VISAR system is integrated into the HED-HiBEF exper-
imental hutch, where two interaction chambers [IC1 for x-ray
spectroscopy and IC2 for x-ray diffraction (XRD)] are installed
to investigate laser-compressed matter using high-brilliance x rays
provided by the European XFEL.17 As a result, the VISAR system
is designed to be compatible with experiments conducted in both
chambers. To minimize interference with experiments that do not
require VISAR, all components, including the streak cameras, inter-
ferometers, alignment cameras, and VISAR laser, are confined to
a table, outside the interaction chambers, covering a total area of
1200 × 4000 mm2 and a height of 2000 mm. All auxiliary supplies
are located either on or below the table.
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Compared with VISAR systems found at other large
facilities,14,27±29 the VISAR system at the HED-HiBEF instru-
ment is fully integrated into a control system with data acquisition
up to 0.5 Hz. It includes four streak cameras: two ROSS 5800 Streak
Camera Systems from Sydor Technologies for VISAR at a wave-
length of 532 nm, one Hamamatsu C13410-02A used for VISAR
at a wavelength of 1064 nm, and one Hamamatsu C13410-01A for
Streaked Optical Pyrometry. The use of three VISAR arms is used
to cover a wide range of detectable velocities. Additionally, the use
of both 532 and 1064 nm probe wavelengths enables reflectivity
measurements at two wavelengths. The ROSS 5800 cameras have
two fiber-coupled inputs, allowing the injection of optical fiducials
from both the drive laser pulse and the x-ray pulse. This setup
helps accounting for the timing jitter caused by the electrical trigger
distribution system in the data analysis, as discussed in Sec. IV A.
The entrance slits of all streak cameras are oriented to spatially
resolve the velocity profile along a horizontal line on the sample
mounted in the interaction chamber.

An alignment camera (labeled Align. Camera. in Fig. 1) is
installed on the second output of the interferometer. Its imaging
lens is adjusted to provide a field of view (FoV) similar to that of
the streak cameras. This camera serves multiple purposes. It is used
to verify proper alignment of the beam transport and ensures cor-
rect overlap of images from both interferometer legs. Since the image
position on the alignment camera varies with fringe orientation and
spacing, it is used to set reference points for different fringe spac-
ings. Finally, this camera is also used for the spatial calibration of the
VISAR system, as described in Sec. IV A.

B. Beam transport and imaging system

The design of the beam path was guided by several key objec-
tives: (1) minimizing chromatic aberrations in the transport optics at
both 532 and 1064 nm wavelengths, (2) enabling measurements in
both interaction chambers, (3) preventing vignetting for large FoV
while using sufficiently large optics for efficient light collection, and
(4) allowing FoV adjustments over a wide range with minimal setup
modifications.

To achieve this goal, the entire system has been modeled using
a ray-tracing code for different FoV settings, ensuring minimal
vignetting, chromatic, and spherical aberrations.

As shown in Fig. 1, the system’s core layout uses a single lens
(L1) to transport the image of the sample in the IC2 target cham-
ber center (TCC) to a first image plane (IP1) outside the interaction
chamber. L1 is a F/2.3 (NA ≙ 0.22), 168 mm focal length, custom-
made triplet lens designed by OPA-OPTICAD to have an identical
focal length for both 532 and 1064 nm, generating a 10× magni-
fied image of the sample at IP1. The presence of a shield, made
of fused silica or polycarbonate, to protect L1 from debris gen-
erated during the experiment was included in the design of L1.
The subsequent beam transport experiences relatively low chromatic
aberrations due to the system’s high F-number, with any residual
aberrations corrected in the final telescope before the streak camera.
The image is relayed through a series of telescopesÐL2/L3 within
IC1 and L4/L5 leading to the VISAR tableÐwhere the beam is
separated by wavelength. Each beam is then split between the dif-
ferent VISAR arms and finally directed to the streak cameras after
passing through the interferometer. The interferometer is placed in

FIG. 1. Beam path of the VISAR system (not to scale). BS1 is a beam split-
ter reflecting 1064/532 wavelengths and transmitting broadband emission to the
Hamamatsu S20. BS2 reflects 1064 nm and transmits 532 nm wavelengths. BS3,
BS4, and BS5 are 50/50 beam splitters for 1064 and 532 nm, respectively. The
VISAR probes at 532 and 1064 nm are injected through BS3 and BS4, respec-
tively. The separation between the two probe wavelengths is performed using
BS2. Depending on the interaction chamber used, the beam path is modified
to follow either the black dashed rectangle ªOperation in IC1º or ªOperation in
IC2.º L3/L8 are 1520 mm focal length lenses from Edmund Optics (#50-107),
L4/L5 are 850 mm focal length lenses from Edmund Optics (#30-976), L6 is a
500 mm focal length lens from Edmund Optics (#49-396), and L7 is a 750 mm
focal length lens from Newport Corporation (#PAC097AR.14). For Sydor 1/2, L9
is an 850 mm focal length lens from Edmund Optics (#30-976). For Hamamatsu
S1, in the VISAR mode, L9 is a 750 mm focal length lens from Newport Corpora-
tion (#PAC097AR.14). L9 is replaced by a 400 mm focal length lens from Edmund
Optics (#88-598) in the SOP mode. For Hamamatsu S20, L8 is an 850 mm focal
length lens from Edmund Optics (#30-976), and 9 is a 400 mm focal length lens
from Edmund Optics (#88-598).

a collimated section of the beam transport to reduce astigmatism
and spherical aberrations, particularly when using long etalons, and
the angle enclosed between the folded beams of the interferome-
ter is ∼15○. Despite the varying photocathode sizes of the streak
cameras, an identical FoV is achieved across all streak cameras by
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adjusting the systemmagnification using the final telescope (L8-L9).
In addition, a 532 ± 1 nm interference filter is inserted in front of
the Sydor cameras to prevent the frequency-doubled DiPOLE-100X
light from reaching the streak camera. For the Hamamatsu S1 cam-
era, an RG1000 color filter and a 1064 ± 10 nm interference filter
are used. The VISAR probe beam diameter is always smaller than
75 mm.

The mechanical setup supports etalons up to 200 mm in length,
which defines the lowest velocity per fringe achievable: 0.248 and
0.514 km/s at 532 and 1064 nm wavelengths for fused silica etalons,
respectively. A sensitivity of ∼1/20 fringe can be achieved at the
HED-HIBEF instrument. Table I lists the available etalons at the
HED-HIBEF instrument. For etalon lengths up to 26 mm, it is
possible to combine two etalons to fine-tune the VPF.

The FoV of the system can be modified by replacing lens L2.
Since this lens is positioned near the imaged sample, changing it
adjusts the FoV uniformly across all VISAR arms without affecting
the fringe density on the streak cameras. Additionally, this mod-
ification scales the size of the probe laser beam on the sample.
Information regarding the FoV and magnification for each lens L2
is shown in Table II.

Each image plane along the optical transport is equipped with
removable fiducial markers (crosses, pinholes, and line grids) to

facilitate quick alignment verification and diagnostic calibration. For
example, a line grid in an image plane is used for spatial calibration
of the streak cameras and correction of the streak camera distortions,
as described in Sec. III. Crosses are used to align the interferometers.
The image plane IP1 can also be utilized for sample alignment.

Additionally, the image plane within IC1 allows the laser to
be used directly in this chamber. In this configuration, L1 is repo-
sitioned inside IC1, near the sample, to generate a primary image
at the focal point of L4. Similar to L2, L4 is replaced to modify the
diagnostic FoV during operations in IC1.

On the target side of L5, there is a possibility to inject light
sources into the system to perform alignment tasks. White light can
be used to equalize the length of the interferometer legs. A HeNe
laser can be injected into the VISAR system or directed toward the
sample, significantly simplifying optical alignment.

C. Performance

The spatial resolution of the VISAR system is primarily lim-
ited by the streak cameras, except for the largest FoV. Typically, the
streak cameras resolve ∼1:200 of the photocathode size. Since the
FoV corresponds to the useable cathode size, the spatial resolution
of the optical system can be approximated as FoV/200.

TABLE I. Available etalons with the corresponding VPF and temporal delay introduced between the two interferometer legs for each wavelength. The etalon thicknesses were
measured within an uncertainty of 2 μm using a high-precision micrometer for etalons thinner than 25 mm. A micrometer with a 20 μm accuracy was used for the thicker ones.
The expressions for the VPF and the etalon delay δ are taken from Barker and Schuler.30 For the calculation, the refractive index (n0) and dispersion correction (dn/dλ) for

the UV-grade fused silica is taken to be (1.461, −46.31 × 10−3 μm−1) at 532 nm and (1.450, −12.00 × 10−3 μm−1) at 1064 nm using the data from Malitson.31 We note that
according to Celliers et al.,14 the fast lens L1 introduces a ∼1% correction to the VPF. This correction is larger than the thickness contribution to the uncertainty.

Length (mm) VPF 532 nm (km/s) Etalon delay τ 532 nm (ps) VPF 1064 nm (km/s) Etalon delay τ 1064 nm (ps)

3.171 15.64 16.48 32.42 16.14
4.954 10.01 25.75 20.75 25.21
7.182 6.905 37.34 14.31 36.55

11.15 4.446 57.98 9.217 56.77
17.18 2.887 89.29 5.985 87.41
26.16 1.896 136.0 3.930 133.1

69.95 0.7090 363.6 1.470 356.0
123.2 0.4027 640.2 0.8347 626.8
200.2 0.2477 1041 0.5136 1019

TABLE II. Field of View (FoV)/magnification for each diagnostic for different lens L2. The FoV is expressed in mm. FL2

denotes the focal length of lens L2. We note that for a given focal length of L2, the FoV and magnification are similar across
all diagnostics.

FL2 (mm) 1520 850 400 200

Edmund optics part number #50-107 #30-976 #88-598 #49-392

Sydor 1/2 (VISAR) 2.8/8x 1.6/14x 0.70/30x 0.35/60x
Hamamatsu S1 (VISAR) 2.5/7x 1.4/13x 0.66/27x 0.33/54x

Hamamatsu S20 (SOP) 2.5/7x 1.4/12x 0.66/27x 0.33/54x
Hamamatsu S1 (SOP) 2.3/8x 1.3/14x 0.60/29x 0.30/58x
Sydor 1/2 (SOP) 2.6/8x 1.4/15x 0.68/32x 0.34/64x
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The temporal resolution is determined by the sweep window
length available on the streak cameras, as well as the streak camera
entrance slit width. All streak cameras provide six sweep windows
ranging from 1 to 100 ns (1, 5, 10, 20, 50, and 100 ns), with the 10, 20,
50 ns being the most common. Additionally, the Hamamatsu streak
cameras offer extended sweep windows up to 1 ms, enabling longer-
duration measurements. At the HED-HiBEF instrument, the streak
camera entrance slit width is usually set to ∼100 μm for the Hama-
matsu streak cameras and ∼500 μm for the Sydor streak cameras.
Reducing the width of the slit would increase the temporal resolution
at the expense of the intensity on the streak cameras.

The repetition rate of the system is constrained by the acqui-
sition speed of the CCDs in the streak cameras. Currently, Sydor
streak cameras are limited to 0.5 Hz although this restriction is
partially due to network bandwidth, which can be improved. The
Hamamatsu streak cameras can operate up to 10 Hz, the maximum
repetition rate of the DiPOLE-100X laser system.

D. Probe laser

To ensure sufficient light collection from the sample reflec-
tion for the streak camera detectors, a pulsed fiber-coupled laser
capable of supporting probe windows up to 100 ns, developed
by the Laboratoire pour l’Utilisation des Lasers Intenses (LULI)
in Palaiseau, France, and provided by the Helmholtz-Zentrum
Dresden-Rossendorf (HZDR), Germany, is used. The maximum
output energy is greater than 10 mJ, with the exact value depend-
ing on the duration of the pulse. To prevent damage to the optical
fiber, the output energy is limited to ∼2 mJ at 1064 nm and ∼1 mJ
at 532 nm. This laser delivers arbitrary pulse shapes. The pulse shap-
ing capability is used either tomatch a square pulse to the acquisition
window of the streak camera or to generate modulated picket pulses,
used in the calibration, as described in Sec. III. For modulated picket
pulses, the output energy is limited to 3 mJ, regardless of the pulse
length, to limit pulse shape deformation due to the saturation of the
laser amplifiers. In such cases, the pulse length is typically matched
to the duration of the VISAR streak window. The approximately
equal laser energy over the streak camera window results in similar
counts on the CCD.

III. CORRECTION OF THE VISAR IMAGES

A. Procedure

The images recorded using the ROSS 5800 cameras are par-
ticularly susceptible to geometrical distortions caused by static
distortionsÐfrom the streak tube, the imaging system, and barrel
distortions in the electron opticsÐand sweep speed non-linearityÐa
non-linear relationship between the pixel position and absolute time
on the streak camera. Additionally, these streak cameras use a curved
phosphor screen that matches the focal plane curvature, resulting in
improved image quality and temporal resolution toward the edges
of the active image area. This improvement comes at the expense
of strong distortions that create a coupling between the horizon-
tal (time) and vertical (space) axes, thus hindering image analysis.
These distortions can be seen in the raw image at the top of Fig. 2
and need to be corrected.

This paper describes a post-processing approach developed in
support of the first community-proposal experiment (p2740) using

FIG. 2. Procedure to correct for the distortion of the VISAR images. The image at
the top corresponds to the spatiotemporal calibration using a 20 ns VISAR sweep
window. The modulation along the horizontal direction is generated by modulating
the output of the VISAR laser such that the laser is ON for 250 ps and OFF for
500 ps, as shown in the bottom figure. In the vertical direction, the modulation cor-
responds to the interference pattern generated by the VISAR interferometer. After
identifying each dark spot, the original (warped) and target (dewarped) grids are
defined. The corrected image on the right is finally obtained after a double interpo-
lation on the pixel position and intensity using the original and target grids. Each
step is detailed in the Jupyter notebooks available online (see the data availability
statement).
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the DiPOLE-100X laser system at the HED-HIBEF instrument at the
European XFEL. Notably, the distortions on the Hamamatsu cam-
eras are, by design, not as large as those of the ROSS 5800, meaning
they do not require this correction, although the sweep non-linearity
still needs compensation for accurate time reconstruction.

To correct the geometrical distortions, a spatiotemporal cali-
bration image is recorded on the streak cameras.32 This calibration
image consists of a grid of control points that enables mapping
between the original (distorted) and corrected images, where the
axes are properly decoupled. The horizontal (time) spacing on the
image is obtained by modulating the temporal profile of the VISAR
laser using an arbitrary wavefront generator with a minimum time
increment of 100 ps. The use of the pulse-shaping capabilities of
the VISAR probe laser in the generation of the spatiotemporal cal-
ibration sets apart the system at the HED-HiBEF from designs
found at other large-scale laser facilities. The vertical modulation is
introduced either by the interferometer or by a vertical line grid posi-
tioned in the intermediate image plane (IP3) of the VISAR optical
path.

An example of such a calibration image is shown at the top of
Fig. 2, where the vertical modulation was generated by the inter-
ferometer and the temporal modulation is achieved by turning the
VISAR output ON for 250 ps and OFF for 500 ps, as shown at bot-
tom of Fig. 2. The procedure used is summarized in Fig. 2. The first
step involves identifying the centroid of the regions corresponding
to the signal when the laser is ON. To achieve this, we first apply a
2DGaussian convolution kernel with a standard deviation of 5 pixels
to the full image to smooth the intensity within each control region
to better identify their position. The peaks are then identified on the

basis of their signal level and distance from each other. In princi-
ple, the intensity within each control region should be uniform as
the VISAR is either ON or OFF. In practice, a binary image, with
a threshold of 80% of the maximum value, is constructed for each
smoothed control region. This threshold value was found to be suffi-
cient to prevent interference from neighboring control regions. The
control point position is then refined by calculating the center-of-
mass of the binary image. This step ensures that the refined positions
do not fluctuate within each control region. The refined positions
belonging to the same ªcurved columnº are fitted with a 1D poly-
nomial, as shown in Fig. 3. The same procedure is repeated for the
refined positions belonging to the same ªcurved row.º The final con-
trol points are obtained from the intersection of each fitted ªcurved
rowº with each ªcurved column.º We found that a sixth order poly-
nomial was required to accurately reproduce the distortion of the
image close to the edges of the streak camera, as shown in Fig. 3(c).
Even though the distortion is less severe for the ªcurved rows,º the
same polynomial order is applied for all ªcurved rowsº and ªcurved
columns.º

Since the vertical and horizontal axes in the corrected grid
should be decoupled, the distorted grid should map onto a Cartesian
grid with fixed horizontal (time) and vertical (space) increments.
These increments correspond to the spacing between the control
points closest to the center of distortion of the image. In this region,
geometrical distortions are minimal, and the control points follow a
Cartesian grid. The center of distortion is obtained from the inter-
section of the row and column, which minimizes the maximum
distance between their control points. Once the center of distortion
and increments are known, the Cartesian grid is defined across the

FIG. 3. Refinement of the control point
positions using 1D polynomial fitting. (b)
The blue circles corresponds to the con-
trol points obtained from the spatiotem-
poral calibration shown in Fig. 2. These
control points are ordered in ªcurved
rowsº and ªcurved columns.º Black (red)
symbols show an example of a ªcurved
rowº (ªcurved columnº). (c) Results of
the 1D polynomial fitting of the left-most
ªcurved columnº [red data points in (b)].
The corresponding root mean square
residuals are 59, 43, 22, 11, 6.6, and
5.5 for increasing polynomial order. (a)
Results of the 1D polynomial fitting for
the top-most ªcurved row.º
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entire spatiotemporal calibration image. Upon inspection of Fig. 4,
we observe that the corrections between the control points on the
raw image (xr, yr) and the corresponding points on the Cartesian
grid (xc, yc) in both the horizontal and vertical directions are more
complex than a simple barrel distortion as they do not only depend
on the Euclidian distance between (xr, yr) and the center of distor-
tion. As a result, two bicubic interpolation functions are created to
map the pixel position and intensity of each pixel from the con-
trol points on the original grid to control points on the corrected
Cartesian grid. By construction of the Cartesian grid, both geomet-
ric distortions and sweep speed non-linearity are corrected in the
final image. We note that only the region covered by the control
points in the original images and, hence, within the validity domain
of the interpolation functions is corrected. As a result, even though
the CCD is 4096 × 4096 pixels, only an area of 3500 × 2300 pixels can
be corrected. It is worth mentioning that thin-plate splines (TPSs)
have been used in previous work to map the control points on the
original grid to control points on the corrected Cartesian grid.33 We
compared the corrected images using both interpolation functions
and found little difference with the bicubic interpolations described
in this paper.

The procedure described above is repeated at the beginning
of each experimental campaign, with a campaign spanning up to 6

FIG. 4. (a) Horizontal and (b) vertical correction map between the control points
on the raw image and the corrected image. The correction is evaluated by
(xr − xc)/xc and (yr − yc)/yc for the horizontal and vertical directions, respec-
tively. (xr, yr) defines the coordinate of the control points in the raw spatiotemporal
calibration image obtained following the procedure shown in Fig. 2. (xc, yc) defines
the corresponding coordinates of on the corrected image. The center of distortion
is shown with the black crosses.

days. In practice, we found a 25 ps root mean square error on the
temporal axis when correcting a spatiotemporal image collected in
November 2024 using a calibration fromMarch 2023.

B. Evaluation

To assess the performance of the procedure described in
Sec. III A, we compare the two-dimensional Fast Fourier Trans-
form (2D-FFT) of both raw and corrected VISAR images. For this,
images of a stationary, highly reflective reference sample are mea-
sured on both arms of the VISAR system using a flat-top VISAR
probe laser pulse longer than the sweep window. In contrast to the
previous section, for a stationary target, we expect that the fringe pat-
tern remains unchanged during the duration of the streak camera
sweep, resulting in ªhorizontalº fringes in the streaked images. As
expected, distortions are clearly visible in Fig. 5(c). While we focus
on VISAR 2 with a 20 ns VISAR sweep window, the same conclu-
sions apply to VISAR 1 and other sweep windows. Before applying
the 2D-FFT, images are cropped to 2500 × 1600 pixels to remove
parasitic frequency components from the boxcar function associ-
ated with the limited corrected area. The results of the 2D-FFT are
shown in Figs. 5(a) and 5(b). Upon inspection of the FFTs, the inten-
sity around kx ∼ 0 pix−1 is wider for the raw image compared to
the corrected image. Additionally, one observes horizontal streaks
at the carrier frequency in (a), indicating the presence of trans-
verse wavevectors with horizontal components, leading to fringe
curvature. In contrast, the power spectrum of the corrected images
is mostly concentrated along kx ∼ 0 pix−1, indicating reduced dis-
tortion. To further highlight the reduction, we show the raw and
corrected images after removing the kx ∼ 0 pix

−1 component in the
interferograms (a) and (b). This procedure effectively removes the
components of the images with perfectly horizontal fringes such that
only the distortions are left in (c) and (d). We observe that image (d)
does not present visible curvature when compared to (c).

Although the distortion of the VISAR images was found to be
independent from the VISAR sweep window duration, the calibra-
tion procedure corrects for the non-linearity of the streak camera,
which depends on the VISAR sweep window. As a result, the cal-
ibration procedure should be performed for each VISAR sweep
window.

IV. CALIBRATION OF THE VISAR DIAGNOSTIC

A. Time calibration of the VISARs

Using the procedure described in Sec. III, the mapping between
the pixel position (horizontal axis) and absolute time is, by con-
struction, linear for both VISAR 1 and VISAR 2. To verify this and
obtain a precise time calibration, we measure the temporal profile of
a 10 ns laser pulse generated by DiPOLE-100X directly on the streak
cameras. The calibration is carried out by directing a low-energy
laser pulse onto a frosted plastic sample placed at the target posi-
tion. The scattered light is collected by the in-vacuum VISAR lens
(L1) and relayed to the streak cameras after blocking one arm of the
interferometer and removing the interference filters. The temporal
profile of the DiPOLE-100X laser pulse is shown in Figs. 6(a) and
6(b) (black dashed rectangles). The time calibration is then deter-
mined by varying the arrival time of the laser pulse on the streak
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FIG. 5. Log-power spectrum of the 2D
Fast Fourier Transform (FFT) of the
raw (a) and corrected VISAR 2 image
(b). The log-power spectra are zoomed
in to highlight the frequency compo-
nents around the carrier frequency kcarrier

of the interferograms indicated by the
white arrows. The images filtered for the
kx ≙ 0 pix−1 component is shown in (c)
for the raw and (d) for the corrected
image. The VISAR images were col-
lected using a 20 ns sweep window and
a static sample.

FIG. 6. Corrected images for the second arm of the VISAR system for a DiPOLE-100X time delay of 0 ns (a) and −5 ns (b). The black dashed rectangles across the streak
window highlight the position of a 10 ns square pulse on the streak camera for different time delays. The narrow dark signal at the bottom of the image corresponds to the
DiPOLE-100X fiducial. The rising edges of the DiPOLE-100X and fiducial are shown by the green and orange vertical lines, respectively. The pink dashed line corresponds
to the position of the x-ray fiducial shown by the faint signal at the top of the image. The positions of the rising edges of both fiducials are recorded for several time delays
of DiPOLE-100X, and the results are shown in figure (c) with the corresponding colored symbols. The blue symbols in (c) correspond to the positions of rising edges of the
DiPOLE-100X laser profile on VISAR 1, not shown for clarity in (a) and (b). Here, the positions of the rising edges are defined as the mid-height point and are obtained by fitting
an error function to the rising edge. The smaller faint symbols for VISAR 1 and VISAR 2 correspond to the temporal calibration obtained using the corrected spatiotemporal
image shown at the bottom of Fig. 2.

cameras and monitoring the position of the rising edge of DiPOLE-
100X and its fiducial. Figures 6(a) and 6(b) show the measurement
with a DiPOLE-100X time delay of 0 ns and −5 ns.

To establish the pixel-to-time conversion, we fit the
position of the rising edges for several DiPOLE-100X
delays, shown in Fig. 6(c), using a third-order polynomial
(T(p) ≙ A1 × p + A2 × p

2
+ A3 × p

3). The coefficients of the poly-
nomial used to convert the pixel coordinates (p) of the full images
to time coordinates are summarized in Table III. For VISAR 1 and

VISAR 2 (Sydor cameras), only A1 is non-zero, as expected for a
linear relationship between the pixel position and time. However,
for VISAR 3 (Hamamatsu camera), higher-order terms (A2, A3)
are present, which account for sweep non-linearity in that system.
These additional terms are obtained using a spatial-temporal
calibration image recorded on VISAR 3. The absolute time axis is
then computed using the following equation:

t ≙ T(p) − T(p0) +D − S, (1)
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TABLE III. Polynomial coefficients corresponding to the temporal calibration of each VISAR arm for the 10, 20, and 50 ns sweep windows. Here, p corresponds to the pixel
coordinate along the horizontal axis. It spans [0, 4096] for the Sydor cameras and [0, 1344] for the Hamamatsu camera. The time calibration for each VISAR is obtained from
Fig. 6.

Polynomial [A1 × p + A2 × p
2
+ A3 × p

3]

Diagnostic Sweep window (ns) A1(ns/pix) A2(ns/pix2) A3(ns/pix3)

Sydor 1(VISAR 1)
10 2.81(3) × 10−3 0 0

20 5.80(5) × 10−3 0 0

50 14.5(6) × 10−3 0 0

Sydor 2(VISAR 2)
10 2.67(0) × 10−3 0 0

20 5.53(8) × 10−3 0 0

50 14.3(9) × 10−3 0 0

Hamamatsu S1(VISAR 3)
10 8.06(4) × 10−3 −1.02(7) × 10−6 3.32(2) × 10−10

20 1.42(9) × 10−2 −5.21(3) × 10−8 3.37(8) × 10−10

50 3.94(4) × 10−2 −2.01(2) × 10−6 8.88(6) × 10−10

with t being the absolute time axis corresponding to pixel p. p0 is
the pixel corresponding to the position of the rising edge of the
DiPOLE-100X laser pulse for a delay of 0 ns, as shown in Fig. 6(c).
Term D represents the DiPOLE-100X time delay, while S is the
sweep window delay of the streak camera. Adjusting S by a pos-
itive value can be useful in cases where the time required for the
compression wave to reach the interface of interest exceeds the
sweep window duration. In this case, the dashed black rectangles in
Figs. 6(a) and 6(b) shift to earlier times (toward the left), hence the
negative sign in Eq. (1). We note that the value of p0 should be deter-
mined for each experimental campaign. Given the full size of the
VISAR 1 and VISAR 2 images, it may be beneficial to downsample
them for memory efficiency and signal to noise ratio improvements.
If downsampling by a factor k, coefficient A1 needs to be adjusted to
k × A1.

Using the calibrations for the two Sydor cameras, a 10 ns square
pulse generated by DiPOLE-100X exhibits a rise time from 10% to
90% of its final value in 200 ± 50 ps for VISAR 1 and 200 ± 80 ps
for VISAR 2, measured using a 20 ns sweep window. These mea-
surements were obtained using a 20 ns VISAR sweep window for
each arm, with uncertainties reported at the 1σ level. Additionally, a
leakage of the DiPOLE-100X pulse is recorded and serves as a tim-
ing fiducial, visible at the bottom of the VISAR 2 image in Figs. 6(a)
and 6(b). The rising edge of this fiducial [orange diamond data in
Fig. 6(c)] provides a precise reference for determining the laser pulse
arrival time during shock compression experiments. Notably, the
time calibrations derived from both the DiPOLE-100X pulse profile
and the fiducial are identical, confirming that the time axis is consis-
tent across the spatial dimension and only requires a simple linear
time calibration.

The temporal axis is thus established relative to the arrival time
of the DiPOLE-100X laser pulse at the sample position. However,
because the laser system is synchronized with the x-ray beam deliv-
ered by the European XFEL, it is essential to measure the arrival time
of the x-ray pulse on each arm of the VISAR system. This measure-
ment is achieved by detecting the x-ray induced reflectivity loss of a

thin foil using the streak cameras. However, depending on the target
assembly, this signal may not always be available. In such cases, an
x-ray timing fiducial is utilized. This fiducial is generated using the
fluorescence signal from a 50 μm-thick YAG window located in IC1,
several meters upstream of the sample position to ensure minimum
contribution to the shock measurements performed in IC2. Since
the presence of the YAG window still attenuates the x-ray beam, it
is often removed once the x-ray timing is confirmed to maximize
the photon flux reaching IC2. The fluorescence signal is transmit-
ted to the VISAR 2 streak camera through an optical fiber. Although
weaker than the DiPOLE-100X fiducial, the x-ray fiducial is still vis-
ible at the top of VISAR 2, as indicated by the pink vertical dashed
line in Figs. 6(a) and 6(b).

To quantify the uncertainties in the time calibration, we analyze
the contributions from both the long-pulse laser and the streak cam-
eras by examining the correlation between the rising edge positions
of the DiPOLE-100X laser pulse, the DiPOLE-100X fiducial, and the
x-ray fiducial.

1. The difference between the relative timing of the DiPOLE-
100X pulse on VISAR 2 and the DiPOLE-100X fiducial is
examined, as shown with the blue dataset in Fig. 7. Since both
signals are recorded on the same streak camera, the timing dif-
ference represents the intrinsic time resolution of the streak
camera, which is found to have a standard deviation of 13 ps
for both VISAR arms and for a 20 ns sweep window.

2. The difference between the DiPOLE-100X timing on VISAR 2
and DiPOLE-100X timing on VISAR 1 (orange data in Fig. 7)
provides information about the timing jitter between the two
arms of the VISAR system. Because both rising edges originate
from the same laser pulse, any shift in arrival time affects both
measurements identically. Themeasured timing jitter between
the two arms is found to be 24 ps.

3. Finally, the difference between the rising edge position of the
x-ray fiducial and DiPOLE-100X fiducialÐboth measured on
the same streak cameraÐgives access to the timing jitter of the
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FIG. 7. (Orange inverted triangles) Correlation between the timing of DiPOLE-
100X on VISAR 2 and VISAR 1. (Blue triangles) Correlation between the timing
of DiPOLE-100X on VISAR 2 and DiPOLE-100X fiducial. The datasets are offset
vertically for clarity. The dashed lines correspond to a unity slope line and are found
to be a good approximation for the first principal component of each dataset.

DiPOLE-100X laser pulse relative to the x-ray beam. This jitter
is measured to be ∼90 ps, as shown in Fig. 8.

From the relative timing of DiPOLE-100X, Fig. 7, we find that
the jitter in the arrival time of the DiPOLE-100X laser pulse is 94 ps
for VISAR 1 and 92 ps for VISAR 2. These values correspond to the
standard deviation of the blue and orange datasets. However, most
of this jitter can be corrected by referencing the DiPOLE-100X fidu-
cial to determine the precise arrival time of the DiPOLE-100X laser
pulse, ultimately resulting in a probing time jitter of ∼90 ps between
the x-ray pulse and the DiPOLE-100X laser pulse. It is worth men-
tioning that the timing uncertainties between the two VISAR arms
are correlated. This correlation is evident in Fig. 7, where the orange
data points remain linearly correlated, despite being recorded on dif-
ferent streak cameras. In conclusion, by using the fiducials recorded

FIG. 8. Distribution of the timing difference between DiPOLE-100X and the
x-ray beam measured using their respective fiducial on VISAR 2 (blue his-
togram). The orange curve shows the normal distribution with a standard deviation
σ ≙ 92 ± 4 ps, best explaining the measurements within a Bayesian framework.
This parameter corresponds to the mean posterior estimate obtained using Markov
Chain Monte Carlo performed with the PyMC package.

on VISAR 2, a timing error of at most ∼90 ps between the x-ray
beam and the DiPOLE-100X laser pulse can be achieved.

B. Spatial calibration of the VISARs

The spatial calibration of the VISAR system follows a two-step
procedure. As described in Sec. II, the system is designed to accom-
modate different FoVs by changing lens L2. The first step involves
cross-calibrating the pixel axis between the streak cameras and the
VISAR alignment camera (labeled Align. Cam. in Fig. 1 and referred
to asHED_EXP_VISAR/CAM/ARM_2_INTERF in the data acquisi-
tion system at the HED HIBEF instrument). This is achieved using
a calibration sample positioned at IP3. In the second step, another
calibration sample is placed at TCC to form an image on the VISAR
alignment camera. This method isolates a section of the optical beam
path that remains unaffected by the choice of L2, simplifying the
overall alignment process. Since L2 is the only adjustable element,
the magnification between IP3 and the streak cameras needs to be
determined only once.

The first step of this calibration procedure is illustrated in Fig. 9,
which demonstrates the cross-calibration between the spatial axis of
VISAR 2 and the spatial axis of the VISAR alignment camera. A bar
grid calibration sample is placed at IP3 and simultaneously imaged

FIG. 9. Cross-calibration procedure between the VISAR alignment camera and
the streak camera of VISAR 2. A bar grid is imaged on the VISAR alignment cam-
era (a). (b) Corresponding raw vertical lineout signal (blue) and smoothed vertical
lineout (green). The position of the rising edges of each bar is defined as the max-
ima of the smoothed signal derivative and is highlighted with the orange horizontal
lines. The smoothed lineout was obtained by convolving the raw intensity using a
Gaussian kernel with a standard deviation of 20 pixels. The red box in (a) corre-
sponds to the spatial dimension of the entrance slit of the streak camera. We note
that the alignment camera image has been rotated 90○. In practice, the slits at the
entrance of the streak cameras are all horizontal. The same bar grid is simultane-
ously measured on the streak camera of VISAR 2 (c), and the same analysis is
used to identify the bar positions (d).
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TABLE IV. Cross-calibration between the VISAR alignment camera and the three VISAR legs used at the HED-HIBEF instrument. These values are independent of lens L2
defining the FoV. The values for the spatial calibration of all VISARs are calculated for different FoVs. The results are obtained following the procedure presented in Fig. 9.

Spatial calibration Spatial calibration Spatial calibration
FL2 ≙ 400 mm FL2 ≙ 850 mm FL2 ≙ 1520 mm

Diagnostic Cross-calibration with align. cam FoV ≈ 0.4 mm FoV ≈ 0.8 mm FoV ≈ 1.8 mm

Sydor 1 (VISAR 1) ×3.7 ± 0.1 0.21 ± 0.01 μm/pix 0.58 ± 0.02 μm/pix 0.80 ± 0.03 μm/pix
Sydor 2 (VISAR 2) ×3.5 ± 0.1 0.22 ± 0.01 μm/pix 0.61 ± 0.02 μm/pix 0.84 ± 0.04 μm/pix
Hamamatsu S1 (VISAR 3) ×1.4 ± 0.1 0.55 ± 0.01 μm/pix 1.52 ± 0.06 μm/pix 2.10 ± 0.10 μm/pix

FIG. 10. Spatial calibration procedure. A
copper TEM grid positioned at TCC is
imaged onto the VISAR alignment cam-
era (a). (b) The corresponding raw ver-
tical lineout signal (blue) and smoothed
vertical lineout (green).

on both the VISAR alignment camera (a) and VISAR 2 (c). A ver-
tical lineout is taken to measure the spacing between the bars on
each camera, as depicted in panels (b) and (d). For the case shown in
Fig. 9, the bar spacing on VISAR 2 is found to be 3.5(1)× larger than
that measured on the VISAR alignment camera. This same analysis
is applied to the other VISAR arms, and the results are summarized
in Table IV.

The second step of the calibration procedure uses a grid pattern,
shown in Fig. 10(a), inserted at TCC and imaged onto the VISAR
alignment camera. The grid consists of a copper TEM grid from Sci-
ence Services (Ref. G400F1-Cu), with bar sizes of 15 μm and a hole
spacing of 47 μm. Using a vertical lineout, we find that the horizon-
tal bars are separated by 28 pixels and correspond to a spacing of
62 μm. This yields a spatial calibration of ∼2.2(1) μm/pix for the
VISAR alignment camera.

The final spatial calibration for the streak cameras is then
obtained by dividing ∼2.2(1) μm/pix by the corresponding magni-
fication factor from Table IV obtained in the first calibration step.
For example, the spatial calibration of VISAR 2 is found to be ∼
0.6 μm/pix. It is important to note that changing L2 modifies the
spatial calibration of the VISAR alignment camera, but the magni-
fication factors in Table IV remain constant as long as L2 is placed
at the same location. The spatial calibrations for the other FoVs are
then obtained by repeating the second step of the procedure for the
different lenses L2.

V. EXAMPLES

A. Shock-compressed polyimide

To evaluate the quality of the spatiotemporal calibration, we
measured the relation between the shock speed, Us, and the particle

velocity,Up, for shock compressed polyimide. The results are shown
in Fig. 11. The sample consisted of a 50 μm black Kapton polyimide
layer fromDuPont, with a 50 μm single crystal lithium fluoride (LiF)
window attached at the back. DiPOLE-100X was operated with a
10 ns square pulse at three different laser energies (9.8, 18.9, and
34.4 J), corresponding to the three yellow circles in Fig. 11. The laser
pulse was focused onto the sample using a 500 μm-diameter phase
plate. Since the LiF window remains transparent at the measured
conditions, the polyimide/LiF interface velocity was recorded using
VISAR 1 and VISAR 2, equipped with 69.95 and 17.18 mm-thick
fused silica etalons, respectively. These correspond to velocity-per-
fringe (VPF) values of 0.7090 and 2.887 km/s at a wavelength of
532 nm. However, the presence of the LiF window introduces an

FIG. 11. Comparison of the Us±Up relation of shock-compressed polyimide
obtained during the campaign p2740 at the HED-HIBEF instrument (yellow data
points) and results from the literature. DiPOLE-100X was operated at a laser
energy and DiPOLE-100X delay of 9.8 J/-15 ns, 18.9 J/-12 ns, and 34.4 J/-10 ns
for each datum.
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optical path difference, requiring a correction to obtain the true
interface velocity. This correction was applied using the calibration
from Rigg et al.34 The particle velocity Up shown in Fig. 11 was
determined using the impedance matching technique between the
LiF window (SESAME 7271) and the polyimide sample. For poly-
imide, we used the Us±Up relation from Katagiri et al.35 along with
momentum conservation across the shock front to derive the P±Up

relation, with P being the sample pressure, assuming an initial den-
sity of 1.42 g/cm3. Reshocked polyimide was modeled using the
reflected Hugoniot. Shock speed Us was obtained by measuring the
breakout time of the shock at the rear surface of the polyimide as it
entered the LiF window. The agreement between our measurements
and previously published results demonstrates that the VISAR sys-
tem at the HED-HIBEF instrument, together with the calibration
procedure described in this paper, provides accurate measurements
of the Hugoniot.

Finally, we compare the velocity profiles obtained from VISAR
1/2 with the results from VISAR 3, which is less prone to
geometrical distortions, to assess the quality of all three VISARs cal-
ibrations. For this, we considered a 50 μm black Kapton polyimide
layer from DuPont, with a 500 μm single crystal c-axis sapphire
window attached at the back. We used a 10 ns, 12.4 J square pulse
from DiPOLE-100X focused on the target using a 250 μm-diameter
phase plate to drive a strong shock in the polyimide ablator. In
Fig. 12(b), we measure the apparent velocity through the win-
dow using 31.11, 8.125, and 26.16 mm-thick etalons for VISAR 1,
VISAR 2, and VISAR 3, respectively, using the Neutrino package.36

FIG. 12. Polyimide/sapphire apparent interface velocity measured using VISAR.
The corrected image for VISAR 2 image is shown in (a) with the orange dashed
rectangle highlighting the region of interest used for the VISAR analysis. VISAR 1
and VISAR 2 images were downsampled by a factor 2×. A median filter with a 5
super-pixel radius was applied to all VISAR images to improve the signal to noise
ratio. (b) Apparent velocity history of the polyimide/sapphire interface recorded on
all three VISARs.

The velocity increases from 4.7 km/s to a maximum value of
5.4 km/s, corresponding to a true velocity between 2.6 and 3.0 km/s,
assuming a linear window material with a window correction given
by Jensen et al.37 Using the impedance matching technique between
the polyimide sample (Katagiri et al.) and the sapphire window
(SESAME 7411), we obtain a pressure between 59 and 70 GPa.
This uncertainty is mainly attributed to the steadiness of the shock
wave. Similar to the previous analysis, the reshocked polyimide
was modeled using the reflected Hugoniot. Despite measuring at
1064 nm wavelength, the apparent velocity measured with VISAR
3 is in good agreement with the results at 532 nm wavelength and
is attributed to the small variation of the sapphire window correc-
tion at the two wavelengths. Finally, we attribute the discrepancies
between the extracted velocities in the vicinity of the shock breakout
to differences in etalon delays for each VISAR arm.

FIG. 13. Analysis of the VISAR data collected from a 100 μm-thick Si single crystal
shock-compressed using a 10 ns, 29 J square pulse generated by the DiPOLE-
100X laser system and focused on the target using a 500 μm diameter phase plate.
The velocimetry data (c) show the free surface velocity (UFS) for each VISAR
(blue and orange lines) with the shaded area corresponding to the 1σ uncertainty.
The corresponding corrected VISAR 2D-images are shown in (a) and (b). The
vertical purple line indicates the probing time by the x-ray beam. In all images, the
DiPOLE-100X laser pulse arrives at 0 ns. The dashed rectangles in (a) and (b)
correspond to the region of interest used to obtain the velocity traces in (c).
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B. Pressure determination from shock-compressed
silicon using VISAR

As a final example, we consider a 100 ± 5 μm-thick (1 0 0)-
oriented silicon sample, shock-compressed using a 29 J, 10 ns square
pulse generated by the DiPOLE-100X laser system. The velocity
profile of the silicon±vacuum interface is recorded using VISAR 1
and VISAR 2, with 69.95 and 31.11 mm-thick fused silica etalons,
respectively. These correspond to VPF constants of 0.7090 and 1.594
km/s at a wavelength of 532 nm. The 31.11 mm-thick etalon was
obtained by stacking together 4.954 and 26.16 mm etalons. The
corrected VISAR images, processed using the procedure described
earlier, are shown in Fig. 13(a). The Si/vacuum free surface veloc-
ity, UFS, was extracted using the Neutrino package.36 The velocity
profile in Fig. 13(a) shows a rapid increase as the elastic precursor,
traveling at the longitudinal sound speed along the (1 0 0) crystallo-
graphic direction, reaches the rear surface of the sample in 12.4 ns.
This corresponds to an elastic wave speed of 8.1 ± 0.4 km/s, in good
agreement with the results of Gust and Royce.38 Following the elas-
tic precursor, a velocity pull-back is observed before the free surface
velocity reaches a plateau at ∼1 km/s, corresponding to a stress of
∼9 GPa. The velocity then increases further, reaching a maximum
value of 2.6 km/s, which corresponds to the inelastic wave traveling
at a lower velocity than the sound speed of bulk silicon. Using the
velocity±pressure relation for silicon from Smith et al.,39 we estimate
a particle velocity of UP ≙ 1.5(0.1) km/s. Applying the Hugoniot
data from Paul et al.,40 this corresponds to a pressure of 19(1) GPa.

FIG. 14. 2D cake (a) and 1D integrated lineout (b) x-ray diffraction patterns mea-
sured at 18.2 keV and corresponding to the data shown in Fig. 13. The orange ticks
in (b) show the positions of the high-pressure simple hexagonal phase of silicon,
corresponding to a pressure of 20 GPa.

C. Pressure determination from shock-compressed
silicon using X-ray diffraction

To validate the VISAR-derived pressure, we compare it with
simultaneous x-ray diffraction (XRD) measurements. The Euro-
pean XFEL was operated at a photon energy of 18.2 keV, and
the diffraction pattern was recorded in a Debye±Scherrer geome-
try using two Varex 4343CT flat panel detectors.18 The long pulse
laser was triggered 9.5 ns earlier than the x-ray pulse, probing
prior to the breakout of the elastic precursor at the back surface.
The azimuthally integrated one-dimensional diffraction pattern is
shown in Fig. 14(b). We note the presence of intense diffraction
spots, attributed to the uncompressed material or where the crys-
tal has been compressed and rotated onto the Ewald sphere. We
assign the observed diffraction peaks to a crystal structure of sil-
icon with a simple hexagonal (Bravais) lattice with a c/a ratio of
0.536 and a normalized volume V/V0 of 0.655 in the orthorhom-
bic setting.41,42 Using the results from McBride et al.,43 we infer a
pressure of 20 GPa, which is in good agreement with the pressure
determined with VISAR.

VI. SUMMARY

In this paper, we describe the line-imaging VISAR system at the
HED-HIBEF instrument for laser-driven compression experiments,
detailing the calibration and characterization of the three arms of
the two-color (532, 1064 nm) system. Each arm can be equipped
with different etalons, thus enablingmeasurements with three differ-
ent velocity sensitivities. A non-linear mapping function is applied
to correct geometrical distortions in VISAR images by eliminating
transverse wavevector components in the Fourier domain, effec-
tively removing fringe curvature and space±time coupling. Using
the corrected images, we establish spatial and temporal calibra-
tion parameters, facilitating the future use of the VISAR diagnostic
at the HED-HIBEF instrument. The analysis of shock-compressed
polyimide and silicon shows good agreement between all three
VISAR arms, and the high-pressure phase crystallographic struc-
ture of a shock-compressed silicon, derived from x-ray diffraction,
is consistent with the pressure determined from VISAR.
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DATA-002740-00).
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Figure 5 was generated using a reference VISAR
image in run 843 in experimental campaign p2740
(https://doi.org/10.22003/XFEL.EU-DATA-002740-00).

Figures 6±8 were generated using runs 641±647 in experimen-
tal campaign p2740 (https://doi.org/10.22003/XFEL.EU-DATA-
002740-00).

Figures 9 and 10 were generated using run 83 in experimen-
tal campaign p6659 (https://doi.org/10.22003/XFEL.EU-DATA-
006659-00).

Figure 11 was generated using runs 157, 158, and 161 in
experimental campaign p2740 (https://doi.org/10.22003/XFEL.EU-
DATA-002740-00).

Figure 12 was generated using run 478 in experimen-
tal campaign p6659 (https://doi.org/10.22003/XFEL.EU-DATA-
006659-00).

Figures 13 and 14 were generated using run 843 in experimen-
tal campaign p2740 (https://doi.org/10.22003/XFEL.EU-DATA-
002740-00).

Table III was generated using runs 648 and 649 (for
10 ns sweep window and Sydor1/2), runs 641±647 (for 20 ns
sweep window and Sydor1/2), and runs 650 and 651 (for
50 ns sweep window and Sydor1/2) in experimental campaign
p2740 (https://doi.org/10.22003/XFEL.EU-DATA-002740-00). The
Hamamatsu camera was calibrated using runs 73 in p900455 (10 ns
sweep window), 71 in p900455 (20 ns sweep window), and 1224 in
p2740 (50 ns sweep window) (https://doi.org/10.22003/XFEL.EU-
DATA-900455-00).

Table IV was generated using runs 123 in p900455 for FL2

≙ 400 mm, 83 in p6659 FL2 ≙ 850 mm, and 77 in p900455 for FL2

≙ 1520 mm. The cross-calibration was obtained using run 82 in
p6659.

The Jupyter Notebooks used to process the VISAR images
on the Maxwell cluster at the European XFEL are available at:
https://github.com/adescamps59/EuXFEL-HED-VISAR.git.
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