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Abstract

CrossMark

Monochromatic x-ray imaging is an essential method for plasma diagnostics related to density
information. Large-field high-resolution monochromatic imaging of a He-like iron (Fe XXV) K,,
characteristic line (6.701 keV) for laser plasma diagnostics was achieved using a developed
toroidal crystal x-ray imager. A high-index crystal orientation Ge (531) wafer with a Bragg
angle of 75.37° and the toroidal substrate were selected to obtain sufficient diffraction efficiency
and compensate for astigmatism under oblique incidence. A precise offline assembly method of
the toroidal crystal imager based on energy substitution was proposed, and a spatial resolution of
3—7 pm was obtained by toroidal crystal imaging of a 600 line-pairs/inch Au grid within an
object field of view larger than 1.0 mm. The toroidal crystal x-ray imager has been successfully
tested via side-on backlight imaging experiments of the sinusoidal modulation target and a 1000
line-pairs /inch Au grid with a linewidth of 5 ym using an online alignment method based on
dual positioning balls to indicate the target and backlighter. This paper describes the optical
design, adjustment method, and experimental results of a toroidal crystal system in a laboratory

and laser facility.
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1. Introduction

The plasma produced by the implosion compression of laser
inertial confinement fusion (ICF) radiates information-rich
x-rays [1-5]. As a necessary diagnostic method, high-reso-
lution monochromatic backlight x-ray imaging is of great
significance for gaining insight into the physical processes of
ICF [6-8]. The method uses x-rays generated by ultra-short
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and ultra-intense lasers as the backlight to probe the state of
the implosion core with small-scale and high-density char-
acteristics [9, 10]. To achieve high backlight brightness, it is
necessary to focus the laser beam on the target surface in the
range of tens of microns. It is difficult to obtain a sufficient
illumination field of view (FOV) to cover the entire plasma
region to be diagnosed using traditional small-aperture devi-
ces, such as pinhole cameras [11, 12] and grazing incidence
imaging (e.g. a Kirkpatrick—Baez microscope [13—15]). Point-
projection radiography has been used for large-FOV x-ray
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Figure 1. The optical path structure of the toroidal crystal x-ray imager.

imaging in ICF experiments; however, its spatial resolution is
determined by the focus size of the backlighter [16, 17]. A
wire or flag target with a diameter of about 10 pum has been
widely used to achieve spatial resolution of 10-20 pm [18].

The crystal’s interplanar plane spacing is comparable in
magnitude to the x-ray wavelength; thus, it can be used as a
natural beam splitter for x-rays [19, 20]. With their optical
properties of large numerical aperture and high spatial and
spectral resolution, spherical crystals have been widely used
in many laser facilities [21, 22]. A spherical crystal has the
same radius of curvature in the meridional and sagittal
directions, which causes severe astigmatism when working at
oblique incidence. Therefore, the spherical crystal can only
operate at near-normal incidence to achieve high-resolution
imaging in two-dimensional directions [23]. The detector is
placed between the meridional and sagittal focal planes to
compensate for astigmatism; thus, it is not easy to achieve the
best spatial resolution. Meanwhile, the lattice constants of the
crystal materials are fixed. Therefore, the choice of crystal
materials and orientations of x-ray imaging for some special
energy points is very limited. Through systematic simulation
and evaluation, Schollmeier et al [24, 25] investigated sphe-
rical crystal imaging for self-emission and backlighting
measurements ranging from 1 to 25 keV. They recommended
selecting high-order crystal material of InAs (620) for He-like
iron K,, characteristic line (6.701 keV) backlighting imaging
with a Bragg angle of 75.78° and a poor theoretical resolution
of only 9.8 pm. Additionally, effective shielding of the
background signals in near-normal incidences is a difficult
technical problem to overcome.

Compared with spherical crystals, toroidal crystals have
different radii of curvature in the meridian and sagittal
directions, thereby eliminating severe astigmatism present in
non-normal incidences and expanding the selection of crystal
materials and orientations, as well as significantly improving
spatial resolution [26]. Uschmann et al [27] first developed
toroidal crystals of Si (311) and Ge (311) for He-like argon
Kz line (3.1 keV) imaging with an online-calibrated resolution
of more than 15 um. Jiang et al [28] reported a four-channel
toroidal crystal imager of Ge (400) for Ti K, line (4.51 keV)

imaging with an offline calibrated resolution of 4-10 pm.
Meanwhile, various types of x-ray spectrometers based on
toroidal structures have been developed [29, 30]. However,
there is still a lack of online diagnostic applications of toroidal
crystals in laser facilities with a high spatial resolution at the
5 pm level, as well as its precise offline assembly and
alignment methods. In this paper, we present a toroidal crystal
x-ray imager for hydrodynamic instability growth measure-
ment using side-on backlight imaging of a sinusoidal mod-
ulation target. The spatial resolution was further improved to
a range of 3-7 pm within the FOVs of the mm class. Fur-
thermore, precise offline assembly and alignment methods
were developed.

2. Optical design

In this work, a single crystal of Ge was used as a diffractive
material due to its relatively high integrated efficiency, which
is suitable for experiments in a kJ-class laser facility. The iron
foil was selected as the backlight target, and a He-like iron (Fe
XXV) K, characteristic line (6.701 keV) was selected as the
working energy because of higher x-ray yield compared to
the K, line (6.404 keV) and moderate penetration thickness to
the side-on modulation target. The focal distances of bent-
crystal imaging in the meridian and sagittal directions f;,, and
f; can be given by the formula [31]:

_ Rypsinf . R
In = 2 ’fs_2sin9
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where R, and R, are the radii of curvature of the substrate in
the meridian and sagittal directions, respectively; 6 is the
Bragg angle of the crystal center. For the toroidal crystal
imager, as shown in figure 1, the focal distances in two
directions are equal by regulating R, and R, conforming to
the following formula so that the astigmatism was effectively
corrected:

R _ in2o

Rm

@)



Plasma Sci. Technol. 25 (2023) 015601

H Si et al

Table 1. The initial structure parameters of the toroidal crystal
Ge (531).

Parameter Value
Material Ge (531)

0 75.37°
Ry/Ry(mm) 250/234.05
Aperture diameter (mm) 12

u (mm) 133

v (mm) 1310

Additionally, the Bragg angle of toroidal crystals should be
selected in a range of 60°-80° because the incident x-rays have a
certain penetration depth to the crystal material, especially for
x-rays above several keV. In this work, the crystal orientation of
Ge (531) with a lattice constant of 0.956 A was selected, and the
Bragg angle on 6.701 keV x-ray energy was 75.37°, which fits
the required angular range of 60°-80° and has a higher inte-
gration efficiency than an a-quartz crystal.

After obtaining the working Bragg angle of the toroidal
crystal, the ratio of the radii of curvature of the toroidal mirror in
the meridian and sagittal directions is fixed. Table 1 presents the
initial structure parameters of the toroidal crystal of Ge (531).
By considering the constraints of the experiment space and the
pixel size of 25 pum x 25 pm of the image detector (Image
Plate, FUJI Film, BAS1025 in this paper), the curvature radius
R, was set to 250 mm and magnification was about 10 times,
and the limited spatial resolution determined by the detector
pixel was about 5 pm at this time. The object distance u from the
object to the crystal is about 133 mm, which is sufficient to place
the diagnostic device and reduce the interference of splashing
debris, and the image distance v was set to 1310 mm.

3. Assembly and alignment

The crystal was prepared by directly attaching a double-
polished Ge wafer with a diameter of 12 mm and a thickness
of about 100 um to the toroidal substrate made of K9 glass by
optical contact of the molecular force. The wafer replicated
the surface shape of the toroidal substrate to ensure good
replication. They were polished to obtain a roughness below
1 nm and ultrasonically cleaned to effectively strip the solvent
and particles remaining on the wafer and toroidal substrate.
From an instrument alignment and installation perspective,
the change in the backlighter position causes deviation of the
illumination area on the toroidal crystal surface, thereby
reducing the brightness of the central FOV and having a
serious impact on the spatial resolution. Therefore, it is
essential to simultaneously ensure the position accuracy
between the backlighter, object point, and toroidal crystal.
Unlike the current common installation and adjustment
methods based on visible light, this paper proposes an offline
assembly method with toroidal crystals using laboratory x-ray
imaging to determine the best object—image relationship. Since a
conventional iron x-ray tube cannot produce a He-like K, line
(6.701 keV), we use a Gd x-ray tube with very close energy (Gd
K, line 6.713 keV) as the offline source for crystal alignment.

There is a difference of only about 12eV between the two
characteristic lines. Meanwhile, the Gd K, line is completely
within the spectral bandwidth of the He-like iron K, line, which
is confirmed by the later measurement results of the bent-crystal
spectrometer. The focal spot of the Gd x-ray tube, with a size of
about 1.0 mm x 1.0 mm, was placed at about 70 mm away from
the grid, with an aperture angle of about 0.014° for each object
point. Figure 2(a) shows the x-ray image of a 600 line-pairs/
inch grid (Gilder, G6OOHSS) backlit using the Gd x-ray tube
after fine-tuning. The image was acquired by an x-ray charge-
coupled device (CCD, Princeton Instruments: PIXIS-XO-
1024B) with a resolution of 1024 pixels x 1024 pixels and a
pixel size of 13.5 yum x 13.5 um. A reference hole of about
150 pm in diameter was drilled in the grid to provide the
position calibration of the FOVs.

Figure 2(a) shows the toroidal crystal images of the grid
with a linewidth of 5-6 pm on the entire detection surface. It
can be seen that the gridline clarity at four corners of
figure 2(a) was worse than that at the image center, which was
mainly caused by the following. Firstly, the geometric aber-
ration increases gradually with the FOV deviation. Secondly,
the imaging of the four-corners position was formed by x-ray
reflection on the surface edge area of the toroidal crystal; the
surface quality of the crystal edge was worse than that of the
center region after optical polishing.

Figure 2(b) shows the intensity change in figure 2(a) in
the horizontal direction (corresponding to the meridional
direction). Taking the gridline as the knife-edge, the spatial
resolution of the toroidal crystal in different FOVs can briefly
be estimated from the intensity change. In this work, we
chose an intensity change of 20%-80% (figure 2(c)) to
evaluate the spatial resolution, and the measured value is
shown in figure 3(a). The spatial resolution in the full FOV
(about 1.3 mm) is mostly 3—7 microns. The length of the error
bar was 1.35 pm, which is equivalent to the spatial resolution
corresponding to one CCD pixel. The limit resolution of
the toroidal crystal restricted by the CCD detector is about
2.7 pm, corresponding to two pixels. If a CCD with a smaller
pixel was used, the spatial resolution could be further
improved. Figure 3(b) shows the resolution calibration results
in the vertical direction (corresponding to sagittal directions),
which is slightly worse than that in the meridional direction
but still reaches 3—7 pym within an FOV of about 1 mm. The
magnification of the toroidal crystal can be calibrated by
dividing the grid period in figure 2(a) by the results measured
using structural equation modeling. The actual magnification
and image point spacing can also be calibrated in figure 2,
which are approximately 9.93 and 10.38 times in the meridian
and sagittal directions, respectively.

The rapid installation of the toroidal crystal in the laser
facility is another important issue that needs to be considered to
improve experimental efficiency. In this work, the dual posi-
tioning ball method, previously applied to the grazing Kirkpa-
trick-Baez microscope, was used to simultaneously indicate the
ideal backlighter and object position of the toroidal crystal [32]
and then realize the switch of the toroidal crystal system from the
offline laboratory to the laser facility. Figure 4(a) shows the final
mechanical structure of the toroidal crystal system after assembly,
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Figure 2. (a) Offline imaging results of Ge (531) toroidal crystal using a Gd x-ray tube. (b) The intensity profile in the horizontal direction.
(c) Resolution evolution criterion by the intensity change of “20%-80%’.
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Figure 3. Calibrated spatial resolution of the Ge (531) toroidal crystal via offline imaging experiments in the (a) meridional and (b) sagittal

directions.
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Figure 4. (a) The mechanical structure of the toroidal crystal after assembly, and (b) an enlarged view of the aiming part.

which includes the toroidal crystal, an aiming part, and an image-
recording part. As shown in figure 4(b) of the enlarged view of
the aiming part, we use an object positioning ball with a diameter
of 500 pm to replace the reference hole in figure 2(a) using two
orthogonal industrial cameras. Then, the optical axis of the tor-
oidal crystal imaging was indicated by aiming at the center of the
simulated sphere and toroidal crystal using an internal focusing
telescope. At this time, the axis of the internal focusing telescope
is equivalent to the optical axis of the toroidal crystal. Finally, the
center of the backlighter positioning ball was adjusted to the axis
of the internal focusing telescope. Meanwhile, the distance
between the two positioning balls was aligned using a Vernier

caliper to approximate 15.0 mm, consistent with the actual
application conditions, where the diode laser indicates the image
position to place the image plate. The two positioning balls and
diode laser were connected to the toroidal crystal with the linear
guides (HIWIN, MGN15P), and can be reattached with highly
reproducible accuracy of about 20 pm.

4. Experiment with plasma backlighter

The toroidal crystal x-ray imager has been successfully tested
in side-on backlight imaging of a sinusoidal modulation target
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Figure 5. (a) A sample structure of the sinusoidal modulation target, and (b) its experimental image acquired by the Ge (531) toroidal crystal

with the iron backlighter at SG-II U.

in a hydrodynamic instability growth experiment in the
Shenguang-II Upgrade (SG-II U) laser facility. The experi-
ment’s optical path was arranged according to figure 4. One
of the eight laser beams (1 ns, 3w, 800 J), with a focal spot of
300 um diameter smoothed by a continuous-phase plate, was
used to irradiate the iron foil to produce a He-like x-ray
backlighter. The distance between the backlighter and the
target is 15 mm, so that the aperture angle for each object
point is about 0.020°. As shown in figure 5(a), a target with
two layers is used in the experiments. A 20 ym thick CgHg
layer was conglutinated with a 30 um Al layer. At the
CgHg/Al interface, a perturbation of 55 um wavelength and
1.5 ym amplitude had been machined into the Al. The CgHg
layer is nearly transparent to the 6.701 keV backlight x-rays,
whereas the Al layer is opaque to it. Thus, we can obtain
obvious contrast at the interface. A square grid with 1000
line-pairs/inch and a linewidth of 5 pum was placed next to
the sinusoidal modulation target to calibrate the spatial reso-
lution. Figure 5(b) shows the experimental image acquired by
the image plate with a pixel size of 25 um x 25 pm. The
central FOV with the best spatial resolution is the position
where the grid meets the sinusoidal target. As the FOV
deviates, the spatial resolution gradually deteriorates, con-
sistent with the results of offline calibration. The effective
FOV range in the horizontal direction is about 700 pm, which
is mainly limited by the spectral width of the x-ray back-
lighter. The grid lines can be clearly observed in the effective
FOV, indicating that the spatial resolution of the toroidal
crystal is close to the level of the grid linewidth of about
5 pm. In addition, the aperture angle for each object point in
the online experiment (0.020°) was larger than that in the
offline experiment (0.014°), and the pixel size of the image
plate (25 pm x 25 pm) was bigger than that of the x-ray
CCD (13.5 um x 13.5 um); therefore, the overall spatial
resolution of figure 5(b) has a certain decrease compared
to figure 2(a) obtained from the offline experiment. This
phenomenon can be eliminated by using an x-ray backlighter
with a smaller focal spot and an image detector with a smaller
pixel size in subsequent physical experiments. The actual

magnification of the toroidal crystal can also be calibrated by
dividing the distance between adjacent grid lines on the image
by the period width of the grid. These magnifications are
approximately 9.90 and 10.32 times in the meridian and
sagittal directions, respectively, which are very close to the
design value.

5. Conclusions

A large-field high-resolution x-ray imager of toroidal crystal
Ge (531) was developed for backlight imaging of the He-like
iron (Fe XXV) K, characteristic line (6.701 keV). The Ge
(531) wafer and toroidal substrate were fabricated by ultra-
smooth polishing. Then, it was ultrasonically cleaned before
crystal bending to ensure the surface shape. Spatial resolution
of 3-7 um within an object field larger than 1.3 mm was
obtained in the offline calibration experiment. We employed a
precise alignment method based on double positioning balls
to reduce the online installation difficulty and improve the
experimental efficiency. The side-on backlight imaging of
sinusoidal modulation targets with a calibrated resolution of
about 5 um was completed by the toroidal crystal at the SG-II
U laser facility. The toroidal crystal x-ray imager can be
further extended to plasma diagnostics at other x-ray energies
by selecting appropriate crystal materials, crystal orientations,
and substrate curvature radius.
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