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Abstract: A high quality hot spot is crucial in the laser driven inertial confinement fusion. The
hot spot self-emitted X-ray images in a high spatial resolution may be used to analyze the hot spot
asymmetry and some fine structures induced by mix. The high spatial resolved X-ray imaging
diagnostics can also serve in the hydrodynamic instability growth radiography and some other
physical research in the inertial confinement fusion. The Kirkpatrick-Baez microscope can provide
a higher resolution and throughput efficiency diagnostic. A new four-channels KB microscope was
designed and built for the < 10 keV X-ray imaging. The Pt coated reflective mirror pairs were used
to obtain a wide grazing angle bandwidth. The variation of the X-ray reflectivity was small in a
large field of view. The microscope had a magnification of about 20. The spatial resolution in the
central field of view was about 7 µm. The similarities between the different channel images were
about 97%. The KB microscope is in operation in the directly or indirectly driven implosions by
10–100 kJ lasers on Shenguang laser facility in China. The time-integral hot spot asymmetry has
been diagnosed, and the time-resolved imaging will be implemented in the following work.
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1 Introduction

In the laser driven inertial confinement fusion (ICF), the capsule containing the fusion fuels implodes
and forms a hot spot with a high temperature and a high density in a small size. The high quality hot
spot is crucial to the ignition. In recent years, almost every laser driven ICF facility, including the
National Ignition Facility (NIF) in US, is working on the improvement of the hot spot quality. The
neutron yield on NIF has been increased so much, and the fusion energy output already exceeded
the kinetic energy of the imploding shell [1–4]. However, the asymmetry and the mix of the hot
spot are still the challenging problems in the path to ignition [5, 6]. The size of the hot spot is
usually only several 10 µm. The self-emitted X-rays are continuum spectral, but the low energy
X-rays will be self-absorbed much and the background will be high. So the high spatial resolution
imaging diagnostics in a high X-ray energy band are necessary. Recently, the hydrodynamic
instability growth radiography in the ICF [7, 8] and some other high energy density physics (HEDP)
experiments also employ more and more high resolution imaging diagnostics.

The Kirkpatrick-Baez (KB) microscope is an advanced X-ray imaging system, with a high
spatial resolution (several µm) and a high light collection efficiency (∼ 10−7). It consists of two
tandem orthogonally-placed mirrors with two grazing incidence angles [9]. The unique config-
uration makes the KB microscope be much easier to be assembled to a multi-channels imaging
system than some other X-ray microscopes, like the bent crystal imager. And it is easy to be couple
to a multi-chips time gated X-ray detector, to realize the time-resolved high resolution imaging.
NIF has built some 4-channels KB microscopes [1, 11–13] for the hot spot diagnostics and the
hydrodynamic instability growth radiography. A novel 16-channels KB microscope was designed
and built on OMEGA [14–16], which was also already coupled to the time gated X-ray detector.
There was a KB microscope designed and built on LMJ [17]. In the past years, there were also
several KB microscopes with the multi-layer mirrors built on the Shenguang laser facility [18–21].
Some laser facilities for the HEDP experiment also developed some KB microscopes for the laser-
plasma X-ray emission imaging [22]. Besides, some other X-ray microscopes based on the grazing
incidence principle were designed and developed or under construction on the laser driven ICF
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facilities, like the toroidal mirrors microscope [23], the wolter-like microscope [24] and the wolter
microscope [25–27]. The KB microscope can employ the full reflective mirrors and the multilayer
coated mirrors. The full reflective mirrors have a higher energy-integral reflectivity and a wide
grazing angle bandwidth, which means the reflectivity doesn’t change too much when the grazing
angle varies. It is possible to extend the effective field of view and mitigate the target pointing
precision requirement. But it usually has a wide X-ray energy band. And the limit of X-rays energy
is less than 10 keV. To achieve narrow band imaging and extend the X-ray energy to over 10 keV,
the multilayer coated mirrors are the prior. But the grazing angle bandwidth limits the field of view
and the requirement of pointing precision is higher. To balance the imaging X-ray energy limit and
the grazing angle bandwidth, the non-periodic multilayer optics is proposed [28]. So the optics in
the KB microscope can be chosen up to the image object feature and the X-ray energy.

In this work, a four-channels KBmicroscopewas designed and built with the Pt coated reflective
mirrors. The motivation of this microscope was the hot spot self-emitted X-ray imaging. And it
was expected to be also appiled in the hydrodynamic instability growth radiography. Considering
the present capsule areal density and the hot spot temperature, the X-ray energy bands of around
6 keV and 8 keV were fine in the hot spot imaging. The two energies could also be used in the Fe or
Cu backlighter radiography. The design of the KB microscope was described in section 2, as well
as the Ray-Trace simulations and the spatial resolution test. The time-integral hot spot imaging in
the implosions were shown in section 3. The similarity of between the images of different channels
was checked in section 3.1. The application of the KB microscope in the hot spot asymmetry
diagnostics was described in section 3.2. Some conclusions were followed in section 4.

2 The KB microscope with reflective mirrors

A new KB microscope was assembled in Tongji University and applied in the laser driven ICF
experiments in Laser Fusion Research Center in China. To decrease the reflectivity variation in a
relatively wide field of view, the KB microscope was designed with the reflective mirrors and a
small grazing angle. The configuration of the KBmicroscope is shown in figure 1(a). The principle
of “mirror sharing” was adopted in the design. The microscope objective consisted of two pairs
of the super-polished concave spherical mirrors, to form four symmetrical imaging channels. Each
mirror contributed in two channels. There were four small apertures in front of the four corners of
the orthogonally-placed mirrors, as shown in figure 1(b). The focus equation of each mirror in one
channel can be described by

1
u
+

1
v
=

2
R sin θ1

(2.1)

1
u + d

+
1

v − d
=

2
R sin θ2

, (2.2)

where u and v were the object distance and image distance of the first mirror respectively, R was the
curvature radius of the mirrors, d was the length of the mirror, θ1 and θ2 were the grazing angles
of the first and second mirror respectively. The optics design was summarized in table 1. The
image recorder could be an imaging plate for the static imaging or a time gated X-ray detector for
the time-resolved imaging. The four images were arranged at the four corner of a square, with a
distance of 20mm.
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Table 1. Optic Design of the KB microscope.
Mirror Curvature Length (d) Object Image Central Magnification

Radius Distance Distance Grazing Angle
Meridian Mirror 50m 12mm 200mm 4200mm 0.4375◦ 21
Sagittal Mirror 50m 12mm 212mm 4188mm 0.4625◦ 19.8

Figure 1. Schematic(a) of the four-Channels Reflective KB microscopes and the photos in a front view(b).

The mirrors were super-polished spherical Si substrates, coated with a Pt film of several nm
in thickness. The roughness of the mirror surface was less than 0.3 nm. The curvature radius
deviations of the four spherical mirrors were about 3 ∼ 8%. A steel frame and two H-shaped cores
in a high precision of fabrication were utilized to position the two layers of the mirror pairs. During
the alignment, each mirror could be adjusted in a very small range to mitigate the astigmatism from
the curvature radius deviation. This microscope was proposed to image the X-rays around 6 keV
or 8 keV from the hot spot or the laser driven backlighters, like Cu or Fe. The incidence grazing
angles were far away from the Pt full reflectivity edge to 8 keV X-rays, to obtain a wider grazing
angle bandwidth. As a result, the microscope could get a relatively flat reflectivity in a wide field of
view, and the tolerance of the pointing of the sightline could be improved. The reflectivity of the Pt
mirror pair to the energy of the X-rays with the central grazing angles was calculated and shown in
figure 2. Usually there were 50 µm Be and 25 µm Al filters in the X-ray path, to eliminate the lower
energy X-rays and shield the target debris. In addition, 20 µm Fe filter or 20 µm Ni filter could be
added into the X-ray path, to narrow the X-ray energy band by the K-edge. The X-ray reflectivity
of the mirror pair in a wide field of view was calculated by a Ray-Trace code. The calculated
reflectivity maps of 6 keV and 8 keV X-rays are shown in figure 3. To the 6 keV X-rays, the variation
of reflectivity is less than ±0.1 in a range of ±200 µm. And to the 8 keV X-rays, it is about ±0.15
in the central field of 400µm. It means that if the object is large in the field of view, or if there is a
100 µm pointing deviation, the image will not deform too much. At present, the reflectivity map of
each channel is not able to be measured directly. An X-ray optic calibration facility is in plan, in
which the X-ray source will be designed with two switchable X-ray tubes. One of them will be a
tube with a spot size of ∼ 2mm, and the other one will be a micro-focus x-ray tube with a spot size
of 10–20 µm.

This KB microscope was already installed on the Shenguang Laser Facility. It was first used to
image a metal grid with a laser driven X-ray backlighter. The grid had 1500 periods per inch, which
had a periodicity of 16.9 µm and bars of 6 µm. The backlighter was Cu driven by 4 laser beams
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Figure 2. The calculated reflectivity of the mirror pair (Black line) and the calculated throughput efficiency
with 50 µm Be, 25 µm Al, 20 µm Fe or Ni filters (Red and Blue lines, with double values).

Figure 3. The Ray-Trace code calculated reflectivity maps of the mirror pair to the 6 keV and 8 keV X-rays.

with a total energy of about 3 kJ in 1ns. The diameter of the laser spot was about 500 µm. The
images were recorded with an imaging plate, type of Fuji SR2025. The image in the first channel is
shown in figure 4(a). Due to the non-uniform illumination, the intensity is high in the center, and it
falls down along the X direction and the Y direction. The cross sections in the X and Y directions
are shown in figure 4(b) and 4(c) respectively. According to the edges of the cross sections at the
positions close to X = 0 and Y = 0, the spatial resolution was estimated to be about 7 µm in the
central region of the field of view. The spatial resolution deteriorates when the viewing position
moves away from the center. The behaviors of the backlighting grid images in the other 3 channels
are similar.
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Figure 4. The grid image (a) by a Cu backlighter and the cross sections along X axis (b) and Y axis (c).

3 The measured time-integral images of the hot spot in the implosions

TheKBmicroscope in this workwas proposed to diagnose the hot spot image in the laser driven ICF,
and could also be applied in the X-ray backlighted Hydro-dynamic instability growth radiography.
The time-resolved imaging can be implemented by the combination of the KB microscope and a
time gated X-ray detector. However, before the time resolved imaging diagnostics in operation, it
was necessary to guarantee the static images of different imaging channels were the same. In this
work, the similarities of the images in the four channels of the KB microscope were checked by the
time-integral images measurement of the hot spot in an exploding target. And then it was used to
measure the time-integral hot spot images in the laser indirectly driven implosion experiment.

3.1 Similarity check of the images in different imaging channels

The KB microscope firstly operated in the laser directly driven exploding target experiments. The
exploding target consisted of only a glass capsule, without the holhraum or any other covers. It
was easily to be pointed in a high precision, and the difference among the different channel images
due to the mis-pointing could be suppressed. The target pointing scheme of this KB microscope
was the same as that in reference [20]. A mechanical module of the optical binocular system was
assembled. The exploding target had a small convergence ratio. It usually presented a large hot
spot and a high temperature. It could contribute a large X-ray source in size with a high intensity,
which benifited the similarity check in a large spatial range.

In this work, the exploding target consisted of a capsule with 540 µm in diameter. The shell was
SiO2 and 2 µm in thickness. It was filled in 10atm D2 gas. The targets in this work were fabricated
by the target fabrication team in Laser Fusion Research Center [29, 30]. The exploding target
was irradiated by 48 laser beams with a total energy of about 40 kJ in 1ns. The filters in the KB
microscope were 20µm Fe, 50 µm Be and 25 µm Al. The time-integral images of the four channels
were recorded by an Imaging Plate, as shown in figure 5. The size and the structure of hot spot
images looks the same, as well as the halo generated during the glass shell ablation and the support
bar in the right side. The similarity [31, 32], r, between two images is defined as equation (3.1),
where A and B are the mean intensity in a specified range of the two images, Amn and Bmn are
the intensities of each pixel. In figure 5, the similarities under the 30% contours between the 1st
channel image and the 2nd, 3rd and 4th channel images are 99.3%, 98.3% and 97.8%, respectively.
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The similarities under the 50% contours and 80% contours are aslo over 96%. The small differences
may be resulted from the different background noise levels and the small assembling deviations
between the assembled mirrors and the design. To reduce the noise, the design of the imaging path
will be optimzed in the next KB microscope. It is suggested to adopt a crossing aperture in the
imaging path as that in reference [11, 12] and enclose the mirrors module and the imaging module
in a sealed tube. The calibration of the reflectivity and spatial resolution will be also implemented.

r =

∑
m

∑
n

(
Amn − A

) (
Bmn − B

)
√(∑

m

∑
n

(
Amn − A

)2
) (∑

m

∑
n

(
Bmn − B

)2
) (3.1)

Figure 5. The recorded time-integral images of an exploding target in the four channels of theKBmicroscope.

3.2 Hot spot imaging in the laser indirectly driven implosion

The KBmicroscope was already involved in the hot spot imaging diagnostics for the laser indirectly
driven implosion on Shenguang laser facility. It was able to provide the hot spot imageswith a higher
spatial resolution than the pinhole imaging in the 100 kJ laser driven implosions. Furthermore, it
could diagnose the hot spot asymmetry and the fine structures in the hot spots. After the intensity
and energy response calibration of the microscope and the recorder, it may be also used to study the
mix in the hot spot. Some calibration methods are proposed [13, 33, 34]. The KB microscope was
installed on a general diagnostics instrument manipulator (DIM) and inserted inside the vacuum
chamber. It can be installed with an equatorial view or a polar view. This KB microscope was
supposed to image the hot spot when the areal density was not too high. So the mesured X-ray
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energy would not be higher than 10 keV. The energy band could be set in 5.7–7.1 keV be the Fe
filter and 6.5–8.3 keV by the Ni filter, as shown in figure 2. For the shots with a low X-ray emission,
only Be and Al filters would be utilized, and the energy band would be a little wider.

At present, the KB microscope was operated in the time-integral imaging mode. The images
were recorded by an Imaging Plate. Figure 6 shows a measured hot spot image in a gas filled
cylindrical hohlraum driven implosion. The microscope used the Fe filter in this shot, and it
was installed in the equatorial view. The microscope collected the hot spot X-rays through a
300 µm × 300 µm diagnostic aperture on the waist of the hohlraum. The capsule had a 65 µm CH
shell and an inner diameter of 750 µm, filled in 10atm D2 gas. With a total laser energy of 80 kJ, the
capsule was driven by a two-step radiation pulse (figure 6(a)). The hot spot presented a “pancake”
shape, and the neutron yield over clean calculation (YOC) was as low as 10%. The green line in
figure 6(b) was the 50% contour of the hot spot image. By fitting with the Legendre polynomial,
it was found that the P2 fraction was about −0.26 and the P4 fraction was about 0.03. In this
shot, a static pinhole X-ray imager in a polar view monitored the laser spots postion through the
laser entrance hole. The angle between the its sightline and the cylindrical axis was 16 degree. It
found that the laser spots moved inside about 200 µm to the cylindrical axis. As a result, the X-ray
radiation on the capsule had a stronger polar driven, and hot spot presented a “pancake” asymmetry
as that in figure 6(b). The anomalous laser spot movement might be due to the leak of the hohlraum
gas, which would make the wall plasmas moved faster toward to the cylindrical axis.

Figure 6. The measured hot spot image (b) of a two-step radiation pulse (a) driven capsule (insert figure in a).

4 Conclusions

A new four-channels KB microscope was built and in operation on Shenguang laser facility in
China. The microscope was designed with the Pt coated reflective mirror pairs, to obtain a wide
grazing angle bandwidth. As a result, the variation of the X-ray reflectivity was small in a large field
of view. It could also be applied in the radiography of an object with a relatively large size. The
microscope had a large magnification and a spatial resolution about 7 µm in the central field of view.
It was able to diagnose the hot spot asymmetry in the laser driven ICF. The similarities between the
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images of different channels were about 97%. The KB microscope has been used to diagnose the
implosion hot spot in the laser indirect driven ICF. At present, only time-integral hot spot images
were measured. The asymmetry of the hot spot was obtained and consistent with the estimation.
In the following work, the KB microscope will be couple to a time gated X-ray detector. The time
gated X-ray detector is in an air box. Both of the KB microscope and the time gated X-ray detector
will be installed in the same DIM. The calibrations of the reflectivity and energy responses of the
microscope and the recorder are also in plan. In future, the next KB microscope on our facility will
be designed with an optimized structure to reduce the background noise and improve the pointing
precision. The KB microscopes with multi-periodic layer mirrors and non-periodic layer mirrors
will also be considered to extend the imaging X-ray energy to be above 10 keV.
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