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ABSTRACT
We present an application of short-pulse laser-generated hard x rays for the diagnosis of indirectly driven double shell targets. Cone-
inserted double shell targets were imploded through an indirect drive approach on the upgraded SG-II laser facility. Then, based on the
point-projection hard x-ray radiography technique, time-resolved radiography of the double shell targets, including that of their near-peak
compression, were obtained. The backlighter source was created by the interactions of a high-intensity short pulsed laser with a metal
microwire target. Images of the target near peak compression were obtained with an Au microwire. In addition, radiation hydrodynamic
simulations were performed, and the target evolution obtained agrees well with the experimental results. Using the radiographic images, areal
densities of the targets were evaluated.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0045112

I. INTRODUCTION

Inertial confinement fusion (ICF), a clean, safe, and economic
energy source, has been the focus of a tremendous amount of
research effort over the last few decades,1–7 and remarkable progress
in this field has been reported in the recent literature.8–12 The US
National Ignition Facility (NIF) has achieved a record-breaking out-
put of 3.15 MJ of fusion energy using laser indirect drive, resulting in
a “net energy gain” and achieving “fusion ignition.12” However, the
current energy gain is still relatively low, and there is still a long way
to go before the construction of a nuclear fusion power plant and the
realization of commercial power generation.

Up until now, several ignition schemes have been devel-
oped, such as central hotspot ignition, fast ignition,13–15 and shock
ignition.16,17 In most of these, single shell targets are used. By con-
trast, double shell (DS) targets,18–29 with two concentric shells, an
outer low-Z ablator shell, and an inner higher-Z shell containing

the noncryogenic fuel, have also been proposed for exploring igni-
tion. There are several well-known benefits of DS targets, such as
the use of noncryogenic deuterium–tritium (DT) fuel, more robust
shock timing, a lower ignition temperature threshold, and a rela-
tively low convergence.22,27 Despite these advantages of DS targets,
however, it is found that owing to the existence of several interfaces,
hydrodynamic instabilities pose a serious problem.21 Experimental
studies of the hydrodynamics of DS targets have shown that the
obtained yields are far below the prediction from one-dimensional
clean calculations.18,19,22,26

Imaging is an important method to observe the implosion
process. Backlighters produced by irradiating Sc or Fe foils with
nanosecond lasers have been used to perform x-ray (<10 keV) radio-
graphy to diagnose DS target implosions.23,24,28 In the past few years,
higher-Z materials have also been used to generate backlighters. The
generation of high-Z, 10–20 keV backlighters with the NIF 2DConA
platform was demonstrated by Barrios et al.30 This has since the
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FIG. 1. Experimental setup for radiography experiment. The nanosecond laser pulses are injected into the hohlraum to ablate the target, and the picosecond laser pulse
provides the hard x-ray backlighter. The radiographic image is captured by imaging plates (IPs) placed in the hard x-ray imaging system (HXI).

been used to obtain radiographic data of an imaging double shell tar-
get with a mid-Z inner shell on the NIF.29 However, to capture the
radiographic image of an ignition DS target, we need to use higher-
energy x rays. Moreover, to determine the implosion processes and
spatial details of the innermost shell of a three-shell target,31 harder
x-ray backlighters are required.

Recently, x-ray sources for radiography of dense targets based
on high-intensity short-pulsed laser–solid target interactions have
been demonstrated.32–40 Intense x-ray bursts, including continu-
ous bremsstrahlung emission and characteristic lines, are produced
by the interactions of hot electrons with the target material after
irradiation by intense lasers with intensity IL > 1017 W/cm2. Since
the most high-energy x rays are created in the dense, high-Z
parts of the target, radiography with high spatial resolution can
be comparatively easily realized by irradiating small targets or
long targets with small cross sections (e.g., a metal microwire)
with relativistic lasers in a point-projection geometry. This tech-
nique has already been applied in experiments on the implosions
of direct drive DS targets.40 However, in those experiments, the
implosion performance was disappointing, and hardly any signif-
icant compression of the inner shell was observed. In this paper,
we present results from an indirect drive double shell target implo-
sion experiment using point-projection hard x-ray radiography to
study the indirect drive implosion process of DS targets, which is
quite different from the direct drive case. An image of the tar-
get near peak compression was obtained successfully with an Au
microwire.

The remainder of the paper is organized as follows. The experi-
mental design and setup are described in Sec. II. The main results
of the experiment are presented in Sec. III and then discussed in
Sec. IV. Finally, conclusions are presented in Sec. V.

II. EXPERIMENTAL DESIGN AND SETUP
A. Experimental setup

The experiment was carried out on the upgraded SG-II laser
facility. The experimental setup is shown schematically in Fig. 1.
Eight top-hat 2 ns laser beams with a total energy of about 11 kJ were
injected into the hohlraum to generate x rays to implode the dou-
ble shell target. A short-pulse PW laser beam irradiated the metal

microwire with 500 J energy in 10 ps to produce hard x rays. Fuji
BAS-SR imaging plates (IPs) were used to record the radiographic
images. To reduce background noise, the IPs were installed in a hard
x-ray imaging system (HXI). The backlighter and IPs were located at
7 and 693 mm on either side of the double shell target, respectively,
providing a magnification of 100× for the radiography.

Two photographs of the double shell target used in the experi-
ment and a schematic of the target cross section are shown in Fig. 2.
The double shell target was placed in the center of the hohlraum and
supported by a metal cone. The hohlraum had a 25 μm-thick gold
wall and 0.85 mm-diameter entrance holes of length 2.5 mm and
diameter 1.6 mm. There were two 600 × 600 μm2 diagnostic win-
dows in the middle of the hohlraum for hard x rays to pass through.
The double shell target had a polystyrene (CH) outer shell (80 μm
thick), an Au (2 μm thick)-coated CH inner shell (15 μm thick), and
an inserted Cu cone to support the inner shell. The x-ray backlighter
target was a 100 μm-long metal microwire, of diameter 10 μm,
embedded in a low-Z substrate.41 The microwire was aligned toward
the DS target, in a point-projection geometry. The backlighter
was delayed by different amounts to observe the implosion pro-
cess. Low-Z filters were installed between the backlighters and the
hohlraum to stop electrons below ∼0.4 MeV. In addition, 500 μm
Cu and 500 μm Ta were placed at the back of the hohlraum to
remove photons below ∼100 keV. There were windows in the Cu
and Ta filters to allow the x rays from the backlighter to pass
through.

Figure 3 shows the layout of the experimental diagnostic equip-
ment. In addition to the HXI, an absolutely calibrated flat-response
x-ray detector (FXRD)42 was used to measure the radiation flux
from the laser entrance hole at one end of the hohlraum. The time
sequence of the picosecond and driving lasers was measured using
an x-ray streak camera (XSC).43 In addition, a filter stack spectrom-
eter (FSS)44 consisting of 13 metal filters and image plates was used
to measure the x-ray spectrum.

B. Radiography simulation
Before carrying out the experiment, we construct synthetic

radiographs of the implosion process of the double shell target to
mimic the diagnostic capabilities. In the simulation, the backlighter
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FIG. 2. (a) and (b) Photographs of indirect drive double shell target. (c) Schematic of target cross section.

FIG. 3. Layout of experimental diagnostic equipment.

was set to a finite-size source with a size of 10 μm and the back-
lighter brightness was set to 1012 photons/sr, according to previous
experimental results. In addition, to obtain the impact of different
x-ray energies on radiographic images, we used backlighters with
two different types of energy spectra, one of which was monochro-
matic and had three different energies (8, 17.5, and 50 keV) and
the other of which had the broad spectrum of the Mo microwire
measured in the experiment.

First, the implosion process of the double shell target was
assessed using the one-dimensional radiation hydrodynamic code
Multi1D.45,46 The parameters of the double shell target were the
same as shown in Fig. 2(c). From the simulation results, we could
obtain the density distribution at different times, from which the
three-dimensional density distribution could be constructed as fol-
lows. First, a series of concentric spherical shells were generated,
with the density of each shell being given by the simulated value at a
location equal to the radius of the shell in the 1D simulation. Then,
at the location of the support cone, part of the spherical shell was
removed, and the support cone was inserted.

Then, with the three-dimensional density distribution, the
Monte Carlo code GEANT447–49 was used to simulate the radio-
graphy of the double shell target at different times with x rays of

different energies. Four typical moments were selected: time A, at
which the target had not yet been compressed; time B, at which
the outer shell had just collided with the inner shell; time C, at
which the inner shell had been compressed to half the initial size;
time D, at which maximum compression was achieved. Figure 4
shows the snapshots of synthetic radiographs taken at these four
typical moments, using backlighters with monochromatic 8, 17.5,
and 50 keV spectra and the broad spectrum of the Mo microwire,
respectively. We can see that when 8 keV x rays are used for radio-
graphy, both the outer and inner shells are revealed, but in the later
stage of compression, the x rays cannot penetrate the inner shell and
so no internal information about that shell can be obtained. With
17.5 keV x rays, only the inner shell is clearly shown, but at the
moment of maximum compression, the inner shell layer still can-
not be penetrated by the x rays. With 50 keV x rays, the contrast
of the radiographic image is poor in the early stage of compression,
but at the moment of maximum compression, the image contrast
is good and internal information about the inner shell can be seen.
When x rays with the broad spectrum of the Mo microwire are used,
the simulation results are close to those obtained using 17.5 keV
monoenergetic x rays, but the x rays produced by the Mo wire are
slightly more penetrating. From these results, we can see that the use
of the Mo backlighter is appropriate in the early and middle stages
of compression.

In the following, we use the signal-to-noise ratio (SNR) to eval-
uate the quality of the synthetic radiographic images.50 The SNR is
defined as SNR = ΔI/σI , where ΔI is the change in intensity caused
by the target and σI is the standard deviation of the background
intensity. σI was determined as follows. First, we selected a region
where x rays passed directly through, i.e., a region without a target.
Then, the intensity of each pixel in the region was counted, and the
standard deviation of the intensity in the region was calculated from
the expression

σI =
¿
ÁÁÀ 1

N − 1

N

∑
i=1
∣Ai − I ∣2,

where N is the number of pixels, Ai is the intensity of the ith
pixel, and I is the average intensity in the region. Note that the
size of the region chosen may affect the magnitude of σI . In gen-
eral, the larger the selected region, the more pixels it contains, and
the smaller the standard deviation of the intensity is likely to be
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FIG. 4. Synthetic radiographs of the double shell target at different times with x rays of different energies. Time A: the target has not yet been compressed. Time B: the outer
shell has just collided with the inner shell. Time C: the inner shell has been compressed to half the initial size. Time D: compression is maximum.

eventually converging to a stable value. We first selected a smaller
area, namely, a region of size comparable to the spatial resolu-
tion, and calculated the intensity deviation in that region. Then,
we chose a larger region to calculate the value, and little change
was found.

Four typical images, namely, those in Figs. 4(a), 4(f), 4(k), and
4(l), were selected for analysis. A lineout through the target cen-
ter was taken [marked by the red lines in Figs. 4(a), 4(f), 4(k), and
4(l)] to obtain the profile of the transmitted x-ray signal, as shown
in Fig. 5. For Fig. 5(a) [corresponding to Fig. 4(a)], both the outer
and inner shells are shown, and calculations show that the SNR of
the outer shell is about 1, while the SNRs of the edge and center
of the inner shell are 13 and 8, respectively. For Fig. 5(b) [corre-
sponding to Fig. 4(f)], the SNR of the outer shell is less than 1, and
the SNRs of the edge and center of the inner shell are 10 and 5,
respectively. This indicates to us that to distinguish a certain area
in the image, the SNR of that area needs to be greater than 1, and

the higher the SNR, the clearer will be the area. From Fig. 5(c)
[corresponding to Fig. 4(k)], it can be seen that the variation of
x-ray intensity induced in the target is smaller owing to the higher
photon energy, and, more quantitatively, the SNRs at the edge and
center of the inner shell are 1.8 and 0.6, respectively. This sug-
gests that the brightness of the backlight needs to be increased to
improve the SNRs. From Fig. 5(d) [corresponding to Fig. 4(l)], it
can be calculated that the SNRs at the edge and center of the tar-
get are 6.2 and 4.6, respectively, which suggests that radiography
with 50 keV x rays is appropriate for the target in the late stage of
compression.

On the basis of the above simulation results, we find that a back-
lighter with a size of 10 μm can distinguish the inner and outer shell
structures of a double shell target, and the x-ray energy of the back-
lighter can significantly affect the SNR of the radiographic images.
Therefore, we should carefully select the x-ray energy according to
the time at which measurements are to be made. To obtain the tar-
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FIG. 5. (a)–(d) Synthetic transmitted x-ray signals through the target center from Figs. 4(a), 4(f), 4(k), and 4(l), respectively.

get images in the early part of the implosion, the use of Cu or Mo
microwires is advantageous, whereas in the later stage, the use of Au
microwires that can generate harder x rays is more appropriate. It
should also be pointed out that in the present simulations, the x rays
from the hohlraum were not considered, although these constitute
noise in radiography and may reduce the SNR of the image. Further
experiments are required to investigate this.

III. EXPERIMENTAL RESULTS
A. Backlighter measurement

In the experiment, the characteristic parameters of the x-ray
backlighter, such as energy spectrum and brightness, were measured.
Figure 6 shows the measured x-ray spectra of different shots. In
shot 105, only the short-pulse laser was used, whereas in shots 104
and 108, both the picosecond and nanosecond beams were fired.
As can be seen in Fig. 6, shot 105 has the lowest x-ray intensity
in the energy spectrum range below about 50 keV. This is due to
the fact that in shots 104 and 108, the nanosecond laser produces a
large number of lower-energy x rays. In the energy spectrum range
higher than 50 keV, shot 105 has the highest x-ray intensity. Notice
that the high-energy x rays come mainly from the picosecond laser
interacting with the backlighter, which indicates that the nanosec-
ond lasers can affect the backlighter and reduce the generation of
high-energy x rays. Although x rays higher than 50 keV are less suit-
able for backlighting in the current experiment, higher-energy x rays
will be needed in the future when a laser facility with higher drive
energy is used with higher areal densities. This suggests that we need

FIG. 6. Measured x-ray spectra of different shots.

to improve the target design in future experiments to reduce this
impact.

Using the energy spectra, we can obtain the x-ray brightness
and the energy conversion efficiency from laser to x rays. Shot 105
is analyzed here, since the it was not disturbed by the nanosecond
laser. In shot 105, 120 μm Ti was placed before the image plate as a
filter. Calculations show that the photon energy of x rays with trans-
mittance higher than 5% is about 13 keV. In addition, Monte Carlo
simulations show that the absorption fraction of x rays with energy
higher than 100 keV in image plates is less than 7%. Therefore, we
calculated the brightness and conversion efficiency of x rays in the
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energy range from 13 to 100 keV, and the results are 8.2 × 1011 pho-
tons/sr and 7.4 × 10−5, respectively. It can be seen that the brightness
of the backlighter is close to that used in the simulations, which gives
us confidence in obtaining radiographic images. We also find that
the conversion efficiency is a bit low. This is because the use of a
metal microwire target as the backlighter is inherently less efficient,
owing to the fact that the majority of the laser beam passes by the
wire. In addition, in the experiment, we found that there were many
factors that affected the conversion efficiency, such as the targeting
accuracy of the picosecond laser and the state of the focusing spot.
To improve the conversion efficiency, in addition to improving the
target aiming accuracy of the picosecond laser and improving the
focusing state of the focal spot, V-shaped plastic structures used on
NIF can also be applied to enhance the laser–wire coupling by refrac-
tion at the plasma mirror surface generated by the prepulse of the
picosecond laser beam.39

In this experiment, owing to the limited number shots, the spa-
tial resolution of the backlighter was not measured. According to
previous experiments,40 the spatial resolution of this backlighter is
close to the wire diameter. Therefore, we believe that when using
10 and 20 μm metal wires, the spatial resolution of the obtained
images is about 10 and 20 μm, respectively. From the simulation
results, this spatial resolution enables the evolution of the inner layer
to be seen. However, this spatial resolution is not sufficient if more
detailed structures need to be observed, such as those occurring
during the evolution of hydrodynamic instabilities. Improvement of
spatial resolution is an ongoing study.

B. Radiation temperature measurement
In the experiment, eight laser beams with 2 ns square pulse car-

rying a total energy of about 11 kJ were injected into the hohlraum.
The laser intensity directly heated the wall of the hohlraum, and
this gold wall converted the laser energy into soft x rays. These soft
x rays were absorbed and re-emitted under the constraint of the
hohlraum, thus forming a nearly uniform radiation field within the
hohlraum. The radiation flux from the hohlraum was measured by
a flat-response x-ray detector (FXRD).4 The radiation temperature,
which is one of the key parameters in the indirect-drive scheme, can
be inferred from the measured x-ray flux, and it is shown in Fig. 7.
We can see that the radiation temperature rises, steeply at first and
then more gradually, reaches its peak of about 180 eV at ∼2 ns, and
then decreases gradually.

C. Time delay between picosecond and nanosecond
laser beam measurements

By adjusting the time delay between the picosecond laser and
nanosecond laser, implosion images at different times were obtained
by radiography. Therefore, to obtain a radiographic image at a spe-
cific time, the time delay is very important. In the experiment, the
time delay was measured by an XSC.43 The “soft x-ray” signal pro-
duced by the nanosecond laser was imaged by an image slit, while
“hard x rays” created by the picosecond laser could easily penetrate
the slit board and illuminate the whole cathode. In addition, the two
kinds of x rays were produced at different positions. Therefore, the
image areas from the two kinds of x rays in the cathode were quite
different, and it was possible to measure the time delay between the
picosecond and nanosecond laser beams.

FIG. 7. Measured time history of hohlraum radiation temperature.

FIG. 8. X-ray signals from the picosecond and nanosecond laser beams in shot
104. The optical fiducial pulses synchronized with the nanosecond laser are also
presented.

A typical experimental result in shot 104 is shown in Fig. 8.
The inset in the upper right of the figure shows the original result
from the XSC, and gives the “soft x-ray” and “hard x-ray” signals.
The optical fiducial pulses are also presented, with a time interval of
457 ps. The “soft x-ray,” “hard x-ray,” and optical fiducial pulse his-
tories extracted from the original image are given by the three curves.
The “soft x-ray” duration corresponds to the radiation process inside
the hohlraum, which is consistent with that recorded by the FXRD.
It can be found from the figure that the time delay between the “soft
x-ray” and “hard x-ray” peaks is about 760 ps.

It can also be seen from Fig. 8 that the “hard x-ray” pulse dura-
tion is about 28 ps, which means that the time resolution of the
backlighter is also about this order of magnitude. The implosion
velocity of the inner shell inferred from the simulations is about
76 km/s, and so the blur caused by the motion is about 2.2 μm. Not-
ing that the spatial resolution of the backlighter is about 10 μm, it can
be considered that motion blur has little effect on the radiographic
images.

Matter Radiat. Extremes 9, 027602 (2024); doi: 10.1063/5.0045112 9, 027602-6

© Author(s) 2024

https://pubs.aip.org/aip/mre


Matter and
Radiation at Extremes

RESEARCH ARTICLE pubs.aip.org/aip/mre

D. Radiography results
First, to get a radiograph of an un-driven target, only the short

pulse laser was fired. A 10 μm Mo microwire was used as the back-
lighter. The radiography result is presented in Fig. 9(a), showing
both the inner shell and the supporting cone clearly. From the figure,
the radius of the inner shell is found to be about 126 μm, which is
very close to the design parameters of the target. Then, picosecond
and nanosecond beams were all fired, and the delay of the picosec-
ond pulse was adjusted. With a 10 μm-diameter Mo microwire
backlighter, we acquired a radiograph at time t = 2.76 ns, as given in
Fig. 9(b), which shows that the inner shell was slightly compressed.
To obtain a profile of a highly compressed target, we used a thicker
and higher-Z microwire, namely, a 20 μm-diameter Au microwire
backlighter. The picosecond pulse was fired at t = 4.45 ns according
to radiation-hydrodynamic simulations, and one image of the tar-
get near peak compression was obtained successfully, as shown in
Fig. 9(c).

To evaluate the quality of the radiographic images, several line-
outs were taken [marked by the white and black lines in Figs. 9(a)
and 9(c)] to obtain the profiles of the transmitted x-ray signal and
to calculate the SNRs. For Fig. 9(a), the SNR of the supporting cop-
per cylinder (marked by the white dashed line) is about 12, and the
SNR of the inner shell (marked by the black solid line) is about 5.4.
For Fig. 5(c), the SNR of the inner shell (marked by the black solid
line) is about 2.7.

Beside the radiographic images, colorbars with the photostim-
ulated luminescence values (PSLs) are shown. In Fig. 9(c), the PSLs
are lower than those in the others, since the filters placed before
the image plates were different. For Mo microwire backlighters
[Figs. 9(a) and 9(b)], a 120 μm Ti filter was used, whereas for the
Au microwire backlighter [Fig. 9(c)], 60 μm Ti and 50 μm Cu filters
were used. These filters can block low-energy x rays that arise mostly
from the hohlraum, thus increasing the signal-to-background
ratio.

IV. DISCUSSION
A. Coupling efficiency and radiation asymmetry

For indirectly driven double shell targets, energy transfer
includes the following processes: first, laser energy is converted into
x-ray energy in the hohlraum; then, x-rays are absorbed by the outer
shell; next, the outer shell collides with the inner shell to transfer
energy to the inner shell; finally, the inner shell compresses the fuel
and converts its kinetic energy into internal energy of the fuel. The
first process has already been thoroughly investigated.2–4 Generally
speaking, for an Au hohlraum, the energy conversion efficiency ηce
from laser to x-ray can reach over 75%.3,4 The coupling efficiency
from the hohlraum to the capsule depends mainly on a geometric
parameter, namely, the ratio of the surface area of the capsule to that
of the hohlraum.51,52 In our target design, the length and diameter
of the hohlraum were 2.5 and 1.6 mm, respectively, while the outer
diameter of the double shell target was 560 μm, which is similar to
that used by Robey et al.26 on the OMEGA laser facility. This tar-
get design leads to a case-to-capsule ratio (CCR, defined as the ratio
of the hohlraum diameter to the outer diameter of the capsule) of
2.86. The difference is that in our experiment, there were two
600 × 600 μm2 diagnostic windows in the middle of the hohlraum

for hard x rays to pass through. This will reduce the coupling effi-
ciency of the hohlraum to the capsule. The coupling efficiency from
hohlraum to capsule is defined as51

ηHC =
(1 − αC)AC

(1 − αW)AW + (1 − αC)AC + AL + AD
,

where αW is the wall albedo, αC is the capsule albedo, AW is the
hohlraum wall area, AC is the capsule area, AL is the laser entrance
hole (LEH) area, and AD is the diagnostic window area. To estimate
ηHC, we take αW = 0.8 and αC = 0.3, and calculations then show that
the value of ηHC for the current hohlraum is 12.9%. If there were no
diagnostic windows, ηHC would increase to 14%.

Figure 9(b) shows that the compression of the target is asym-
metric, with more compression at the poles than at the equator. We
suspect that this was caused by asymmetric driving of hohlraum
radiation, and therefore the radiation flux distributions on the
capsule surface were examined.

The radiation asymmetry was evaluated by IRAD3D,53 which is
a 3D view-factor code and can provide the radiation flux on the cap-
sule under a variety of conditions. Using the size of the hohlraum
and the injection angle and energy of each laser beam, the radia-
tion flux distribution on the surface of the capsule as calculated by
IRAD3D is shown in Fig. 10. It can be seen that the radiation flux
at the poles of the target is stronger than that at the equator, which
is consistent with the radiographic result that the poles of the tar-
get were compressed more. In addition, the radiation flux at the
equatorial position near the diagnostic windows is weak. This shows
that the diagnostic windows have an influence on the radiation field
distribution in the hohlraum. Besides, as discussed earlier, the diag-
nostic windows reduced the coupling efficiency of the hohlraum to
the capsule. In the future, we will consider using a hohlraum without
diagnostic windows to improve the coupling efficiency and realize
a more uniform radiation field. Owing to the high energy of the
x rays from the backlighter, it is possible for them to pass through
the hohlraum wall and obtain radiographic images of the double
shell target.

B. Implosion and shell evolution
On the basis of the measured radiation temperature, numerical

simulations were carried out, and the implosion and shell evolution
were analyzed. The radiation hydrodynamic simulation was per-
formed using Multi1D, and the implosion trajectory is shown in
Fig. 11(a) by the thin curves. The green, red, and blue lines repre-
sent the inner shell, outer shell, and Au coating layer, respectively.
The density distribution and its evolution with time are presented in
Fig. 11(b).

The simulation results show that the imploding outer shell
collides with the inner one at about t = 2.7 ns, and the inner
shell stagnates at about t = 4.36 ns. Therefore, we chose these two
moments for diagnosis. In shot 104, the picosecond laser was fired
at t = 2.76 ns. From the radiographic image shown in Fig. 9(b),
we see that the inner shell was compressed into an elliptical shape
with radii of about 119 μm in the horizontal direction and 101 μm
in the vertical direction. This shows that in the experiment, the
target poles were compressed faster than in the simulation. This
may be due to the uneven distribution of the radiation field on
the target surface, with a greater radiation flux irradiating the
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FIG. 9. Time-resolved radiographic images of indirectly driven double shell targets. (a) Shot 105, only short-pulse laser, un-driven target. (b) Shot 104, t = 2.76 ns. (c) Shot
108, t = 4.45 ns.

FIG. 10. Calculated normalized radiation flux distribution on the capsule.

poles of the target. In shot 108, the picosecond laser was fired
at t = 4.45 ns. From the radiographic image at this moment
[Fig. 9(c)], it is found that the radius of the compressed target is
about 25 μm, which is slightly larger than the simulated radius of
about 20 μm. This is understandable, because the actual implosion is
not an ideal one-dimensional implosion.

On the basis of the radiation flux distribution on the capsule
surface obtained in Sec. IV A, the contour evolution of the inner shell
was analyzed. First, using the distribution shown in Fig. 10, the radi-
ation flux distribution on the cross section of the target viewed from
the HXI was calculated. A series of 1D radiation-hydrodynamics
simulations with Multi1D were then carried out using the radiation
flux at different positions on the cross section, and the radii at differ-
ent polar angles were obtained. In this way, the cross-sectional shape
of the inner shell was determined, as shown in Fig. 12. For compar-
ison, the data contour of the experimental results from Fig. 9(b) is
also shown by the dashed line.

C. Areal density analysis
In this subsection, we evaluate the areal density. In contrast

to the case of a monochromatic source, the areal density cannot be

FIG. 11. (a) Schematic of DS target design, and simulated implosion trajectory of
the indirect drive DS target. (b) Density distribution and its evolution with time.

directly obtained from transmission. The reason is that the transmis-
sions of hard x rays vary with the spectrum; in addition, the image
plate’s response to incident photons is strongly impacted by their
energies.36 Therefore, we conducted a series of Monte Carlo sim-
ulations with GEANT4 to evaluate the phonon-to-plate response,
with the result displayed in Fig. 13; then, by combining the response
with the measured spectrum (shown in Fig. 6), the full response
of the imaging system can be obtained. By using the full response,
the relation between different areal densities and transmittance
can be calculated. Therefore, once the transmittance of a certain
area is known, the areal density distribution in this area can be
inferred.

In shot 105 [Fig. 9(a)], only the short-pulse laser was fired. It
should be pointed out that though only the PW laser was employed,

Matter Radiat. Extremes 9, 027602 (2024); doi: 10.1063/5.0045112 9, 027602-8

© Author(s) 2024

https://pubs.aip.org/aip/mre


Matter and
Radiation at Extremes

RESEARCH ARTICLE pubs.aip.org/aip/mre

FIG. 12. Predicted cross-sectional shape of the inner shell. The dashed line
represents the data contour from Fig. 9(b).

FIG. 13. Response of image plates to photons with different energies.

the unwanted hot electrons produced by the short pulse would hit
the Au hohlraum, and generate x rays, forming background noise
on the image plate. Thus, it is necessary to subtract the background
when calculating the x-ray transmission through the target. The sup-
porting copper cylinder [marked by the dashed box in Fig. 9(a)]
can be used as an on-shot calibration to estimate the background
level. Using the full response of the imaging system, we calculated
the transmission for the copper cylinder at different spatial coor-
dinates, as shown by the black curve in Fig. 14(a). In addition, the
x-ray transmission through the copper cylinder could be obtained
from the experimental results. After subtraction of an appropri-
ate background, the measured transmission is given in Fig. 14(a)
for comparison, depicted by the red curve. We can see that in the
central region, the measured profile agrees well with the simulated
value, indicating that the subtracted background is reasonable. It can
also be seen that, unlike the experimental data, the simulated profile
shows a sharp edge at the cylinder border. This is because in our
calculation, a point backlighter was assumed, whereas in reality, the
x-ray backlighter has finite size, and the source size can affect the
transmission profile.54

With the estimated background level, the areal density of the
un-driven target shown in Fig. 9(a) can be analyzed. After subtrac-
tion of the background, the transmission is obtained. We can then
find the areal density distribution with the full response of the HXI,
as shown in Fig. 14(b). The solid curve was obtained using the radio-
graphic image, and further smoothing gave the dashed curve. Note
that the areal density given here is mainly contributed by the gold
layer. This is because the x-ray energy of the backlighter is high,
and there is almost no deposition energy when it passes through the
plastic shells. According to the design, the initial areal density in the
central region of the target is about 7.7 mg/cm2. The inferred areal
density at the same position is about 7.5 mg/cm2, quite close to the
design data. Besides, the areal density is expected to increase radially.
Both the numerical value and the trend are in good agreement with
those shown in Fig. 14(b).

The areal density near the peak compression in Fig. 9(c) was
estimated in the same way. A lineout across the center of the tar-
get was applied to obtain the transmitted x-ray signal, the raw data
of which are plotted in Fig. 15(a). From Fig. 9(c), we can see that
the copper cylinder near the target has been ablated, making it dif-
ficult to evaluate its areal density distribution. Therefore, a region
of the larger-diameter cylinder (marked by the dashed box) was
chosen and used as an on-shot calibration to estimate the back-
ground level. With the same method as above, we can obtain the
areal density of the compressed target, as displayed in Fig. 5(b),
indicating that the peak value of the smoothed curve is about
70 mg/cm2.

Now, we estimate the uncertainty of the areal density obtained
by this method. The areal density of the target near peak com-
pression is analyzed as an example. The uncertainty comes mainly
from two sources, namely, the uncertainty in the energy spec-
trum measurement and that in the transmittance. The measured
energy spectrum is shown in Fig. 6, in which the error bars reflect
the uncertainty of measurement. To evaluate the influence of the
energy spectrum uncertainty on the areal density, a series of energy
spectra were generated by the Monte Carlo method, as shown
in Fig. 16(a) (only 100 of them are presented as examples), in
which the intensity distribution corresponding to each energy point
satisfies a normal distribution, with its mean and variance being
given by the measurement results. Then, for each energy spec-
trum, in combination with the responses of the image plates, the
full response of the imaging system is obtained, and then the rela-
tionship between different areal densities and the transmittance
is obtained. Through statistical analysis of this series of relation-
ships, the average transmittance and its uncertainty distribution
corresponding to different areal densities are obtained, as shown
in Fig. 16(b).

Next, the uncertainty of the transmittance is analyzed.
The transmittance T is calculated as T = (I − IBG)/(I0 − IBG),
where I, I0, and IBG are the intensities of the target region, the
region without target and the background, respectively. The
relative uncertainty of the transmittance can then be calculated as

σT = 1
T

√
(∂T

∂I )
2(ΔI)2 + ( ∂T

∂I0
)

2
(ΔI0)2 + ( ∂T

∂IBG
)

2
(ΔIBG)2 ≈ 25.8%,

where ΔI, ΔI0, and ΔIBG are the uncertainties in I, I0, and IBG, which
can be obtained from Fig. 9(c).

For a given transmittance, the areal density can be obtained
by using the relationship between transmittance and areal density
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FIG. 14. (a) Calculation of the transmission profile through the copper cylinder (black curve), and the measured profile from the experimental results (red curve). (b) Areal
density distribution of the un-driven target. The solid curve was obtained using the radiography data, and further smoothing gave the dashed curve.

FIG. 15. (a) Intensity of PSL data through the target center region shown in Fig. 9(c). (b) Areal density distribution obtained near peak compression. The solid curve was
calculated from the radiographic image, and further smoothing gave the dashed curve.

shown in Fig. 16(b). Owing to the existence of uncertainties in both
the transmittance and the relationship, the Monte Carlo method
is used to evaluate the impact of these uncertainties on the areal
density. Series of transmittances and relationships, with the distribu-
tion satisfying the uncertainty requirements, are generated. For each
transmittance and each relationship, the areal density can be calcu-
lated. Then, the distribution of these areal densities is analyzed, and
the mean value and relative uncertainty are found to be 72 mg/cm2

and 32.6%, respectively.
It is also possible to derive the areal density based on the size

of the compressed target. From Fig. 9(c), we find that the radius
of the compressed inner shell is about 25 μm, and therefore the
compression ratio (CR) is about 5. As the areal density is pro-
portional to CR,2 the compressed areal density is inferred to be
25 × 7.7 = 192.5 mg/cm2. It should be noted that this calculation
makes two implicit assumptions: (1) the mass of the target remains
constant before and after compression; (2) the compression pro-
cess of the target is close to the one-dimensional ideal compression.
The first assumption is valid because the current areal density is
mainly contributed by the gold layer, and, according to the simu-
lation results, at the moment close to the maximum compression,
there is still CH remaining on the outside of the gold layer, and
so the gold layer is not ablated and the mass before and after the

compression is unchanged. If the second assumption, namely, that
the compression process is close to one-dimensional ideal compres-
sion, is assumed to be valid, then the areal density calculated by this
method should be close to that of the one-dimensional simulation.
The simulation results from Multi1D show that the areal density at
t = 4.45 ns is about 195 mg/cm2, close to the value inferred from
the size of the compressed target. In practice, however, the second
assumption is not necessarily valid. As shown in Fig. 9(c), the shape
of the compressed target is not an ideal circle. This makes it difficult
to determine its size. The current method is to take the FWHM of the
intensity distribution in the black box in Fig. 9(c) as its radius. Since
the compression is not actually an ideal one-dimensional compres-
sion, this method gives a higher areal density than the result from
the radiographic image.

From the above analysis, we find that after taking into account
the measurement error in the energy spectrum and the uncertainty
in the transmittance, the evaluated areal density is still lower than
that given by one-dimensional simulation within the error range.
There are several reasons for this. The main reason is that in reality,
it is very difficult to achieve a perfectly one-dimensional implosion.
Moreover, the inserted supporting cone breaks the spherical symme-
try of the target. Another reason is that the subtracted background
will affect the inferred areal density. In the present experiment, the
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FIG. 16. (a) A series of energy spectra obtained by the Monte Carlo method. (b) Average transmittance and its uncertainty distribution corresponding to different areal
densities.

viewing angle of the FSS for measuring the x-ray spectrum was dif-
ferent from that of the HXI. This means that the measured energy
spectrum may differ somewhat from the x-ray spectrum for radio-
graphy, and this can result in errors in calculating the full response
of the imaging system. According to the results of previous exper-
iments, in general, closer to the direction of laser propagation, the
produced x rays will be a bit brighter and have more high-energy
photons. Therefore, if the energy spectrum measured in the HXI
direction were to be used for evaluation, the areal density obtained
would be a little higher. Besides, we assumed that the supporting
copper cylinder in Fig. 9(c) was not affected by the hohlraum x rays,
but it may actually be irradiated. All of these factors will have an
impact the background level and hence the areal density estimation.
In future experiments, we will consider using additional types of
spectral diagnostic equipment to improve the measurement accu-
racy, measuring the energy spectra of x rays at multiple angles in
order to remove the effect of angular dependence, measuring the
energy spectra of x rays generated by the nanosecond and picosec-
ond lasers separately in the direction of the radiography, and using
more on-line calibration objects, such as steps with different thick-
nesses and materials, in order to make a more accurate assessment of
the background. In addition, radiography of the implosion process
from multiple angles facilitates a more accurate assessment of the
symmetry of the implosion, as well as helping to evaluate the density
distribution.

D. Comparison with direct drive
From Fig. 9, we can see that the radiographic image qual-

ity when both the picosecond and nanosecond beams were fired
is worse than that when only the picosecond beam was on. There
are two main reasons. One is that the nanosecond laser beams
ablated the backlighter target, reducing hard x-ray production.40

Another reason is that x rays generated by the nanosecond laser irra-
diate the hohlraum and the double shell target, generating strong
noise.

Similar phenomena were also observed in previous experiments
on radiography of directly driven double shell targets. However, we
find that there are significant differences between the direct and
indirect drive cases. First, the influence of the nanosecond laser on

FIG. 17. Comparison of PSLs on the FSS IPs from different shots.

the brightness of the backlighter is different under these two dif-
ferent driving conditions. In the experiment, the FSS was used to
measure the backlighter spectrum, and the PSLs on different IP lay-
ers of the FSS were positively correlated with the intensities of x
rays with different energies. Therefore, we can use the PSL values
on different layer IPs to characterize the intensity of x rays with
different energies. Figure 17 shows the PSLs on the FSS IPs from
different shots, where the first few IPs correspond to lower-energy
x rays, and the later IPs record the signals of high energy x rays.
Shots 104 and 108 were indirectly driven and shots 98–102 were
directly driven, and for comparison, the results of all shots have
been normalized using the results of shot 105. It is clear from the
figure that the backlighter in the indirect drive case has the lowest
yield of high-energy x rays. This is because in the case of indi-
rect drive, not only does the unconverted nanosecond laser have
an impact on the backlighter, but also the x rays leaking from the
hohlraum diagnostic windows cause ablation of the backlighter, thus
creating a pre-plasma on its surface, expanding the hot-electron
dispersion angle and reducing the amount of high-energy x-ray
production.

It should also be pointed out that direct drive and indi-
rect drive produce different types of noise, and so it is necessary
to analyze the noise sources and adopt corresponding shielding
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methods. For direct drive, the noise comes mainly from the inter-
action between the laser beams and the low-Z ablation layer, which
produces x rays with relatively low energy, but a large number of
photons. For indirect drive, the noise comes mainly from the laser
entrance holes, the diagnostic windows, and the interaction between
the hohlraum and the hot electrons generated by laser–plasma inter-
action. Therefore, for indirect drive, more shielding methods are
needed. In the future, we will try to improve the design of the target
to raise the hard x-ray flux, strengthen the shielding from the uncon-
verted nanosecond laser and hohlraum-generated x rays to avoid
ablation of the backlighter, and employ time gating techniques55 to
mitigate noise.

V. CONCLUSIONS
Indirectly driven double shell target implosions have been

radiographed using ultrashort-laser-excited hard x rays. Images of
the double shell target at different moments have been obtained.
The shell evolution and the compressed shell radius deduced from
the radiographic images agree well with the radiation hydrody-
namic simulations. Specific areal density analyses have also been
investigated. The inferred areal density and its trend of change
for an un-driven target are consistent with the target design. The
inferred maximum areal density of the compressed target is about
72 mg/cm2, which is lower than the simulated value. The possible
causes of this discrepancy have been discussed. Furthermore, it is
found that the nanosecond lasers have a negative effect on image
quality, and the reasons for this degradation in image quality have
been analyzed. Several methods to improve the quality of radiog-
raphy have been proposed, which would help us to understand the
hydrodynamics of the implosion process better.
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