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ABSTRACT
Diagnosing the layered cryogenic DT implosions with traditional absorption based x-ray backlight radiography in inertial confinement fusion is a challenge because of the low opacity of the cold fuel. Refraction enhanced x-ray phase-contrast imaging
was proposed for diagnosing optically opaque material. In this paper, A Monte Carlo tool based on Geant4 is employed to model
the x-ray phase-contrast imaging for diagnosing cold fuel layer in cryogenic implosions. This model can successfully explain the
x-ray phase-contrast imaging experimental results on a micro focus x-ray tube with triple-layer ablator capsules. Furthermore,
the radiographs of ignition-scale capsule target is calculated. The fuel layer of DT ice can be observed with the phase contrast
imaging and the image is faded using absorption imaging only. Our simulations show that the shape of cold fuel and implosion
velocity can be inferred directly with the phase contrast imaging in inertial confinement fusion(ICF).
© 2019 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/10.1063/1.5087615

I. INTRODUCTION
Current inertial confinement fusion (ICF) target designs
are based on a spherical shell of low-Z materials as an ablator
and cryogenic fuel filled with low-density fuel gas.1,2 Since DT
ice is almost transparent for x-rays, it is impossible to attain
high-contrast images of the fuel-layer with the conventional
absorption-based x-ray radiography. The absorption radiography cannot be used to observe the fuel layer directly, and
it precludes precise measurements of the shape of fuel and
implosion velocity near stagnation, which are the critical metrics for assessing the progress toward ignition.3–5 Recently,
a cryogenic layer radiography experiment was performed on
OMEGA based on X-ray absorption imaging to study the effect
of mix due to very low opacity of DT relative to carbon.6 The
lower backlight energy(∼1.865keV) was proposed to improve
the contrast of radiography and the bent-crystal monochromatic radiography system was proposed to decrease the
influence of noise. Meanwhile, it’s also a hard work for
none or weak-mix DT fuel layer diagnosing with absorption

AIP Advances 9, 025311 (2019); doi: 10.1063/1.5087615
© Author(s) 2019

radiography, especially in ignition-scale cryogenic implosion
experiments with strong hot-spot emission and background
noise.
X-ray phase-contrast imaging, owing to its sensitivity to
density fluctuations of soft materials, has the potential to
solve this problem.7–9 Grated phase-contrast imaging,10 once
applied successfully in measuring the parameters of the preheat ICF targets, failed to diagnose the imploding capsules,
because of unfavorable conditions, including the electromagnetic noise, ablated debris and blow-off blur in high energy
density environment. In recent years, the theory of phasecontrast imaging was further developed by the discovery of
the refraction-enhanced edge effect.11,12 The effect results in
dark/bright fringes arising on the interface of two materials
in the radiography, which makes it possible to diagnose the
imploding DT fuel. Although refraction-based analytical formulas and ray-trace simulations have been derived to predict
the features of the refraction-induced enhancements of the
capsule shell,11–15 the analytical formulas becomes inadequate
in the case of non-ideal x-ray sources or multi-layer capsules.
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Monte Carlo simulation, which can simplify the phasecontrast imaging model, considering absorption effect and
phase contrast effect simultaneously is proposed in this work.
The Monte Carlo simulation model based on Geant4 code was
developed. The radiography experiment was performed on
the micro-focus x-ray tube and the multi-layer shell capsule
radiograph with high spatial resolution was collected for the
model validation. The radiograph of imploding ignition-scale
cryogenic capsule was calculated with Monte Carlo simulation (The temporal capsule state while imploding was derived
from 1D hydrodynamic code). Our work proposed that, the soft
DT(ice) fuel layer can be inferred directly with phase contrast
imaging during implosions. It can be used for DT fuel shape
and fuel implosion velocity diagnosing.
The paper is organized as follows. In Section II, the Monte
Carlo model is described. The model validation experiment
setup and results are illustrated in Section III. The simulation
results of ignition-scale capsule radiograph and discussion are
proposed in Section IV. Conclusions drawn from the present
study are summarized in Section V.

II. MONTE CARLO SIMULATION MODEL
Previous work described the principle of x-ray phasecontrast imaging,11,12 which utilizes dark/bright fringes due
to refraction enhancement to distinguish the interface of two
soft materials (the schematic shown in Figure 1).
A Monte Carlo tool based on Geant4 code is developed in
this work. The process of numerical method can be described
as following: While x-rays pass through the sample, the photoelectric effect and scattering occur (it means traditional
absorption process). The refraction effect of residual (nonabsorption) photon is implemented as a boundary process by
Snell’s law, in which the refractive index is presented as n=1-δ,
where δ is around 10-6 for keV x-rays and low-Z materials. In
our model, the refractive indexes of cold matters are obtained
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from NIST library. If plasmas are concerned, the refractive
index can be approximated by
q
nplasma = 1 − ne 2 /nc 2 ,
(1)
where ne is plasma electron density (1022 ∼1023 /cm3 during
compression and 1025 ∼1026 /cm3 at stagnation for inertial confinement fusion) and nc is critical density (1028 ∼1029 for multikeV x-ray backlight). In compression phase, nc is greatly larger
than ne and formula (1) can be expressed as
nplasma = 1 −

ne
= 1 − δ 0 (10−5 ∼ 10−7 ).
2nc

(2)

According to formula (2), the refraction index for compressed capsule in ICF is similar to cold low-Z matter, such as
polystyrene and beryllium.

III. EXPERIMENT FOR MONTE CARLO-BASED
CODE VALIDATION
A. X-ray tube source experiment setup
The Monte Carlo-based simulation method was validated
by the experiment on a micro focus x-ray tube, which could
generate x-rays in a size of about a few micrometers. The
sample is a standard triple-shell capsule used on ShenGuang
laser facility. The capsule has an inner radius of 330 µm, filled
with 10atm DD gas. The ablator shell of capsule is composed
of three layers from inside to outside: PS (polystyrene,C8 H8 ),
PVA(polyvinyl alcohol,[C2 H4 O]2 ) and CH. Detailed parameters
of these three layers are listed in Table I with measured thickness. The density and the phase index of the refractive index
for 10keV x-rays are obtained from NIST library. In this experiment, the source-to-sample distance is 127 mm and the image
is recorded at a distance of 22 mm from the sample by a
2048×2048 CCD detector. The magnification of radiography is
1.17. Furthermore, the x-ray source is generated with the high
voltage of 40kV and Mo target. The x-rays cross through a Be
Window and the energy spectrum is peaked around 10keV. The
spatial resolution of whole imaging system is around 3µm.

B. Comparison of numerical and experimental results
Figure 2 shows the radiograph measured in the experiment on micro focus x-ray tube, together with the simulated radiograph. In the simulation, the size of x-ray source
is defined as a 5µm diameter round spot and the energy is
10keV. Figure 2(a) shows the radiograph acquired in the experiment. Both the capsule and its support are observed. To discern the detailed structure of triple-layer shell, a section of
Figure 2(a) is shown in Figure 2(b). All the interfaces marked
as I, II, III, IV, corresponding to the DD gas/PS interface, the
TABLE I. Parameters for the multi-layer shell of the capsule(for 10keV x-rays).

Layer

FIG. 1. Schematic of x-ray refraction at the boundary of two materials for the
refractive index (a) n1 >n2 and (b) n1 <n2 .
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Thickness (µm)
density (g/cc)
Phase index δ

CH

PVA

PS

6
0.97
2.169×10-6

6
1.27
2.818×10-6

7
1.04
2.326×10-6
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FIG. 2. Results of the phase-contrast imaging experiment
on a micro focus x-ray tube compared with simulated
results: (a) the experiment measured radiograph, (b) a section of (a), (c) simulated radiograph and (d) intensity profile
of radiograph (b) and (c). The sequence numbers I, II, III, IV
in (b), (c) and (d) correspond to the DD gas/PS interface, the
PS/PVA interface, the PVA/CH interface and the CH outer
surface.

PS/PVA interface, the PVA/CH interface and the CH outer
surface, respectively, are distinguishable. The dark fringe at
inner surface and bright fringe at outer surface produced by
the phase-contrast effect with x-ray refraction was clearly
collected. Meanwhile, based on Monte Carlo model, the simulated radiograph of the capsule was shown in Figure 2(c) and
all interface were also marked out. The dark fringe at inner
surface and bright fringe at outer surface were reproduced
in the simulation. On the other hand, the dark/bright fringe
at interface II and III clearly shown in simulation is faded in
experiment. The intensity profiles of Figure 2(b) and Figure 2(c)
are compared in Figure 2(d). The positions of all interfaces
are in good agreement. High contrast has been achieved at
the inner and outer surfaces, while the low contrast at the
interface II and III makes the fringe faded. Furthermore, the
bright fringe at inner surface and the dark fringe at outer
surface were also invisible in the experiment. Faded fringe at
all interface in the experiment may be explained as following: the width of fringe is too narrow(1∼3µm in simulation)
to be distinguished by the imaging system with finite spatial
resolution. Furthermore, the inevitable noise (mainly comes
from electronic readout noise from the CCD) also degrades
the image contrast. In summary, the detailed feature of

capsule interface including dark/bright fringes was proposed
and the Monte Carlo model was validated for high contrast soft
material radiography.

IV. IGNITION-SCALE CRYOGENIC
IMPLOSION SIMULATION
In this section, the Monte Carlo model based on Geant4
combined with one-dimension hydrodynamic code is used to
simulate the x-ray radiograph of ignition-scale cryogenic capsule. The capsule parameter and its static state (preheat and
cold matter) radiograph is shown in Figure 3 with 9keV x-rays
for Zn backlighter. The capsule is composed of 4 regions, the
CH layer with thickness of 100µm, the doped layer (CH doped
0.5% Ge) with thickness of 90µm, the DT ice layer with thickness of 80µm and filled with 10atm DT gas. The capsule is
similar to Rev5 vision ignition target.1 The Figure 3(b) shows
the simulated radiograph. The phase contrast and absorption imaging was shown in the upper hemisphere, while the
traditional absorption imaging was shown in the lower hemisphere. Compared with the traditional absorption imaging, the
image contrast of DT ice/doped CH interface was significant
improved with phase contrast imaging. Meanwhile, it was hard

FIG. 3. (a) The pie diagram of capsule and (b) simulated preheat capsule radiograph(upper hemisphere with the phase contrast and absorption imaging, lower hemisphere
with the absorption imaging only), (c) intensity profile of (b).
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FIG. 4. one-dimension hydrodynamic simulation results (a) imploding stream line (b) the density/electron density distribution at 5ns (c) the density/electron density distribution
at 14ns.

to distinguish the DT gas/DT ice interface for both imaging
technologies because of the low density of pre-compressed
DT ice. A small structure might be observed near the DT
gas/DT ice interface with phase contrast imaging as shown
in Figure 3(c).
Furthermore, the imploding capsule radiography was
calculated. There are two steps in the simulation: 1) onedimension hydrodynamics code is used to calculate the cryogenic implosion, including the trajectory and electron density;
2) based on the results from step 1, the Geant4 model is used
to simulate the radiography of imploding capsule.
A one-dimensional numerical simulation was implemented with the 1D multi-group radiation hydrodynamic code

Multi-1D.16 Opacities was calculated with the SNOP code. The
SESAME database provided the data of equation of state (EOS).
The driven laser used 4th shaped pulse (16ns pulse, similar
to low-foot design in NIF1 ) and the peak radiation temperature was 300eV, the simulated results were shown in Figure 4.
Figure 4(a) shows the stream line of implosion, and the densities at 5ns and 14 ns are given in Figure 4(b) and 4(c), respectively. The first shock was propagating in CH layer at 5ns and
the capsule reached the maximum implosion velocity with a
compressed cold fuel layer at 14ns.
The imploding capsule radiography simulations were
based on the density/electron density distribution shown in
Figure 4(b) and 4(c) and the Geant4 model. The refractive

FIG. 5. Imploding capsule radiography simulation results
(upper hemisphere with phase contrast and absorption
imaging, lower hemisphere with absorption imaging only)
(a) early time imploding (b) intensity profile of (a), (c)
imploding during coasting (d) intensity profile of (c).
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index estimated by formula (2) for phase contrast imaging
and the mass absorption coefficient of capsule materials were
obtained from NIST library (the opacity of capsule material
is neglected) for absorption imaging. The simulation results
are shown in Figure 5 for 9keV x-rays with Zn backlighter.
Figure 5(a) and 5(b) are early time imploding simulation results.
The first shock was propagating in CH layer and it produced
a density gradient interface near the shock. The absorption
only imaging (lower hemisphere in Figure 5(a)) shows a blur
and low contrast image near the shock, since it’s insensitive
to the density gradient in the CH layer. In another hand, the
upper hemisphere radiograph with phase contrast imaging
in Figure 5(a) shows a clearly and high contrast image near
the shock. The reason is that the x-rays were refracted and
the image contrast improved with different refractive index
between forward and backward shock. Figure 5(c) and 5(d)
are the later time imploding simulation results. The capsule
was nearly coasting and DT ice layer had been compressed.
The absorption only imaging (lower hemisphere in Figure 5(c))
shows only the remaining CH layer (most part of CH had been
ablated). Meanwhile, the phase contrast imaging (upper hemisphere in Figure 5(c)) shows not only the remaining CH layer
but also the compressed DT ice layer. The interface of each
part of capsule are clearly observed.

V. CONCLUSION
The Monte Carlo-based model including both the absorption imaging and phase contrast imaging was implemented to
simulate the radiography of cryogenic implosions. The simulation model has been validated by the experiment on a
micro focus x-ray tube with triple layer capsule. Compared
with the traditional absorption imaging, X-ray phase contrast imaging can provide higher contrast images of the softmaterial interface, shock front and compressed cryogenic
layer. For cryogenic implosion diagnostics, different with previous work that using low-energy x-ray backlight for low
optic-depth materials, the x-ray phase contrast imaging with
x-rays around 10keV should be used to decrease the influence
of soft material absorption, suppress the background noise
(such as hot-spot self-emission) and improve the contrast of
interface/images.
In the next step, we plan to utilize an x-ray streak camera to record the imploding capsule to study the implosion dynamics of the capsule. More physical processes will
be considered in the model. For example, the LPI process
will produce lots of hot-electrons and it will converted into
x-ray in Au hohlraum and becomes a background noise
source; the x-ray source size and spatial resolution of imaging system in high power laser facility; the capsule selfemission near stagnation phase; The sensitivity and response
of x-ray streak camera; and so on. We believe this simulation tool will play an important role in our future work on
phase-contrast x-ray imaging and inertial confinement fusion
diagnostics.
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