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Abstract. This paper describes how X-ray and neutron distribution functions can be useful tools to visualize the
conditions measured in many types of plasma physics experiments. In particular we model a standard ICF ignition
capsule that consists of a Si doped plastic ablator surrounding a layer of DT ice as the yield varies from 18 kJ to 16.7
MJ and use the distribution functions to show that the neutrons and high energy X-rays (15 keV) are produced under
similar conditions when the yield is low. However as the capsule starts to support a propagating burn due to alpha
heating, the X-rays and neutrons are produced under somewhat different conditions in different parts of the plasma.
In particular the X-ray production takes place mainly in the hot plastic ablator for the full yield ignition capsule under
quite different plasma conditions than the DT region producing the 14 MeV neutrons which results in X-ray images
with larger radii than the corresponding neutron images. These same distribution functions can be applied to many
other plasma physics experiments.

1. Introduction

X-ray and neutron diagnostics are typically used to measure the plasma conditions that exist in
many high energy density plasma physics experiments [1-10]. For many years inertial confinement
fusion (ICF) experiment have used these diagnostics to understand the plasma conditions as they
strive for reaching ignition conditions where the compressed deuterium-tritium (DT) fuel is hot,
dense and large enough to support alpha heating of the plasma and produce more energy than the
laser energy used to drive the experiment. These ICF experiments on the National Ignition Facility
(NIF) typically use 1.8 M1J of laser light to heat the inside of a gold hohlraum that produces the
equivalent of a 300 eV black body that drives the spherical ICF capsule [1]. In this paper we use
distribution functions to help explain and visualize the conditions in the plasma as the yield of the
DT capsule varies from a low yield of 18 kJ to a near ignition yield of 1.1 MJ, similar to recent
NIF experiments [11], to a high yield of 16.7 MJ that represents ignition and gain. In this paper
we show how the X-ray and neutron diagnostics observe similar plasma conditions for the low
yield conditions where one is observing a small hot spot. However as the yield increases to 1.1 MJ
one starts observing alpha heating in the outgoing shock after the hot spot formation that results in
more heating of the plastic ablator with subsequent X-ray production. Finally in the 16.7 MJ high

yield case, where there is alpha heating through out the entire DT layer, we observe that most of



the X-ray rays are produced in the hot plastic ablator while the neutrons are all produced in the DT
region. The net result is the X-ray diagnostic will observe quite different results for the temperature
and radius of the hot plasma as compared to the neutron diagnostics. The distribution functions

provide a useful tool for understanding what the various diagnostics are reporting.

2. Radiation hydrodynamic simulations

A detailed description of the experimental setup for typical ICF capsules can be found in Ref.
1. In the present simulations we use an early design for the ICF capsule. This consists of a graded
doped plastic (CH) ablator that surrounds a 69 um thick DT ice layer. Table 1 shows the geometry
of the one-dimensional (1D) capsule. The Si doping is in atomic percentage. The capsule is
surrounded by low density He (0.00096 g/cc).
Table 1. Geometry of the ICF capsule

Material Outer radius( ym) Density (g/cc)
DT gas 866 0.00032

DT ice 935 0.25

CH 941 1.0632

CH with 1% Si 947 1.0741

CH with 2% Si 981 1.0849

CH with 1% Si 991 1.0741

CH 1130 1.0632

We performed one-dimensional (1D) LASNEX [12-13] radiation hydrodynamics simulations to
model the X-ray and neutron emission from the hot spot and understand the plasma conditions that
are producing the neutrons and X-rays. The simulations use a frequency-dependent radiation
source [14] that surrounds the spherical capsule and heats the outer ablator layers of the target that
blow outward and send a spherical shock inward toward the center of the target. The radiation
drive consists of 4 shocks with a computed peak radiation temperature of 302 eV at a time of 20.5
ns. This is typical of NIF experiment N110914 using the “low-foot” drive with 1.8 MJ of energy
and 500 TW of power [1]. The simulations use the LEOS 5358 tabular equation-of-state (EOS)
table for the 2%Si doped CH ablator and LEOS 5350 for the undoped CH sphere. The radiation

transport is modelled using Sn multi-group radiation transport [15-16] with 240 radiation groups
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Fig. 1. Neutron time-of-flight (n'TOF) spectrum for a nTOF diagnostic located 18 meters from
the ICF target. The red curve shows the simulation for the high yield case with 16.7 MJ of
output. The black curve is the mid yield case with 1.1 MJ output and the blue curve is the low
yield case with 18 kJ of output. The intensity of the mid and low-yield curves are multiplied by 6
and 200 to put them on the same scale as the high yield curve. The integral under the curves
sums to the total DT neutron production.
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with energies from 0-100 keV. The neutron production is calculated using the standard, velocity
integrated average reactivities, (ov), based on the nuclear cross sections [17-18] together with the
calculated temperatures and densities during the hydrodynamic simulations. For the X-ray
production we look at the X-rays produced in one bin centered at 14.8 keV (14.3 — 15.4 keV) since
this is representative of the X-rays measured with the X-ray imaging diagnostics [4,10].

The simulations predict a yield of 16.7 MJ and 5.9 x 10'® neutrons, which we will refer to as the
high-yield case. The shock reaches the center of the implosion at 21.820 ns with peak neutron
production slightly earlier at 21.815 ns. The full width half maximum (FWHM) for the DT neutron
production is about 9 ps while FWHM is 18 ps for the production of 15 keV X-rays. To simulate
experiments that have lower yields we modified the DT, DD, and TT reaction rates ov by a
constant factor of 0.2 and 0.495 which resulted in yields of 18 kJ and 1.1 MJ respectively.
Modifying ov is the most straightforward way to control the yield due to propagating burn. This
allows us to span a range of yields typical of NIF experiments with the 1.1 MJ representing the
threshold of ignition as seen in recent experiments on NIF [11]. The resulting neutron production
is 6.4 x 10" and 3.9 x 10'7 neutrons. We refer to these as the low-yield and mid-yield cases. Other
issues that affect the yield and output, such as ablator/DT mix, can be studied using these same

tools.

3. Using distribution functions to understand X-ray and neutron production

The neutron time of flight (n'TOF) measurement is a simple example of a distribution function
that gives the neutron production per ns vs time in ns as seen on the nTOF detector. Figure 1 shows
the simulated nTOF spectra of DT neutrons 18 meters from the target for the 3 cases of low, mid
and high yield. For each distribution the integral under the curve gives the total number of neutrons.
For the low and mid-yield cases the curves were multiplied by a factor of 200 and 6 respectively
to put them on the same scale as the high yield case. Fig. 1 shows how the width of the distribution
increases for higher yield due to the higher average ion temperature producing the neutrons. The
ion temperature can be estimated from the width of the nTOF spectrum with the formula Tion =
[8.197 x At/ D ]?> where Tion is the ion temperature in keV, At is the full-width at half maximum
(FWHM) for the temporal width in ns, and D is the distance from the target to the detector in
meters assuming there is no spreading due to the instrument response function [1]. These nTOF

simulations do not include any down scattering effects.
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Fig. 2. Distribution function, dN/dR, for simulated production of 14 MeV neutrons (solid) and
14.8 keV X-rays (dashed) versus radius R. The red, black, and blue curves are for the high, mid,
and low-yield cases where the mid and low-yield curves are multiplied by factors of 12 and 400
to fit on the same scale. The neutron distributions are absolute while the X-ray distributions are
scaled to fit on the same axis.
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Given the influence of both temporal evolution and spatial gradients on the integrated X-ray and
neutron emission we used our simulations to create distribution functions for the computed neutron
and X-ray production versus radius, temperature, density, material velocity, and pressure. To
create the distribution functions, we tallied and binned the DT neutrons (14 MeV) and X-rays (14.8
keV) produced by each zone in the simulation at each time step for a given plasma parameter. As
an example, to create the radial distribution we create a linear grid of radii and at each time cycle
we look at the number of neutrons made in each zone and populate the corresponding radial bin
with these neutrons. At the end of the simulation we have a time and space integrated result. As a
check on these tallies, we integrated the total neutron distribution function to assure that this
integration produced the total number of 14 MeV DT neutrons that were calculated from the
simulation. We similarly checked the X-ray distribution tally based on the total X-ray emission in
a bin centered at 14.8 keV. We believe these 1D distribution functions can be used to bolster our
understanding of the plasma conditions responsible for neutron and X-ray production in the central
hot spot. We can also create 2D distributions versus two plasma parameters simultaneously to
better understand correlations; that is a topic for a future publication.

Two important diagnostics in ICF experiments are X-ray [4] and neutron [6] imaging to
determine where the ignition is happening. A distribution versus radius requires an Abel
transformation before being compared to such an image. As a first example of a distribution based
on plasma parameters measured in experiments, the solid lines in Figure 2 show the neutron
distribution function, dN/dR, in units of 14.1 MeV neutrons N per radius R versus radius R in pm
for the 3 yields. The dotted lines in Fig. 2 show the X-ray distribution function for 14.8 keV X-
rays versus radius where the X-ray tallies were normalized to fit on the same scale as the neutron
tallies. For the low-yield case (blue) the neutron and X-ray distributions overlap quite nicely
indicating the neutrons and X-rays are made in the same hot spot. For the mid-yield (black) one
notices that the X-ray distribution has two peaks with the peak at smaller radius overlapping with
the neutron distribution. As one looks at the high yield case (red) one observes that the X-rays are
produced at larger radii than the neutrons. There is a small shoulder on the X-ray production that
coincides with the neutron production.

Using the neutron distribution function as a weighting factor, a mean radius can be calculated
by multiplying the radius by the distribution function, integrating over radius, and dividing by the
total number of neutrons created. For the high yield case this gives a mean radius of 42 um for DT

neutron production and 114 pm for the 15 keV X-ray production. As seen in Fig. 2 the X-ray
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Fig. 3. Distribution function, dN/dRy, for simulated production of 14 MeV neutrons (solid) and
14.8 keV X-rays (dashed) versus initial radius Ro. The red, black, and blue cures are for the high,
mid, and low-yield cases where the mid and low yield curves are multiplied by factors of 3 and

50 to fit on the same scale. The solid DT ice is initially from radii of 866 to 935 um with the CH

ablator at radii larger than 935 um. The neutron distributions are absolute while the X-ray
distributions are scaled to fit on the same axis.
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production at high-yield has a long tail at large radii that contributes to the large mean value. For
the low yield case the mean radii are 16.5 and 16.1 um for the neutrons and X-rays. The mean
values for these and the other parameters are summarized in Table 2.

It is important to understand why the neutrons and X-rays are produced at different radii in order
to interpret the results of experimental measurements. To understand this we created distributions
based on the initial radius Ro. Figure 3 shows the neutron and X-ray distributions versus initial
radius Ro keeping in mind that the DT ice is at initial radii from 866 to 935 um. For the low-yield
case (blue) the distributions overlap almost exactly and one observes that all the neutron and X-
ray production come from a thin DT layer at the inner radius corresponding to the hot spot that is
created during the implosion. For the mid-yield (black) one observes the neutron production is
now in a thicker DT region due to propagation of the DT burn as alpha heating starts becoming
important. In this case the X-ray production has two peaks, one that overlaps with the neutron
production in the burning DT plasma and a second in a thin layer of the hot CH ablator at radii
greater than 935 um. As the DT burns the outgoing shock heats the CH plastic and it radiates very
effectively given its higher Z even though the plasma temperature is lower. Finally for the high-
yield case one observes that the neutrons are produced across the entire DT region while most for
the X-rays are produced in the hot CH ablator. In this case the X-ray diagnostic is imaging the hot
CH while the neutron diagnostic is imaging the burning DT. This explains why the X-ray
production has significantly larger radius than the neutrons for the high yield case and a
temperature measurement based on neutrons and X-ray would be quite different.

To understand the temperatures creating the neutrons and X-rays, Fig. 4 shows the neutron and
X-ray distributions vs temperatures where we use the ion temperature that produces the neutrons
and the electron temperature that produces the X-rays. For the low and mid-yields the ion and
electron temperatures are very similar and only separate substantially for the high-yield case. For
the low-yield case (blue) the neutron and X-ray distributions are very similar and both peak
between 4.5 and 5 keV. For the mid-yield we observe the X-rays with two peaks, a spike near 2
keV corresponding to heating the CH ablator and another peak near 7 keV corresponding to the
burning DT plasma. As seen in Fig. 4, even though the CH ablator is much cooler than the DT the
higher Z compensates for the lower temperature and results in significant X-ray output from the
CH layer. For the high yield case one observes that the X-ray and neutron distributions have peaks

at much higher temperature with the neutron peak higher than the X-ray peak.
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Fig. 5. Distribution function, dN/dV, for simulated production of 14 MeV neutrons (solid) and
14.8 keV X-rays (dashed) versus material velocity V. The red, black, and blue cures are for the
high, mid, and low-yield cases where the mid and low yield curves are multiplied by factors of 4

and 60 to fit on the same scale. The neutron distributions are absolute while the X-ray
distributions are scaled to fit on the same axis.

14



To visualize how the neutron and X-ray yields change as the plasma changes from a single hot
spot to a propagating burn, Fig. 5 shows the neutron and X-ray distributions vs material velocity.
For the low-yield case the neutrons and X-ray both have peak velocities with slightly negative
values near zero. Negative velocities indicate an incoming velocity towards the center while
positive velocities are for an outgoing expanding plasma. For the low-yield (blue) the neutrons and
X-ray are being made in a small hot spot formed when the shock stagnates near the center of the
sphere. For the mid-yield case one sees the hot spot near zero velocity and the beginning of an
outward propagating burn for the neutrons. For the X-rays one observes a larger outward velocity
indicative of the expanding CH producing the X-rays. The propagating burn is even more evident
for the high yield case and again shows the X-ray production in a CH region that is expanding in
front of the DT region.

In Fig. 6 we plot the neutron distributions versus density and pressure. One sees that the neutrons
are made at densities of several hundred grams per cm®. We plot the pressure on a log scale to
show how the peak pressure increases from 10? Gbar to 10* Gbar as the yield increases.

Table 2 summarizes the mean values from the neutron and X-ray distributions for the various

plasma parameters.

Table 2. Mean values of the radii, ion and electron temperatures, density, and pressure
from the DT neutron and X-ray (14.8 keV) distribution functions and the ion temperature

from the nTOF simulation for the case of low (18 kJ), mid (1.1 MJ) and high (16.7 MJ) yield

cases.
Low Mid High
Neutrons | X-rays | Neutrons | X-rays | Neutrons | X-rays
Radius (ym) 16.6 16.1 320 493 423 1139
Tion-nTOF (keV) | 4.22 9.86 40.3
T-ion (keV) 4.65 3.74 8.52 547 333 29.2
T-electron (keV) 451 3.66 8.57 5.46 26.5 18.7
Density (g/cc) 226 259 212 285 335 176
Pressure (Gbar) 714 652 1177 882 6215 2652
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4. Conclusions

In this paper we describe how X-ray and neutron distribution functions can be useful tools to
visualize the conditions measured in many types of plasma physics experiments. We model a
standard ICF ignition capsule that consists of a Si doped plastic ablator surrounding a layer of DT
ice as the yield goes from 18 kJ to 16.7 MJ and use the distribution functions to show that the
neutrons and high energy X-rays (14.8 keV) are produced under similar conditions when the yield
is low. However as the capsule starts to support a propagating burn due to alpha heating, the X-
rays and neutrons are produced under somewhat different conditions in different parts of the
plasma. In particular the X-ray production takes place mainly in the hot plastic ablator for the full
yield ignition capsule under quite different plasma conditions than the DT region producing the 14
MeV neutrons. The net result is the X-ray diagnostic will observe quite different results for the
temperature and radius of the hot plasma as compared to the neutron diagnostics. X-ray and
neutron distribution functions provide a useful tool to better understand what the various
diagnostics observe. These same X-ray and neutron distribution functions can be applied to many

other plasma physics simulations.
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