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Abstract

Nuclear fusion experiments performed at the National Ignition Facility produce radioactive debris,
arising in reactions of fast neutrons with the target assembly. We have found that postshot debris
collections are fractionated, such that isotope ratios in an individual debris sample may not be
representative of the radionuclide inventory produced by the experiment. We discuss the potential
sources of this fractionation and apply isotope-correlation techniques to calculate unfractionated
isotope ratios that are used in measurements of nuclear reaction cross sections.

l. Introduction

In an inertial confinement fusion (ICF) experiment (Nuckolls et al., 1972; Nuckolls, 1982) at the National
Ignition Facility (NIF) (Moses, 2003; Moses et al., 2009), >1 MJ of ultraviolet laser energy (Mead et al.,
1981; Lindl et al., 2004) is delivered to the inner surface of a small cylindrical gold hohlraum (Kauffman
et al., 1994) creating a bath of X-rays that ablates the outer surface of a 2-mm-diameter spherical
capsule containing a mixture of deuterium and tritium (DT) (Boyd et al., 2009). The ablation creates a
spherical rocket that compresses the hydrogen isotopes to densities beyond those found in normal
terrestrial matter (Lindl, 1995; Nuckolls, 1982; Bodner, 1981; Lindl et al., 2004), leaving very little of the
capsule material in contact with the DT fuel when it fuses (Spears et al., 2008; Landen et al., 2010).
When the compressed fuel undergoes fusion reactions, it creates a 0.2-nanosecond-long pulse of
neutrons (Herrmann, et al., 2010), produced mostly from the 3H(?H,n)*He reaction (Lindl, 1995; Lind| et
al., 2004), with a peak energy of 14.1 MeV.

The target assembly, which contains the spherical capsule inside the hohlraum along with other
associated parts (Alger et al., 2010; Haan et al., 2011; Hein et al., 2013; Hamza et al., 2016; Parham et
al., 2016), is activated by the pulse of neutrons from the fusion reaction. Even though the deposited



laser energy is enormous, the time scale is sufficiently short that the hohlraum material does not move
significantly from its initial position until after the pulse of neutrons has passed (Eder et al., 2004; Eder
et al., 2013; Hagmann et al., 2015; Moody et al., 2018), even though the inner surface of the hohlraum is
heated to temperatures in excess of 0.2 keV (Haan et al., 1995; Lindl et al., 2004). Eventually, the
hohlraum matrix disintegrates (Dombrowski and Johns, 1963) and the resulting debris moves at high
speeds to passive collection plates fielded inside the NIF chamber at a distance 50 cm from the target
assembly (Prussin et al., 1986; Nakaishi et al., 1990; Grim et al., 2010; Gostic et al., 2012). These
collectors are retrieved from the NIF chamber and analyzed off-line for the activation products of gold
originating from the hohlraum matrix (Gostic et al., 2012; Shaughnessy et al., 2014; Moody et al., 2018).
Some neutrons produced in the fusion fuel scatter off the residual hydrogen isotopes, with a probability
that is dependent on the degree of compression of the fuel (Shaughnessy et al., 2014; Hagmann et al.,
2015). The lower-energy scattered neutrons are more likely to induce capture reactions in the
hohlraum matrix than are the primary fusion neutrons, so the measurement of the relative
concentrations of **’Au(n,y)**®Au and '*’Au(n,2n)**®Au in a debris sample is diagnostic of the capsule
compression and ICF performance (Shaughnessy et al., 2014).

The size of a sample required for production of an observable radiochemical signature when irradiated
at a distance of 50 cm precludes the fabrication of targets from most radioactive materials, including
many of the actinide nuclides. The ability to collect debris samples from high-neutron-yield ICF
experiments has led us to explore the possibility of irradiating materials loaded in the ICF capsule itself,
i.e., a thin layer deposited on the inner surface of the capsule/ablator outside the thermonuclear fuel.
The NIF capsule, which has an initial outside radius of 1 mm, is compressed to a radius of as little as 30
pum, a linear convergence ratio of more than 30 (Lindl, 1995). Assuming that the capsule remains
spherical (Clark et al., 2015), a sample containing 1 ng of a heavy-element nuclide, spread uniformly
over the inner surface, achieves an areal density of approximately 2.5x10%¢ atoms/cm?. An isotropic
pulse of 10 neutrons and a reaction cross section of 1 barn produces 2.5x108 product atoms. If we can
collect at least 1073 of the capsule debris, then we have produced a source of the product nuclide that is
sufficiently strong to be measured by conventional radiochemical techniques. In this way, we plan to
measure cross sections for neutron-induced reactions on radioactive species that would be dangerous
to handle in bulk, as well as distributions of products arising from the thermonuclear-neutron-induced
fission of exotic actinides.

Unfortunately, previous experiments involving collection of the hohlraum residuum and the
measurement of the resultant gold isotopes demonstrated that debris produced during a NIF
experiment is emitted and collected anisotropically. This is not surprising - while the goal of an ICF
experiment is to create a spherical compression of the fusion fuel (Lindl, 1995; Amendt et al., 1995), the
nuclear energy released from the capsule is small compared with the input laser energy, which drives
the hohlraum debris axially rather than radially. Since the capsule residuum is likely to stagnate against
the ablation front near the inner surface of the hohlraum after the pulse of fusion neutrons is produced
(Dawson, 1964; Prussin et al., 1986; Anderson et al., 1996), we would also expect anisotropic behavior in
the final distribution of initially isotropic capsule debris.



Individual collections of debris arising in the same NIF experiment accumulated on similar collectors
mounted within a few centimeters of one another can display significantly different collection
efficiencies, with sample-to-sample variations of as much as an order of magnitude (Gostic et al., 2012).
Even though the inner surface of the hohlraum is heated beyond incandescence, some fraction of the
activated matrix is not vaporized prior to being dispersed (Wilmott and Huber, 2000; Eder et al., 2004),
and arrives at the collection position as macroscopic particles whose anisotropic distribution is
controlled by the statistics of small numbers. This has been verified by interrogation of collector plates
with scanning-electron microscopy (Gostic et al., 2012). Our initial working assumption that NIF capsule
debris arises from a homogeneous fireball (Eder et al., 2008) has proven to be inaccurate when
extended to the rest of the target assembly.

Debris arising from a thin layer of target material deposited on the inner surface of an ICF capsule must
have passed through a plasma state before condensing on the debris collectors. Therefore, it will not
necessarily be distributed across a set of debris collectors as if it was intimately mixed with the debris
from the hohlraum, a substantial fraction of which was never reduced to atomic vapor. This means that
the debris from a NIF ICF experiment has the potential to be fractionated, and that any individual
collection of debris from an ICF experiment will probably not be representative of the composition of
the debris inventory as a whole. If it was possible to collect 100% of the debris produced in an ICF
experiment, fractionation among the individual debris increments would be unimportant.
Unfortunately, standard solid debris collectors subtend a total of less than 1% of the 4x solid angle, so
we must be concerned that fractionation would result in an ensemble of debris collectors that would
not be representative of the entire inventory of the debris field. Since radiochemical analysis uses
measurements of nuclide ratios, the debris field need not be isotropic in its distribution; however, if the
nuclide inventory of each debris increment is inhomogeneous, then we must be able to correct
measurements of radionuclide concentrations to simulate the inventory of unfractionated debris in
order to draw quantitative conclusions about fundamental nuclear properties or reaction cross sections.

Historically, the fractionation of debris samples was an issue in the analysis of the residues of the tests
of nuclear explosives. Nuclear-test debris samples rarely contained more than 10°® of the device
residuum (Moody et al., 2015) and fractionation effects could cause significant deviations from
homogeneity in collections of individual samples of radioactive glass. A large effort went into
developing techniques for processing a collection of non-representative samples and extrapolating to
the relative concentrations of a limited set of analytes in a hypothetical representative sample. We
intend to build on this work and apply the techniques developed for the radiochemical diagnosis of
fractionated nuclear-test debris to the NIF environment.

Nuclear-test diagnostics postulated two groups of processes resulting in fractionation, those occurring
at early times during debris formation (geometrical fractionation) and those occurring at late times
(chemical fractionation) (Moody et al., 2015). We propose the same demarcation for fractionated NIF
debris. In geometrical fractionation, the debris originating from the ICF target assembly never becomes
well mixed (Hicks, 1982); the inhomogeneous distribution of capsule and hohlraum debris due to the
physical scale of the debris particles falls into this category. Materials that are intimately mixed with
one another in the initial assembly should not be geometrically fractionated in collections of debris.



Chemical fractionation entails the segregation of chemical species during recombination of atomic-scale
debris (Irons and Peacock, 1974), nucleation and condensation at high temperatures and low
concentrations (Edvarson et al., 1959; Freiling, 1961), and the affinity of the material for a particular
collection matrix. Chemical fractionation is most important for debris arising from the capsule and the
innermost portions of the hohlraum, which pass through a state where matter has been reduced to the
atomic scale.

The effects of fractionation on the collection of debris samples must be understood before we can
consider making quantitative radiochemical measurements of nuclear properties at NIF. For instance,
the chemical fractionation of a reaction product from the target nuclide from which it derives would
lead to an incorrect determination of a reaction cross section from an isotope ratio. Chemical effects in
the collection of fission products would lead to incorrectly measured cumulative fission yields. In the
diagnostic measurements of ®Au/**®Au, mentioned above, chemical effects do not apply since both
nuclides in the ratio are isotopes of the same element, thereby chemically indistinguishable. We do
consider the potential for geometric fractionation; the gold hohlraum is not spherically symmetric,
making the flux of neutrons at the waist higher than that at the ends of the cylinder. Providing the
shape of the neutron energy spectrum does not change as a function of direction, the diagnostic isotope
ratio is invariant to any effects of geometrical fractionation. However, the ratio of a reaction product
concentration to that of the residual target species (e.g., 1°°Au/**’Au), changes according to the location
along the length of the hohlraum, and we do observe these differences between debris samples, thus
making the determination of an absolute collection efficiency problematic.

In this work, we report the results from initial experiments aimed at quantifying the degree of
fractionation observed in NIF debris collections. We apply the mixing techniques developed for nuclear-
test diagnostics to obtain representative nuclide concentration ratios among the components of the
debris and identify radionuclides arising from the same piece of the hohlraum assembly. We focus on
the activation products of copper to demonstrate that the elements Co, Ni, and Cu are neither
chemically nor geometrically fractionated to any significant degree under the conditions of these
experiments.

Il. Experimental

Experiments were performed onsite at the Lawrence Livermore National Laboratory. Debris samples
were collected from several different experiments at NIF. A diagram of a capsule in a hohlraum under
laser irradiation is shown in Figure 1. In each experiment, a capsule with an outer diameter of
approximately 2 mm containing an approximately equimolar mixture of deuterium and tritium was
suspended (Kucheyev, 2010) at the geometrical center of the hohlraum, a thin-walled cylindrical tube
constructed from approximately 0.15 g of heavy metals, primarily gold (Kucheyev, 2010; Wilkens et al.,
2007). The hohlraum used in many of the experiments reported in this work also included a thin layer of
depleted uranium, just outside the inner surface of the gold cylinder (Doppner et al., 2015; Steinman,
2007; Wilkens et al., 2007); since the uranium was not distributed uniformly throughout the gold, there



was a possibility for geometrical fractionation among their reaction products. The nominal hohlraum
dimensions are 0.6-cm in diameter and 1-cm in length (Anderson et al., 1996). The ends of the
hohlraum are closed with 1-um-thick polyimide windows that confine low-pressure He to mitigate laser-
spot motion (Eder et al., 2004; Lindl et al., 2004). Hohlraums are fabricated according to process
specifications rather than analytical constraints on the final product, making wall thickness and uranium
content in a given hohlraum non-representative of a process batch (Elsner, 1999; Gharibyan et al.,
2015b).

The target assembly is situated precisely at the center of the 10-m-diameter NIF vacuum chamber
(Wavrik et al., 1994; Foley et al., 1996). Figure 2 shows a photograph of a typical pre-experiment target-
assembly configuration. The gold hohlraum is not directly visible, since it is covered by an aluminum
sleeve (the thermo-mechanical package), with arms at top and bottom supporting the cryonics that
keep the capsule fuel at the proper temperature (Kucheyev, 2010). Thermal contacts between the arms
and the sleeve can contain indium metal. The thermo-mechanical package includes a diagnostic band
around the waist that is often constructed of copper. Holes around the waist of the hohlraum assembly
provide lines-of-sight for various prompt diagnostics (Herrmann et al., 2010; Moran and Hall, 1997). The
mentioned materials produce radiochemical signatures that can be inspected for the evidence of
fractionation processes. Though it is the source of the neutrons, the fusion capsule itself does not
provide a usable radionuclide signature unless materials are added specifically for that purpose.

In each experiment, the lasers fire and compress the capsule, producing a pulse of neutrons that
irradiates the target assembly. Debris samples for radiochemical analysis are collected passively at a
nominal distance 50 cm from the source of neutrons. Circular plates consisting of V, Ta, or graphite are
placed at two locations near the plane defining the equator of the hohlraum and a one location near the
axis of the hohlraum. The collector matrices were chosen for their high melting points and the
radioactive properties of their neutron-activation products. As many as twelve collectors can be
deployed in a given experiment, but the actual number is usually smaller in order to accommodate other
diagnostic requirements. In Figure 3 we show a set of four debris collectors (Shaughnessy et al., 2014),
mounted behind the snout of a Diagnostic Instrument Manipulator (DIM) (Plummer, 2013) to be
deployed at an equatorial position in a NIF experiment. The tip of the snout extends to within 10 cm of
the neutron source. The debris collectors are angled such that their surfaces are perpendicular to the
flux of incident debris particles. There is space behind the debris collectors to accommodate fixtures for
the irradiation of foils (Shaughnessy et al., 2014; Gharibyan et al., 2015a; Yeamans et al., 2016; Moody
et al.,, 2018). Following an experiment, the bracket containing the four collectors is retrieved from the
NIF chamber and disassembled to release the debris collectors.

The individual collectors are 5-cm in diameter and < 1-mm thick. The quick-release cap that holds a
collector in position during the experiment collimates the exposed surface to a diameter of 4 cm,
subtending 4x10™* of the solid angle into which debris can be emitted. Figure 4 is a photograph of a
typical collector that was fielded at an equatorial position during a NIF experiment and exposed to the
flux of debris. The area around the edge of the sample was covered by a mounting cap and was
essentially undamaged, while the exposed area underwent significant modification due to the melting,
impact and ablation processes (Gostic et al., 2012; Shaughnessy et al., 2014) arising from the laser



irradiation and dispersal of the target assembly. The collection efficiency for hohlraum debris is affected
by the physical scale of the debris particles, the degree of melting of the collector surfaces, and the
ablated material in front of the collector caused by the radiation pulse that precedes the hohlraum
residuum.

The collector disks were recovered and isolated from the brackets at the NIF facility and transported to
the radiochemistry facility for analysis. The elapsed time between the lasers firing and the receipt of the
samples was typically between 3 and 8 hours. For weak collections, where the activity of the debris is
small relative to the activation of the collecting medium, we can dissolve the surfaces of the collectors
and isolate the radionuclides arising from the hohlraum assembly. For the experiments reported here
this leaching process was not performed. Upon receipt, the samples were sealed in plastic bags (7
mg/cm? polyethylene) and mounted in standard gamma-spectrometry fixtures. Occasionally, two
graphite collectors retrieved from the same DIM were mounted together, driven by the limitations of
sample capacity of our Nuclear Counting Facility.

Gamma-ray intensities were measured with single-semiconductor COAX HPGe photon detectors (Knoll,
2000). The counting electronics and acquisition hardware were standard for the collection of spectral
data as singles (Knoll, 2000). The detectors were calibrated for both energy and efficiency responses
with a set of radionuclide standards, including commercial NIST-traceable mixed-radionuclide sources
and locally produced single-nuclide sources. The energy dependence of the efficiency function arises
from a geometrical model based on the construction of the detectors, benchmarked against the
calibration standards. Spectral data from 50 keV to 2 MeV were collected as time-tagged histograms in
4096 channels. The mounted samples were placed at well-defined positions (+ 0.02 cm), coaxial with
the detectors. The detectors and counting samples were located together in shielded enclosures
fabricated from at least 5 cm of lead, lined with copper to reduce the detection of the fluorescence of
lead. The radionuclide content of each sample was limited, so attenuators of precisely machined Cd
(approximately 0.4 g/cm?) were placed between the source and the detector to reduce the coincident
summing of photons emitted by the source (Debertin and Schotzig, 1977; Debertin and Schotzig, 1979;
Mignonsin, 1994). This allowed us to count the samples closer to the detector face than would be
otherwise optimal.

Photon spectra were processed with the GAMANAL code (Gunnink and Niday, 1971; Gunnink and Niday,
1976; Gunnink et al., 1988). The code requires the prior determination of the spectral peak shape as a
function of photon energy for quantification of photopeak areas, resolution of doublets, and calculation
of the peak-energy centroids. The code finds and integrates peaks in the photon spectra over an
extrapolated continuum, applies energy and efficiency calibrations, makes a geometrical adjustment for
the finite extent of the debris deposits, and calculates the effects of attenuation by the interposed Cd
foils. Based on metallic sectioning studies (Gostic et al., 2012), we determined that the debris was
distributed by melting through the top 1-um of the collector matrix, which was also taken into account
in the corrections for attenuation. GAMANAL calculates attenuation by interpolation from a table of
photon cross sections for a variety of materials (Plechatty et al., 1975). The code subtracts the
contribution from detector/shield radiation background for each photopeak, measured in a separate
long count without a source. Uncertainties in the resulting gamma-ray energy and intensity data were



obtained from the statistical weights of the photopeaks and the algorithms in the codes having to do
with the application of the detector efficiency, photon attenuation (Hubbel, 1977), and the spatial
distribution of the sample.

The variability in the distribution of debris across adjacent collectors strongly suggests that the
distribution across individual collectors is not uniform. We have no way to rapidly quantify the effect of
the inhomogeneity of a given source on detector efficiency. To minimize this uncertainty, samples were
counted no closer than 3 cm from the detector face. In addition, all radionuclide concentrations are
presented as ratios, which further reduces the consequences of lateral inhomogeneity in a debris
collection.

Individual spectra were accumulated over counting intervals less than the half-lives of the radionuclides
of interest. The characteristic acquisition time associated with each photopeak was calculated
correcting for the effect of non-linearity of decay during the finite counting interval. The characteristic
time 8, which is the elapsed time after the start of the data-acquisition period associated with the
average count rate in the time interval, is given by

8 = A a{) At/[1-exp(-\ At)]}, 1)

where At is the length (real time) of the count interval and A is the decay constant of the radionuclide.
The nuclear data (Firestone and Shirley, 1996; Xiaolong, 2007; Moody et al., 2018) in Table 1 were used
to convert the photon intensity data at count time to radionuclide atoms at the time associated with the
pulse of neutrons. The electronic dead time associated with data acquisition was never more than 2%.
The NIF and radiochemical facilities operate on different time bases, but were synchronized to within < 1
minute so that any given spectrum could be referenced to the irradiation time for decay correction.
When more than one value of a given quantity was obtained in a single experiment (e.g., multiple
counts of a sample), a weighted average of the measurements was calculated before propagating the
systematic errors associated with the absolute-intensity normalization and half-life.

Table 1. Nuclear data used in the calculation of reaction-product atom ratios, obtained from references
(Firestone and Shirley, 1996; Xiaolong, 2007; Moody et al., 2018). Uncertainties are 1-c.

Nuclide Half-life Photon energy Photon relative Absolute intensity
(minutes) keV intensity normalization
196mAy 576.2+1.3 147.8 1.2614 + 0.0188 0.3352 + 0.0097
168.4 0.1736 + 0.0018
188.3 1.0
285.5 0.1162 +0.0013
316.2 0.0805 +0.0011
19eAy (EC) 8880.3+0.9 333.0 0.263 + 0.006 0.869 + 0.009

355.7 1+0



196gAu (B)

237U

24Na

SGMn

64Cu

65Ni

SOCO

8880.3 + 0.9
9720.0 + 14.4
899.82 +0.72

154.71 +0.02

762.00 +0.12

151.03 +0.02

2772546 + 263

426.1

208.0

1368.6

846.8
1810.7

1345.8

366.3
11155
1481.8

1173.2
13325

1+0
0.2114 +0.0023
1+0

1.000 + 0.003
0.275 + 0.008

0.00776 + 0.00016

0.2037 + 0.0022
0.654 + 0.004
1+0

0.9990 + 0.0002
0.9998 + 0.0001

0.066 + 0.003
1+0
1+0

0.9887 + 0.0003

0.610 + 0.003

0.2359 +0.0014

Table 2 lists the fifteen NIF experiments that produced the debris samples yielding the radionuclide

concentration ratios reported in this work, the dates on which they were performed, and their neutron

yields. These experiments spanned an 8-month period during which NIF 4t neutron yields approached

10%%, and were selected because they incorporated a copper diagnostic band around the thermo-

mechanical package.

Table 2. NIF experiments producing the debris samples used in this work. The experiment name

incorporates the date (yymmdd) on which the experiment was fielded, usually the day before the

irradiation. The experiment names connect the neutron yields to the sample numbers given in Table 3.

The neutron yield of an experiment is an authorized value reported by the NIF diagnostics team. The

Julian date associated with the experiment refers to the Nuclear Counting Facility time basis, which is

always U.S. Pacific Daylight Savings Time.

Experiment Neutron yield

N150416 7.03x10% +1.8%
N150409 6.86x10% +1.9%
N150401 5.91x10% +1.9%
N150318 4.86x10% +2.8%
N150218 5.19x10% +4.7%
N150211 7.64x10% +1.7%
N150121 6.26x10%° +2.4%
N150115 3.08x10% +3.1%

N141123

1.10x10" +1.5%

Julian date

106.9649, 2015
99.9539, 2015
92.3538, 2015
78.2777, 2015
50.3991, 2015
43.3903, 2015
22.4836, 2015
15.7674, 2015

327.9447, 2014



N141116 1.28x10" +3.3% 321.1461, 2014

N141106 2.77x10" +2.0% 310.9674, 2014
N141016 3.07x10% +1.7% 289.8211, 2014
N141008 4.80x10% +2.3% 282.2508, 2014
N140926 2.85x10" +1.5% 270.0134, 2014
N140819 5.47x10% +2.8% 232.2075, 2014

Between four and twelve debris samples were recovered from each experiment. Typically, several
radioisotopes were observed in the gamma-ray spectra of the samples. These included nuclides arising
from neutron activation of the collecting medium (e.g., 18°Ta, %8Sc), the activation of the gold hohlraum
matrix (e.g., °°*™Au, 9%8Au, 1%8Au), activation of the thermo-mechanical package (e.g., ?*Na, *™In), and, if
present, reactions in the uranium layer near the inner surface of the hohlraum (e.g., 27U, **Mo).
Products of the neutron activation of the copper diagnostic band were also observed (e.g., ®*Cu, %°Ni).

For the purpose of studying debris-fractionation effects, we chose to focus on the products of the
neutron activation of copper. Samples from the 15 experiments were selected on the basis of whether
®4Cu, arising primarily from the %Cu(n,2n) reaction, was observed. This resulted in the selection of data
taken from 65 collectors for inclusion in the study. These samples are listed in Table 3.

Table 3. Information on the 65 debris collections analyzed for these experiments. Irradiation
information is given in Table 2. The collector matrix was either vanadium (V), tantalum (Ta), single
graphite (C), or double graphite [C(2)].

Sample Experiment Collector Sample Experiment Collector
Number Identifier Matrix Number Identifier Matrix
1 N150318 Vv 34 N141106 Ta

2 N150318 Vv 35 N141116 C(2)

3 N150318 Vv 36 N141116 C(2)

4 N150318 Vv 37 N141116 C

5 N150318 C(2) 38 N141123 \Y

6 N150318 C(2) 39 N141123 C(2)

7 N150401 Vv 40 N141123 C(2)

8 N150401 \ 41 N141123 Ta

9 N150401 \ 42 N150115 \

10 N150401 Vv 43 N150115 \

11 N150401 C(2) 44 N150115 \

12 N150401 C(2) 45 N150115 C(2)
13 N150409 Vv 46 N150121 Vv

=
o

N150409 \ 47 N150121 \



15 N150409 C(2) 48 N150121 Vv

16 N150409 C(2) 49 N150121 \Y
17 N150416 \Y, 50 N150121 C(2)
18 N150416 v 51 N150121 C(2)
19 N150416 \Y, 52 N150211 Ta
20 N150416 \Y, 53 N150211 Ta
21 N150416 C(2) 54 N150211 Ta
22 N150416 C(2) 55 N150211 Ta
23 N140926 \Y, 56 N150211 C(2)
24 N140926 v 57 N150211 C(2)
25 N141008 C 58 N150211 C(2)
26 N141008 Ta 59 N150218 \
27 N141008 Ta 60 N150218 Vv
28 N141016 Vv 61 N150218 \Y
29 N141016 v 62 N150218 C(2)
30 N141016 C 63 N150218 C(2)
31 N141106 Vv 64 N140819 \Y
32 N141106 C 65 N140819 \%
33 N141106 C
Il Results

Between 5 and 7 gamma-ray spectra were acquired from each counting sample over the span of 7 to 10
days. These spectra were processed with GAMANAL to give a table of radionuclide concentrations at
irradiation time. As many as 30 radionuclide concentrations were determined for each sample.

We selected seven radionuclides, the production of which was often observed in the gamma-ray
spectra, arising in different parts of the target assembly. These radionuclides are representative of
seven different elements characterized by a variety of chemical properties. The cross sections of the
relevant nuclear reactions are well known (McLane et al., 1988). The gold hohlraum matrix produced
19%6eAy via the 7Au(n,2n) reaction; the data were corrected for the IT decay of 9.6-hour **™Au (Moody
et al., 2018). The thin uranium layer near the inner surface of the hohlraum gave rise to *’U via the
238(n,2n) reaction. Aluminum in the thermo-mechanical package produced *Na via the ?’Al(n,a)
reaction. With fast neutrons, the production of *®Mn was primarily through the **Fe(n,p) reaction; the
location of ferrous materials in the target assembly is unspecified, making it likely that a substantial
fraction of the overall inventory of °*®Mn on a given collector arose from neutron reactions with the steel
retaining rings that hold the debris collectors in place during irradiation. The nuclides ®*Cu, ®*Ni and ¢°Co
arose from fast-neutron reactions in the diagnostic band via ®Cu(n,2n), ®*Cu(n,p) and ®*Cu(n,a)



reactions, respectively. Neutron reactions with cobalt and nickel in steels could also contribute to the
production of ®Ni and ®Co.

Table 4 presents six isotope ratios measured in our experiments. Not every analyte concentration was
qguantifiable in every sample, for reasons given in the table header.

Table 4. Six nuclide concentration ratios in the selected debris samples (Table 3) measured by gamma-
ray spectrometry. In several instances no measurement was made. The symbol )? designates samples
from experiments in which uranium was not incorporated in the hohlraum, precluding observation of
27y, The symbol )° designates samples for which gamma-ray spectrometry did not return a value for
the concentration in the numerator, either from a delay in retrieving the samples (i.e., short-lived ®Ni
and >®Mn), insufficient time available for long-term counting (i.e., long-lived ®Co), or by marginal
collection efficiency for the analyte. Uncertainty values are 1-G.

Sample [**Na]/[*%Au] [*7U]/[**%8Au]  [®Ni]/[**Cu] [®*Cu/**%eAu]
Number atom ratio atom ratio atom ratio atom ratio

1 0.278+1.3% 0.0506 +2.2% 0.0262 +6.9% 0.299 +5.0%
2 0.177+1.4% 0.0144+11% 0.0131+72% 0.191+25%
3 0.214+1.2% 0.0268 +7.0% 0.0283 +21% 0.247 +15%
4 0.343+1.2% 0.0475+2.6% 0.0172+44% 0.154+21%
5 0.246 +1.2% 0.0518 +2.1% 0.0285 +10% 0.249 + 8.0%
6 0.166 +1.2% 0.0387 +2.0% 0.0239+13% 0.252+7.0%
7 0.193+1.3% 0.0221+4.7% 0.0244 +6.8% 0.453 +5.2%
8 0.224+1.4% 0.0274+5.2% 0.0239+13% 0.528 + 7.6%
9 0.258+1.4% 0.0375+2.5% 0.0237+5.1% 0.242+6.1%
10 0.296+1.3% 0.0539+1.7% 0.0225+7.4% 0.274+4.9%
11 0.221+1.2% 0.0538+1.9% 0.0237 +13% 0.260 + 8.3%
12 0.273+13% 0.0346+4.7% 0.0291 +26% 0.186 + 19%
13 0.196 +1.2% 0.0689 +1.6% 0.0238 +15% 0.213 +5.2%
14 0.205+1.2% 0.0390+1.7% 0.0222 +17% 0.245 +4.8%
15 0.218+1.3% 0.0525+2.4% 0.0247 +91% 0.243 +13%
16 0.217+1.5% 0.0297 +7.6% 0.0307 +55% 0.286 +21%
17 0.132+1.2% 0.0233+2.1% 0.0264 +40% 0.185 + 6.9%
18 0.181+1.3% 0.0277 +4.6% 0.0353+47% 0.342 + 14%
19 0.254+1.2% 0.0333+2.4% 0.0255+25% 0.197 +9.0%
20 0.131+1.3% 0.0668 +1.6% 0.0226 +11% 0.158 + 4.4%
21 0.211+1.3% 0.0644 +1.9% 0.0283 +18% 0.288 +6.4%
22 0.216+1.4% 0.0301+4.4% )° 0.195 + 23%
23 0.211+13% )° 0.0233+13% 0.489+4.7%
24 0.200+1.3% )° 0.0238 +12% 0.423 +4.6%



25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

0.541 + 1.8%
0.238 + 1.2%
0.193 + 1.2%
0.227 + 1.3%
0.250 + 1.3%
0.324 +1.7%
0.158 + 1.4%
0.252 + 1.5%
0.218 + 1.5%
0.136 + 1.4%
0.198 + 1.3%
0.234 + 1.3%
0.307 + 1.7%
0.265 + 1.3%
0.146 + 1.4%
0.366 + 1.4%
0.262 + 1.3%
0.220 + 1.3%
0.326 + 1.3%
0.257 + 1.3%
0.184 + 1.3%
0.319 + 1.3%
0.263 + 1.3%
0.125 + 1.3%
0.176 + 1.3%
0.215 + 1.4%
0.223 + 1.3%
0.227 + 1.3%
0.271+ 1.4%
0.278 + 1.3%
0.304 + 1.3%
0.243 + 1.3%
0.475 + 1.5%
0.282 + 1.3%
0.300 + 1.2%
0.323 +1.3%
0.332+1.2%
0.262 + 1.3%
0.160 + 1.3%
0.160 + 1.2%
0.236 + 1.2%

0.131 + 4.3%
0.113 + 1.5%
0.109 + 1.5%
0.0949 + 1.5%
0.0973 + 1.5%
0.108 + 3.8%
?

g

)

?

g

?

)

0.0534 + 2.2%
0.0338 + 3.7%
0.0416 + 5.9%
0.0472 +2.2%
0.0297 + 2.0%
0.0574 + 2.0%
0.0236 + 5.3%
0.0409 + 2.5%
0.0417 + 1.8%
0.0313 + 6.0%
0.0117 + 5.6%
0.0390 + 1.9%
0.0470 +2.2%
0.0546 + 2.4%
0.0657 + 1.5%
0.0199 + 6.1%
0.0508 + 1.6%
0.0221 + 5.8%
0.0381 + 2.5%
0.0499 + 10%
0.0455 + 2.3%
0.0530 + 1.9%
0.0192 + 11%
0.0412 + 1.9%
0.0389 + 2.4%
0.0326 + 2.6%
0.0219 + 1.6%
0.0479 + 1.6%

0.0361 + 70%
0.0243 +5.3%
0.0252 +11%
0.0279 + 31%
0.0420 + 43%
)b

0.0246 +8.1%
0.111 +93%
)b

0.0224 + 19%
0.0313 +32%
0.0231 + 30%
)b

0.0254 + 18%
0.0333 + 64%
)b

0.0329 +28%
0.0327 + 34%
)b

)b

0.0362 + 56%
0.0245 + 6.5%
0.0235 + 15%
0.0181 +27%
0.0242 +4.4%
0.0266 + 13%
0.0299 + 13%
0.0228 +8.7%
0.0263 + 19%
0.0217 +11%
0.0291 +9.6%
0.0280 + 7.0%
0.0156 + 65%
0.0257 + 15%
0.0230 +8.2%
0.0269 + 33%
0.0253 + 16%
0.0305 + 18%
0.0251 + 8.4%
0.0233+8.7%
0.0293 + 15%

0.547 + 53%
0.455 + 3.9%
0.189 + 7.3%
0.321+5.6%
0.323 +6.9%
0.292 + 61%
0.431 +2.9%
0.236 + 53%
0.217 + 26%
0.210 + 5.6%
0.210 + 18%
0.195 + 14%
0.341 + 59%
0.443 + 5.6%
0.223 + 19%
0.218 + 32%
0.288 + 7.3%
0.450 + 4.1%
0.274 +9.2%
0.191 + 25%
0.284 + 8.2%
0.501 + 3.6%
0.411 + 12%
0.129 + 1.2%
0.283 +3.5%
0.363 + 6.6%
0.210 + 9.8%
0.209 + 4.4%
0.178 + 14%
0.212 +5.1%
0.430 + 6.7%
0.354 + 5.3%
0.527 + 42%
0.270 + 9.5%
0.292 + 5.4%
0.167 +27%
0.261 + 7.6%
0.218 + 11%
0.258 + 6.7%
0.357 + 5.9%
0.375 + 6.4%



Table 4, continued

Sample
Number
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[**Mn]/[**¢Au]
atom ratio

0.00151 +8.7%
0.00126 + 60%
0.00248 + 17%
0.00132 +25%
0.00133 +8.3%
0.000849 + 12%
0.00192 +13%
0.00105 + 36%
0.00182 +5.7%
0.000890 + 10%
0.000836 + 15%
0.00386 + 7.0%
0.000552 + 44%
)b

0.000855 + 30%
0.00644 +21%
0.000464 + 49%
0.00182 + 99%
)b

0.000352 + 26%
0.000603 + 29%
0.000762 + 60%
)b

)b

)b

0.00230 +4.2%
0.00208 +5.1%
0.00110 +23%
0.00117 + 20%
0.00287 +47%
0.00137 +21%
0.00149 + 73%
0.00138 + 79%
0.00110 +9.9%
0.000973 +39%
0.00113 +22%

[*°Co]/[***#Au]
atom ratio

0.0636 +41%
0.307 + 72%
)b

0.0221 +96%
0.0462 + 38%
0.0377 + 18%
)b

0.0432 +55%
0.0380 + 75%
0.0350 + 11%
0.0299 + 27%
)b

0.0204 + 30%
0.0337 +27%
0.0518 + 26%
0.271 +72%
0.0284 + 25%
0.0567 + 58%
)b

0.0222 + 19%
0.0463 + 30%
0.0657 + 63%
0.0515 + 8.8%
0.0494 +9.6%
)b

0.0583 +6.3%
0.0246 + 19%
0.0397 +17%
0.0451 + 15%
0.228 +43%
0.0505 + 16%
)b

0.0654 +91%
0.0224 + 12%
)b

0.0897 + 72%



37 0.00255 + 82% 0.0826 + 97%
38 0.000541 + 61% 0.0420 + 34%
39 0.000432 + 54% 0.0404 + 55%
40 0.00173 + 66% 0.126 + 99%
41 0.00122 +24% 0.0425 + 24%
42 0.000798 + 42% 0.0579 + 16%
43 0.00180 + 26% 0.0305 + 43%
44 ) 0.0956 + 47%
45 0.000651 + 42% 0.0419 + 42%
46 0.000618 + 25% 0.0632 +12%
47 0.00264 + 11% )°

48 0.000587 + 45% 0.0136 + 56%
49 0.00129+5.1% 0.0293 + 30%
50 0.00120 + 13% 0.0470 + 19%
51 0.00208 + 5.5% )

52 0.000861 + 8.0% 0.0245 + 8.3%
53 0.00170 + 11% )

54 0.000865 + 9.8% 0.0199 + 19%
55 0.00305 + 7.9% 0.0340 + 80%
56 0.00198 + 6.3% 0.0522 + 30%
57 0.00164 +9.5% )

58 0.000742 +17% 0.0287 +24%
59 0.00156 + 8.6% 0.0240 + 47%
60 0.00212 +21% )

61 0.000487 + 38% 0.0283 + 25%
62 0.000841 + 18% 0.0301 + 28%
63 0.00199 + 4.4% 0.0329 +31%
64 0.000763 + 8.5% 0.0402 +5.0%
65 0.00152 + 6.5% 0.0442 +5.0%

V. Discussion

In Figure 5 we show the energy spectrum of neutrons incident on the hohlraum specific to experiment
N141106. The other experiments listed in Table 2 produced neutron spectra that were similar in form,
i.e., strongly peaked at 14.1 MeV but with significant contributions at lower energies from neutrons
scattering off hydrogen atoms in the thermonuclear fuel (Cerjan et al., 2013; Frenje et al., 2013; Clark et
al., 2015). The Figure-5 spectrum is the result of a simulation (Cerjan et al., 2013; Cerjan et al., 2015),
which was validated against prompt diagnostic measurements (Le Pape et al., 2014; Glebov et al., 2006;
Frenje et al., 2010; Rinderknecht et al., 2012; Moran and Hall, 1997). The contribution to the spectrum



from room-return neutrons is not included, but is important only at sub-MeV energies (Hagmann et al.,
2015), potentially contributing to the inventory of neutron-capture reaction products. It has been
shown (Hagmann et al., 2015; Shaughnessy et al., 2014) that at distances from the neutron source on
the order of the dimensions of the hohlraum, the neutron flux from the capsule so overwhelms the
eventual contribution from room return that the latter can be ignored, even for reactions with no
energy threshold. Thus, the spectrum shown in Figure 5 will most likely produce (n,2n), (n,p) and (n,a)
reaction products from light transition metals. The (n,y) cross sections are largest at sub-MeV neutron
energies and are approximately 1 mb at 14 MeV (MclLane et al., 1988). Contributions to the inventories
of ®Cu, ®*Ni and ®°Co in the debris samples from ®Cu(n,y), 5*Ni(n,y), and *°Co(n,y), respectively, are
therefore considered insignificant compared to their production via other reaction channels on the
copper isotopes.

For simple systems, we often assess the presence or absence of fractionation through the construction
of a two-isotope plot, in which a ratio of radionuclide concentrations is displayed for a set of debris
collections. If an isotope ratio is a constant across all the collectors in a given experiment, it is an
indication that the two radionuclides are unfractionated from one another in that experiment. If the
target assemblies from several experiments are identical and the isotope ratio remains constant across
experiments, we may then draw global conclusions about fractionation. Unfortunately, the NIF target
assembly can vary significantly in construction from experiment to experiment.

The 56 values of [237U]/['°%¢Au] in Figure 6 are obtained from the individual experimental samples. The
sample numbers do not correspond to those in Tables 3 and 4, skipping the samples in which >’U was
not observed, although they are grouped by experiment as in the tables. The magnitude of the data is
similar across the experiments except for the results from samples from experiments N141008 and
N141016, in which the debris displayed anomalously high values of the nuclide concentration ratio,
indicating a difference in the experimental design of the target assembly. Examination of the pre-
experiment hohlraum configuration drawings shows that, while the overall dimensions were identical,
the structure of the Au/U item at the waist of the hohlraum was significantly different for the two
experiments.

Although the magnitude of the results from the other experiments was similar, these data show the
effects of fractionation of 27U from °®8Au in the hohlraum. Evaluating the six values measured in
experiment N150318 and the six values measured in experiment N150401 (left side of Figure 6), the
spread in the value of the [2”U]/[*°®¢Au] isotope ratio obtained in a given experiment spans a factor of
four, far exceeding the 1-c uncertainties of the individual data points (1.7% to 11%). We cannot
conclude from these data whether the mechanism of fractionation is chemical, geometrical, or a
combination of both. Uranium is present as an isolated layer in the gold hohlraum matrix rather than
being intimately comingled, thereby providing a mechanism for geometrical fractionation. A substantial
fraction of the gold hohlraum matrix debris is distributed as macroscopic particles, but uranium is
located near the incandescent inner surface of the hohlraum and may be distributed only after being
vaporized/ionized. Uranium and gold have very different properties as ions in a plasma (Sansonetti and



Martin, 2005), and may neutralize at different rates. However, there was no systematic preference
between uranium and gold displayed by any of the three different collection media (Table 3).

The 65 values of [**Cu]/[*°°8Au] measured in our samples are plotted in Figure 7. In this case, the sample
numbers match those in Tables 3 and 4, as both analytes were measured in all samples. We assess that
the magnitude of the data across the 15 experiments indicates that the relative geometric placement
and mass of copper and gold parts in the pre-experiment target-assembly configurations is similar. We
note that the values of the isotope ratio for a given experiment vary by a factor of approximately five,
significantly more than the 1-c uncertainties of many of the data points. This is an indication that the
distribution of gold and copper in the debris samples display the effects of fractionation. Copper and
gold are chemically similar, occupying group 11 of the periodic table, so we would expect chemical
fractionation effects to be somewhat mitigated. Additionally, since the initial copper part lies outside
the gold cylinder, it is likely that it is disseminated as macroscopic particles rather than passing through
the vapor phase. Since gold and copper layers in the pre-experiment assembly are separated by the
aluminum sleeve of the thermo-mechanical package, it is not surprising that their activation products
are geometrically fractionated at least as much as are those of gold and uranium.

The 58 values of [**Ni]/[**Cu] measured in our experiments are displayed in Figure 8. In this case, both
radionuclides arose in reactions of neutrons with ®°Cu, present as a single isolated cylindrical layer in the
pre-experiment target assembly, and were not expected to display the effects of geometrical
fractionation. Any scatter in the data could arise only from chemical effects that act to separate nickel
from copper in the distribution and collection of debris. Since we have already surmised that much of
the copper matrix is not vaporized, the effects of chemical fractionation should be minimal. Within 1-c
uncertainties, the data are consistent with a constant value of [®*Ni]/[®*Cu] = 0.02447 + 1.5%. There is
no significant systematic difference between isotope ratio values as a function of the three different
collecting media. We conclude that copper and nickel species from neutron reactions in the diagnostic
band are chemically similar in NIF debris, that any systematic bias in their collection is remarkably
constant across the set of experimental measurements (discussed below), or that chemical fractionation
effects do not apply to macroscopic debris particles.

While a two-isotope plot is a useful tool for detecting fractionation across a collection of debris samples,
correction for the effects of fractionation and determination of concentration ratios in a hypothetically
unfractionated debris sample is accomplished through three-isotope plots. In geological systems this
tactic is referred to as principal component analysis (Albarede, 1996; Faure, 1991), and as fractionation
analysis or the “two-pocket” model in the radiochemical interpretation of nuclear-explosive debris
(Hicks, 1982; Freiling, 1961; Moody et al., 2015; Garwin and Charpak, 2001).

We postulate a chemical system containing two analytes, A and B, distributed unequally between two
containers. We produce a new mixture of the analytes from arbitrary-sized aliquots of the materials in
the two containers. If we plot the concentration of A vs. that of B, the value [A]/[B] of the new mixture
will lie on the line connecting the points describing the two original solutions. If several different
mixtures of the original samples are produced and measured, they will define a mixing line even if the
data from the original samples are not available. This is referred to as a mixing analysis, and it is valid



only when the analytes are conserved in the mixing process (e.g., no evaporation or precipitation
processes from mixing the solutions). The distribution of debris analytes across a set of collectors in NIF
is potentially non-conservative, with the majority of the fractionated debris being uncollected. If a third
analyte, C, can be measured in the debris samples, the mixing analysis can be made less sensitive to
non-conservative losses through the correlation of concentration ratios [A]/[C] vs. [B]/[C], effectively
isolating fractionation effects from debris-field inhomogeneity. As with two-component analyses, a
series of three-component isotope ratios defines a mixing line derived from measurements of
fractionated samples. Unless sampling is biased in some way, a fractionated data set must give isotope
ratios that lie on the mixing line. As before, this is only valid for comparisons between experiments if
the pre-experiment configurations are the same, or if all analytes of interest arise from a single
component of the assembly.

In a plot of [A]/[C] vs. [B]/[C], if the debris field is unfractionated, all debris samples will yield a data
point near the nominal value describing isotope production in the overall experiment. If Aand B
analytes are unfractionated, but are fractionated from C, we would expect the measured values to
distribute along a line from the origin through the point describing unfractionated debris, with the slope
of the line being equal to unfractionated [A]/[B]. If A and C analytes are unfractionated, but are
fractionated from B, the value of [A]/[C] is constant, and a horizontal line is determined by the data,
effectively reducing the three-isotope plot to a two-isotope plot.

From data in Table 4, we produced the three-isotope plot shown in Figure 9, with 56 values of
[27U]/[*%8Au] vs. [2*Na)/[*°%€Au]. From Figure 6 we concluded that 27U and %¢Au were fractionated
from one another. The distribution of 2*Na, 2>’U and %%Au, arising from three distinct parts of the pre-
experiment target assembly, showed no evidence of correlation, indicating that all three components
were fractionated from one another. We are unable to determine whether the fractionation was due to
chemical or geometrical effects. Without a correlation, it is impossible to draw any conclusions about
concentration ratios in unfractionated debris. Reformulating the three-isotope information with either
[237U] or [**Na] in the denominator of the concentration ratios provided no improvement in the scatter
of the data, and also no evidence for correlation.

In debris samples, we were able to detect *Cu and ®Ni arising from neutron reactions with copper, and
**Mn from reactions with steel. Since we eliminated (n,y) reactions as a source of significant isotope
production in these experiments, ®Co can arise from fast neutron reactions on both copper, Cu(n,a.),
and steel, ®Ni(n,p). A fractionation analysis can assist a determination of the primary source of ¢°Co
produced in the experiments.

In Figure 10 are plotted 59 values of [**Mn]/[*°®¢Au] vs. [**Cu]/[*°®€Au]. From Figure 7, we know that ®Cu
and %Ay were fractionated from one another. As with Figure 9, there is no apparent correlation
between the three debris analytes, indicating all were fractionated from one another. If chemical
effects were of secondary importance, this demonstrates that copper and steel were not intimately
mixed or co-located, as supported by pre-experiment engineering specifications. Since we determined
that copper and steel were separate parts, fractionation analysis can attribute the production of ®Co to
one part or the other.



In Figure 11, we plot 49 values of [**Mn]/[*°®¢Au] vs. [¢°Co]/[**%€Au]. If *®Mn and ®°Co were produced in
the same part, separate from the gold cylinder, the data would be expected to distribute along a line
starting at the origin, with a slope equal to [*®Mn]/[*°Co] in the overall debris field. The data indicate no
such correlation between the analytes, from which we conclude that steel was not the primary source of
®0Co in of the debris inventory.

In Figure 12, we plot 53 values of [®°Co]/[**®¢Au] vs. [**Cu]/[*°*®Au]. Although several of the data points
have large associated uncertainties, the more precise values clearly distribute along a correlation line,
indicating that ®°Co in the debris samples had the same origin as ®*Cu. A line fit through the data and
forced through the origin has a slope [*°Co]/[®*Cu] = 0.1188 + 3%. The value that the three-isotope plot
provides over a direct two-isotope treatment of [®°Co]/[®*Cu] is this: If the ®°Co arose from more than
one source, an unconstrained linear fit through the data would not pass through the origin. As
[**Cu]/[*°®Au] approaches zero, the y-axis intercept represents the nominal value of [*°Co]/[!%¢Au]
associated with the other sources, provided that the pre-experiment hohlraum configurations were all
similar (as inferred from the discussion of Figure 8). Unfortunately, the displayed data are not
sufficiently precise to facilitate this analysis, which would identify the fraction of the ®Co inventory
associated with ¢°Ni(n,p).

The values obtained for [®*Ni]/[®*Cu] (Figure 8) and [*°Co]/[®*Cu] (Figure 12) provide a means of
examining the data for undetected systematic effects in chemical fractionation. The nuclides present in
the debris samples originate from neutron reactions with well-known cross sections. If reaction cross
sections were calculated from the unfractionated nuclide concentration ratios derived from mixing
analyses of collected debris data, significant deviations from published nuclear cross-section values
would indicate a deficiency in the mixing analysis.

For a monoenergetic pulse of neutrons, the number of product atoms arising from nuclear reaction A is
related to the cross section for that reaction through the activation equation (Friedlander et al., 1981):

NA=nA¢GA, (2

where Na is the number of product atoms, na is the areal density of the target isotope, ¢ is the
integrated neutron flux, and ca is the reaction cross section. If two source materials for reactions A and
B are co-located in the experimental setup, we can eliminate ¢ to obtain

Ga/ G5 = (Na/Ne)x (ns/ na) . (3
If reactions A and B arise from the same target nuclide, equation 3 further simplifies to
on/0s = Na/Ns. (4

Even though the NIF neutron spectrum is strongly peaked at 14.1 MeV, it is not monoenergetic (see
Figure 5). In order to convert debris-sample nuclide ratios to cross-section ratios, we must isolate that
fraction of the nuclide inventory of the debris field associated with the cross section at 14.1 MeV
through the method of activation fractions (Moody et al., 2018). The method is valid only for reactions



in which the excitation function is slowly changing between neutron energies of 13 MeV and 15 MeV,
energies that closely bound the primary thermonuclear-neutron contribution to the neutron spectrum.

Figure 13 is the ENDF/B evaluation (Chadwick and Derrien, 2015) of the ®*Cu(n,2n)®Cu cross section.
The cross section varies from 730 mb at 13 MeV to 980 mb at 15 MeV. The interpolated cross section at
14.1 MeV is 906 mb. Calculation of the average cross section between 13 and 15 MeV, weighted by the
spectrum shown in Figure 5,

Jo(E) &(E) dE / [(E) dE (5

where ¢(E) is given in units of neutrons/MeV, results in 896 mb. Since the uncertainties of the
measured data that benchmark the evaluation are > 2%, the excitation function is sufficiently well-
behaved in this energy region to act as a basis for the calculation of relative 14.1-MeV neutron cross
sections from concentration ratios of nuclides in the debris collections.

The fraction of the post-experiment inventory of ®*Cu arising from reactions with primary DT neutrons is

Feu = [ 15 0culE) §(E) dE / [ oaulE) O(E) dE 6

The activation fraction Fe, is the fraction of the total ®*Cu activity in each debris increment associated
with the reaction cross section at a neutron energy of approximately 14.1 MeV. In Figures 14 and 15 we
plot the ENDF/B evaluations (Chadwick and Derrien, 2015) for 8°Cu(n,p) and ®3Cu(n,a), respectively.
Activation fractions for the inventories of ®Ni and ®°Co produced by primary-neutron reactions are
derived from equations similar in form to equation 6. When considering primary thermonuclear
neutrons only, Na and N in equations 3 and 4 are replaced by FANa and FgNg, respectively.

The activation fraction for primary neutrons to produce %Cu is calculated to be Fe, = 0.970. Itis
sufficiently close to unity that variations in the relative intensity of downscattered neutrons due to
changes in fuel compression from experiment to experiment was inconsequential. The contribution of
®4Cu production in the competing ®3Cu(n,y) reaction was discussed above, and is at most 1% of the total,
so we ignore it. The excitation functions for the production of ®Ni (Figure 14) and %°Co (Figure 15) have
much lower threshold energies than that for the production of ®4Cu, so we expect the associated
activation fractions to be smaller than Fcy. We calculate Fni = 0.935 and Fe, = 0.923. Since they are
further removed from unity than Fc,, we expect Fni and Fc, to be more sensitive to experiment-to-
experiment differences in the relative contributions of downscattered neutrons. Since they appear in
the modified equations 3 and 4 in ratio with Fc,, which varies similarly with fuel compression, these
experimental differences are somewhat mitigated.

From equation 4 and Figure 8, the calculated the ratio of the cross sections for the production of ®Ni
and %Cu, both arising in neutron reactions with ®Cu, is:

oni / ocu = (Fni/ Feu) x (Nni / New) = 0.935/0.970 x 0.02447 = 0.0236.



When multiplied by 6c, = 896 mb, we obtain a result of the cross section of ®Cu(n,p) at 14.1 MeV of
21.1 mb, with a propagated uncertainty of approximately 4%. Using equation 5 to weight the excitation
function in Figure 14 by the neutron spectrum in Figure 5, a value of 24.3 mb is obtained for the average
cross section between 13 and 15 MeV, a deviation from the derived cross section of approximately 15%.
Examination of the experimental cross section values that were used to benchmark the evaluation
(Chadwick and Derrien, 2015) shows that the data near 14 MeV have associated uncertainties no smaller
than 4% and that the evaluation passes through the data above those points with the smallest error
bars, which are values near 21.5 mb (Filatenkov et al., 1997). Thus, the comparison of the derived cross
section with the literature provides no evidence for a systematic chemical fractionation effect
undetected by the mixing analysis.

Since %°Co and %4Cu are produced from reactions on different isotopes of copper, equation 3 and Figure
12 are used to calculate the ratio of the cross sections for their production:

Oco / Ocu = (FCO/ Fcu) X [n(GSCu)/n(“Cu)] X (NCO/NCu) =
0.923 /0.970 x30.8 / 69.2 x 0.1188 =0.0503

When multiplied by oc, = 896 mb, the resulting cross section for 8Cu(n,a) at 14.1 MeV is 45.1 mb, with a
propagated uncertainty of approximately 5%. Using equation 5 to weight the excitation function in
Figure 15 by the neutron spectrum in Figure 5, a value of 42.7 mb is obtained for the average cross
section between 13 and 15 MeV, a deviation from the derived cross section of approximately 6%. As
before, our measured cross section agrees more closely with the most precise literature data (Filatenkov
et al., 1997) than with the evaluation. Comparison of our derived cross section with the literature
provides no evidence for a systematic chemical fractionation effect undetected by the mixing analysis.

We have used the unfractionated-debris nuclide concentration ratios obtained through mixing analyses
to calculate the ratios of reaction cross sections. The propagated uncertainties associated with the cross
sections do not include systematic uncertainties, which have yet to be enumerated. The cross-section
ratios agree with prior work reported in the literature, indicating that the results of the mixing analyses
applied to these experiments are valid. It is recognized that this is only true when applied to the
activation products of copper, and only when the copper is present on the outside of the pre-
experiment target assembly. Analysis of the distribution of gold tells us that a substantial fraction of the
copper target was not reduced to vapor, meaning that the fractionation of the debris is dominated by
geometrical effects rather than chemical effects. Fractionation analyses of copper activation products
arising from a hypothetical copper part placed closer to the deposited laser energy would likely result in
nuclide concentration correlations that are inconsistent with this work.

Nevertheless, for limited cases we have demonstrated that a mixing analysis can produce nuclide
concentration ratios that are potentially useful for calculations of nuclear reaction cross sections.
Further work will extend the method to materials loaded inside an ICF capsule, where the distribution of
reaction products on debris collectors is more likely to be influenced by chemical effects.

V. Conclusions



When debris from ICF experiments fielded at NIF is collected, the radionuclides induced in the various
components of the target assembly are determined to be fractionated from one another in their spatial
distribution. The ICF capsule and the innermost portions of the hohlraum are ionized and reduced to a
mono-atomic/ionic state by the deposited laser energy, and are subject to fractionation arising from
both geometrical and chemical effects. However, the outer portions of the target assembly are not
completely reduced to vapor, forming residual macroscopic particles. Although chemical fractionation is
probably inhibited, geometrical effects still produce a fractionated debris field.

Mixing-analysis techniques developed for the interpretation of debris samples from tests of nuclear
explosives were applied to NIF debris samples. Strictly speaking, the methods are valid only for debris
produced in a given NIF experiment, but we have successfully applied them across several experiments
in which the pre-experiment target-assembly configurations were the same. Hypothetical
homogeneous-debris nuclide concentration ratios have been extracted from geometrically fractionated
radionuclides produced by neutron reactions in components of the outer portions of the target
assembly, particularly the copper diagnostic bands.

The distribution of radionuclides produced in different parts of the target assembly demonstrated
obvious fractionation effects. The products of the ®Cu(n,2n), *Cu(n,p) and ®3Cu(n,a) reactions were
found to be correlated with one another, indicating a common origin and production from a single
source. The isotope ratios were used to extract reaction cross sections at 14 MeV through the method
of activation fractions (Moody et al., 2018). The resulting cross sections were found to agree with the
literature (Filatenkov et al., 1997), indicating that no chemical fractionation went undetected by the
mixing analyses of Cu, Ni, and Co debris components. The method will be extended to debris
components originating from the innermost portions of the hohlraum, as well as from the ICF capsule
itself, where chemical fractionation effects are likely to be more important than the dominant
geometrical effects reported here.
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Figure captions

1. A diagram showing the location of a fusion capsule relative to the surrounding hohlraum and
incident laser beams at the start of a NIF irradiation.

2. A hohlraum assembly ready for deployment at the center of the NIF vacuum chamber. The gold
hohlraum matrix is not visible, located inside the aluminum sleeve of the thermo-mechanical
package and a thin layer of copper.

3. Anassembly for collection of NIF debris at an equatorial position, in line with the waist of the
cylindrical hohlraum. When deployed, the source of neutrons is approximately 10 cm in front of
the tip of the assembly. In this picture, four debris collectors are located 50 cm from the source
of neutrons, angled such that their surfaces are perpendicular to the incident debris wind.

4. A typical vanadium debris collector retrieved from an equatorial position after a NIF fusion
experiment. The area near the edge was covered by a mounting clamp, and is effectively
undamaged. The interior area, 4-cm in diameter, provides evidence of melting and ablation
processes in addition to collection of ballistic target-assembly debris.

5. A representative simulated neutron energy spectrum for neutrons emitted by the DT fusion
capsule fielded in experiment N141106.



10.

11.

12.

13.

14.

15.

A two-isotope plot of [27U]/[*%8Au] vs. sample number. The sample numbers do not
correspond to those given in Tables 3 and 4, skipping samples in which 23’U was not observed.
Data arising in anomalous experiments N141106 and N141016 are circled. Data from the more
representative experiments N150318 and N150401 are indicated and discussed in the text.

A two-isotope plot of [**Cu]/*®¢Au] vs. sample number. Sample numbers correspond to those
given in Tables 3 and 4. In this case the effects of geometrical fractionation were expected to
dominate over any chemical effects (see text).

A two-isotope plot of [°Ni]/[®*Cu] vs. sample nhumber. The sample humbers do not correspond
to those given in Tables 3 and 4, skipping samples in which ®Ni was not observed. The analytes
were not fractionated, and [%°Ni]/[®*Cu] = 0.02477 + 1.5%.

A three-isotope plot, with 56 values of [27U]/[**®¢Au] vs. [**Na]/[*°®Au]. The data indicate that
all three debris analytes were fractionated from one another and uncorrelated, consistent with
their production in different parts of the target assembly.

A three-isotope plot, with 59 values of [*®Mn]/['°%8Au] vs. [#*Cu]/[*°°€Au]. The data indicate that
copper and steel were not co-located in the NIF target assembly.

A three-isotope plot, with 49 values of [*®Mn]/[1°%¢Au] vs. [°Co]/['*8Au]. The data indicate that
*Mn and ®°Co were not correlated, and that the neutron activation of steel was not the primary
source of ®°Co in the debris.

A three-isotope plot, with 53 values of [®°Co] / [*°®8Au] vs. [®*Cu] / [*°°8Au]. A line constrained to
pass through the origin was fit to the data, indicating that °Co and %Cu had the same source in
the pre-experiment target-assembly configuration. [®°Co]/[**Cu] = 0.1188 + 3%.

The ENDF/B evaluated cross section for >Cu(n,2n)®Cu. The data are only slowly changing
between 13 and 15 MeV. The average cross section in that energy window, weighted by the
spectrum shown in Figure 5, is 896 mb.

The ENDF/B evaluated cross section for °Cu(n,p)®Ni. The weighted-average cross section
between 13 and 15 MeV is 24.3 mb. The data point was calculated from the concentration
ratios derived from mixing analyses, 21.1 mb.

The ENDF/B evaluated cross section for ®3Cu(n,a)®°Co. The weighted-average cross section
between 13 and 15 MeV is 42.7 mb. The data point was calculated from the concentration
ratios derived from mixing analyses, 45.1 mb.
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