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Abstract
The neutron activation of gold is the basis of an implosion performance
diagnostic at the National Ignition Facility at Lawrence Livermore National
Laboratory. In support of this diagnostic, a series of 7-ray spectrometric
measurements of the decay of '**Au™? (J™ = 127) was performed to improve
the currently accepted literature values of the nuclear data associated with its
half-life, v-ray energies, and ~-ray intensities. It was determined that '®Au™?
decays with a half-life of 9.603 h + 0.23%. The relative intensities of the
~ rays emitted during its decay were also measured, and an absolute decay
branch of 0.3352 + 2.9% was determined for the emission of the 188.2 keV
photon, which arises from a nuclear transition whose multipolarity is pre-
dominantly M1. Properties of other products arising in the reaction of '*’Au
with fast neutrons were measured, as were selected production cross sections.
The '"°Au?/""°Auf isomer ratio measured in the '°’Au(n, 2n) reaction at
14.1 MeV was found to be 0.0731 + 2.6%.
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1. Introduction

Measurement of the concentrations of the reaction products of the neutron activation of gold
provides a diagnostic of fusion capsule performance [1] at the National Ignition Facility (NIF)
at Lawrence Livermore National Laboratory (LLNL) [2]. In a typical NIF fusion experiment,
a small capsule made of plastic, high density carbon, or beryllium, and containing a mixture
of H and *H, is suspended at the geometric center of a thin-walled cylindrical tube (the
hohlraum [3]), which is constructed of approximately 0.1 g of heavy metals, primarily gold
[4] (figure 1). The capsule is nominally 2 mm in diameter and the hohlraum dimensions are
approximately 0.6 cm in diameter by 1 cm long. The hohlraum (and any associated cryonics)
is placed precisely at the center of the 10 m diameter NIF vacuum chamber. Approximately
1 MJ of ultraviolet light is delivered by 192 lasers through the ends of the hohlraum (the laser
entrance holes) over the time span of nanoseconds. The laser beams irradiate the inner surface
of the hohlraum wall, producing a bath of x-ray photons that ablate the outer surface of the
capsule, creating a ‘spherical rocket’ that rapidly compresses the thermonuclear fuel to
densities beyond that found in normal terrestrial materials [5, 6]. The compressed capsule
produces a pulse of neutrons several hundred picoseconds long [7] with a principal energy of
14.1 MeV, arising primarily from the *H(d, n)*He reaction [5, 8, 9]. Capsule yields evolving
more than 10'® neutrons have been achieved.

The degree to which the fuel is compressed, and its associated areal density, affects the
probability that a thermonuclear neutron will scatter off the residual hydrogen fuel isotopes
before escaping the fusion reaction site [1, 9]. Increased fuel density subsequently increases
the fraction of the emitted neutrons that are down-scattered to energies below 14 MeV
[10, 11]. The measured ratio of neutrons downscattered into the 10—-12 MeV range relative to
the unscattered primary 14.1 MeV neutrons emitted by the capsule (the down-scattered ratio,
or DSR [11]) is related to the areal density (pr) of the fuel at the time of neutron production.
The neutron spectrum at energies above 0.2MeV can be measured promptly with neutron
time-of-flight detectors and magnetic recoil spectrometers [12—-14]; however, these mea-
surements are performed at a distance several meters from the reaction site and subtend a solid
angle that is only a small fraction of 47r. Neutron activation diagnostic measurements have
demonstrated that there can be considerable directional anisotropy in the flux of neutrons
emitted by the fusion capsule [15].

The time involved between the onset of laser irradiation and the emission of neutrons is
sufficiently short that the hohlraum matrix does not move significantly from its initial position
before it encounters the neutron flux, even though its inner surface has been heated to
temperatures in excess of 0.1 keV [8]. The low energy portion of the neutron spectrum is
much more likely to produce (n, ) reaction products in the hohlraum than is the more intense
spectral region near 14 MeV [16]. As a result, the ratio of the relative rates of the 197Au(n,
'?®Au and "*’Au(n, 2n)'?°Au reactions is an indicator of fuel compression. The proximity
of the gold to the source of neutrons is a critical factor in the use of the isotope ratio as a
diagnostic of capsule performance, since the neutron flux from the capsule at distances on the
order of a centimeter overwhelms the (n, ) contribution from low energy room return
neutrons [9] (see section 5.4). The radiochemical measurement of gold isotopes in recovered
debris samples is not prompt, requiring days for the complete analysis, but is less sensitive to
neutron anisotropy than are the prompt techniques for measuring the down-scattered neutron
fraction [1].

The collection of debris in the NIF environment is challenging [17-19] and is being
developed as an areal-density diagnostic and for other proposed nuclear experiments at NIF
[1, 20]. Following prompt irradiation with neutrons, the hohlraum matrix breaks apart and is
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Figure 1. Illustration of the target assembly at the center of the NIF vacuum chamber
including the 2 mm diameter capsule and the surrounding gold hohlraum.

propelled away from the center of the NIF chamber. The propulsive impulse arises from the
deposited laser energy with very little contribution from the nuclear processes given the
fusion yields achieved by NIF thus far [21]. The physical scale of the ejected debris, from
atomic vapor to macroscopic particles, is an important issue for the integrity of fielded
experiments and exposed laser optics components [22—-24]. Debris samples for radiochemical
analysis are collected passively at a distance 50 cm from the source of neutrons [25]. Foils of
vanadium, tantalum or graphite, each with a diameter of 5 cm, are placed either near the plane
defining the equator of the hohlraum or near the axis of the hohlraum. As many as 12
collectors can be deployed in an experiment. The mounting fixture leaves a 4 cm diameter
exposed area on the surface of each collector (figure 2). The collection efficiency for hohl-
raum debris is impacted by the scale of the debris particles, the degree of melting on
the collector surface, and the amount of ablation caused by the radiation front preceding the
ballistic debris [1]. There is also considerable anisotropy in the distribution of debris to the
individual collectors [25]. The collecting medium is activated by neutrons, which degrades
the quantitative precision of the radionuclide measurements. In the case of particularly low-
yield shots or stochastically poor collection efficiencies, radiochemical isolation and con-
centration of the desired products can be performed [26].

Radiochemical assays of the '°®Au™? content of mixed radionuclide samples originating
from inside the NIF chamber are routinely performed as part of the capsule performance
diagnostic. The 9.6 h '?°Au™? radionuclide is produced in the reaction of fast neutrons with
the gold in the hohlraum. In performing these measurements, the intensities of the three
strongest ~-rays emitted in the decay of '"°Au™ in the samples are determined, and photon
intensities reported in the literature [27] are used to calculate absolute decay rates. A weighted
average over the three values is routinely reported as a diagnostic result. The uncertainty
associated with the weighted average is given by the larger of the two values as calculated
from the internal and external consistency methods (see section 4) [28]. For samples where
the measured photon intensities have high statistical significance, it was observed that
the standard deviation of the three measurements is much larger than the uncertainty on the
propagated average, a strong indicator that the nuclear decay intensity data in the literature are

3



J. Phys. G: Nucl. Part. Phys. 47 (2020) 045116 K J Moody et al

Figure 2. The Solid Radiochemistry (SRC) assembly [1] for collecting NIF debris at an
equatorial position, in line with the waist of the hohlraum. As many as four 5cm
diameter collectors are mounted on a single support, which is placed in the center of the
NIF chamber via the Diagnostic Instrument Manipulator (DIM). Once emplaced, the
source of neutrons is 10 cm from the front of the conical nose cone part of the assembly
and 50 cm from the SRC collector foils.

Table 1. Calculation of the '*®Au™? content of representative debris sample CC6870
from NIF experiment N150416, first count after sample recovery, using literature [27]
photon intensities for the three most intense «y lines. All errors are reported at one-
sigma.

Photon Measured Spectroscopic Relative
energy (keV) photons/min  relative intensity  disintegrations/min

147.8 8199 + 141 5.00 1639.8 + 28.2

168.4 1100 £ 33 0.90 + 0.05 12222 £77.2

188.3 6461 + 85 345 £0.12 1872.8 £ 69.6
Weighted average 1626 + 111

Normalization 0.087 £ 0.003

Decay rate 18690 + 1430

inadequate. As an example, table 1 shows the outline of the calculation of the absolute decay
rate of '*°Au™? at count time from a typical 4-ray spectrum taken from a solid debris collector
after a NIF shot (see section 3). Details of the -spectroscopy are given in section 3 as well.
The three determinations of the relative disintegration rate should have the same value, but
instead vary substantially.

Though the decay intensities used in calculation of the '"®Au™? activity may be inac-
curate, the effect on the reported diagnostic ratio 198Au/ 6 Au® is minimal. The reported
196 Au™2 /195 Au™ T8 isotope ratio from the reaction of '°’Au with 14 MeV neutrons is
approximately 0.07 [1, 29-31], and we determine 196 Au™" based on ~ counts taken more than
two days following the irradiation after most of the 9.6 h '*®Au™? (and short-lived '*°Au™")
has decayed to the 6.2 d ground state. Therefore, a substantial unquantified uncertainty that is
part of a 7% correction to the 196 p ot content, which is used to extract the 196 A 48 content, has
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no major impact on the propagated uncertainty attached to the resulting diagnostic ratio. Even
s0, the application of inadequate decay intensity information in the calculation of the '*°Au™?
content has created problems both in the interpretation of '*°Au™? / 1%6Au® as a potential
diagnostic of capsule performance and for certain exotic physical processes [32, 33]. In the
weaker signal debris collections produced at lower capsule yields fielded in the direction of
the hohlraum laser entrance holes, the uncertainty in the determination of y-ray intensities has
a stronger contribution from the subtraction of the continuum than from the number of counts
in the photopeak [34, 35]. This means that deficiencies in the decay intensity information can
create a systematic bias in comparisons of the '*°Au™ concentrations resulting from low- and
high-yield fusion experiments, or in comparisons of collections of varying efficiency arising
in the same experiment.

To improve the quality of the data associated with the analytical assays of NIF collection
samples, a campaign to remeasure the nuclear data associated with the decay of '*Au™? was
performed. The results from radiochemical experiments where pulses of high-energy neutrons
arising from inertial confinement fusion capsules [36, 37] produced radionuclide sources that
were used in the determination of the nuclear decay properties of '*®Au™? are reported, as
well as the measurement of cross sections for the reactions of '°’Au with thermonuclear
neutrons.

2. Properties of the relevant gold isotopes

The '”’Au nucleus and those of nearby reaction products are spherical, lying beyond the
region around A = 190 where nuclei near the line of J stability transition between the prolate
shapes characterizing the rare earths and the spherical nuclei in the vicinity of doubly magic
208pp [38—40]. The experimental energy levels of odd—odd '*°Au have been interpreted with
the nuclear shell model [41], but the problem is too complicated for the shell model to be
predictive or incontrovertible [42]. The excited states in '*°Au are studied experimentally
with particle stripping reactions [42, 43] and interpreted in the context of nearby nuclei with
the interacting boson model [44], but the experiments are insensitive to high-spin states like
those constituting '*°Au"? (J™ = 127), which are far removed from the spin of the target
nucleus.

The first report of isomeric states in the '*°Au nucleus was in 1937 [45], shortly after the
discovery of artificially produced nuclear metastable species [46, 47]. Two activities produced
in the reaction of fast neutrons with '°’Au were assigned to mass 196 based on a series of
radiochemical measurements. A decade later [48, 49], a survey of the nuclear properties of
isotopes of platinum and gold, produced in the bombardment of natural platinum with *H
followed by the chemical isolation of gold, reported the same two activities with half-lives of
approximately 5.55d and 14 h. The properties of both radionuclides were studied, but the
radiations emitted by the shorter-lived activity were less penetrating than those of the other
gold activities and were difficult to quantify in detail.

In 1959 [50], weightless samples were prepared by the chemical isolation of gold fol-
lowing the *H irradiation of isotopically enriched '*°Pt. Conversion electron and scintillation
spectrometry of characteristic emissions in the decay of the shorter-lived activity (half-
life = 10.0 + 0.5 h) established that it underwent isomeric transition, and identified four v
transitions in cascade, one of which (175keV) was a highly converted M4 transition that
governs the decay rate. Several papers published in 1960 reported a half-life of approximately
10h [51, 52], and that the 197Au(n, 2n) reaction produced a more favorable isomer ratio than
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did the 196Pt(d, 2n), 197Au('y, n) [51], or high-energy 197Au(p, pn) [53] reactions. An atomic
beam experiment established that the ground state of '*°Au had a spin of 2 [54]; thus, the
multipolarities of the internal transition photons in cascade required that the spin of the isomer
be > 11 [51, 52]. The ground-state decay was found to have a small branch for 5~ decay,
resulting in the emission of a 426 keV photon, with the rest of the ~-ray activity associated
with the predominant EC decay [55-57]. A small branch for the EC decay of the metastable
state was proposed [52], but could not be reproduced [41] (see section 5.6).

A measurement of the nuclear spin of the 10 h activity was performed with an atomic
beam magnetic resonance apparatus [58], following the chemical isolation of gold from a
sample of platinum irradiated with « particles [59]. The spin was found to be /=12, and a
negative parity was assigned based on a shell-model argument, which was later supported by
experiment [60]. The structures of long-lived, high-spin, metastable states found subsequently
in the odd—odd isotopes 198 Au [61, 62] and 200Ay [63, 64] are thought to be due to the same
shell-model states, a (mh;o-)Wij3/2+) configuration [41, 65]. The angular momentum of
196 Au™? is so high that reactions with neutrons and light charged particles do not produce a
favorable isomer ratio until the reaction energy exceeds the peak for production of the isotope
[66—69]. The (v, n) reaction of 197 Au with Bremsstrahlung produces an even less favorable
isomer ratio [70, 71]. These observations led to the use of heavy-ion reactions to produce a
more favorable °Au™? / 196 Au¢ isomer ratio [38, 72, 73], a technique which requires more
study.

The half-lives of the ground and metastable states have been remeasured several times
[56, 74-76]. Attempts to measure the isomer ratio more precisely in various reactions were
hindered by a lack of quantitative nuclear intensity data for the photons emitted in the decay
of the metastable state [77, 78]; these data were later improved in the mid-1960s [41, 76, 79].
At that time, delayed-coincidence techniques demonstrated that the lowest-energy transition
(85keV) in the four-member IT-decay cascade arose from a second metastable state [41, 80]
with a half-life of less than 10 s. In a set of comprehensive experiments [41], sources prepared
from "7 Au(n, 2n), "'Pt(d, 2n), and '*°Pt(d, 2n) reactions were analyzed with photon and
conversion-electron spectrometry employing coincidence techniques, resulting in the obser-
vation of several new ~ transitions and a '°*Au level scheme similar to the one accepted today
[27, 81] (figure 3).

The half-life of the "*Au™" isomeric state populated in the decay of '*°Au™? was found
to be 8.2 £ 0.2 s, decaying in a -y transition of E3 multipolarity [82]. The independent yield of
%6 Au™ in the "7 Au(n, 2n) reaction at 14 MeV was determined to be 0.2 relative to that of
the ground state [82]; the cross section for production of the ground state given in the
literature (and in this work) includes the cross section for the independent production of
196 Au™ . The photon intensity of the highly converted 85 keV transition was often missed in
early work, but data with reasonable statistics exist [82, 83].

One of the unresolved problems in the spectroscopy of '*®Au™? is the placement of a
264 keV transition in the decay scheme [41]. It exhibits the same half-life as the rest of the
196 A 2 transitions, so either connects states at or below the metastable state through internal
transition, or is associated with other decay modes. The ground-state Q values for the other
potential decay processes are Q3 = 687 + 3 keV and Qgc = 1506 £ 3 keV [84, 85]. Even
though the '"°Au™? state is almost 600 keV above the ground state, it is unlikely that high-
spin states in the even—even daughter nuclei are at a sufficiently low excitation energy that
their subsequent decays involving the emission of a 264 keV photon would not result in the
emission of one or more additional photons of sufficient intensity to observe in our experi-
ments (see section 5.6).

m2
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Figure 3. The '"°Au level scheme arising from the decay of '°Au™ [81] with
transitions having energies above the K edge indicated. The weights of the arrows are a
qualitative indication of intensity. There are several low-energy electromagnetic
transitions between the states clustered near 400 keV, but they were not observed in the
experiments described here.

The decay intensity data that we use in our radiochemical assay for '°Au™? in NIF
experiments [1] are found in [27], an evaluation and review of the available literature data up
to January 2006. In the evaluation, the best available experimental information [41] was
found to be unconvincing, and the photon decay intensities were recalculated based on decay
balances and theoretical models of internal conversion. Though the shortcomings of the
literature decay intensity data were readily observed in collected NIF debris samples, it was
decided not to use them as the basis of spectrometry experiments. Lateral inhomogeneity of
the debris collections across the extended source areas introduces substantial undefined
uncertainties in the detector/sample geometry. The presence of complicating contaminants
from the activation of the hohlraum assembly also makes debris samples undesirable as
sources for nuclear spectrometric measurements. A disadvantage to the 97 Au(n, 2n) reaction
for studying the properties of '“°Au™? is the self-attenuation of low-energy 4-rays by the
sample matrix [86]. As a result, gold target foils that were as thin as practical were used,
consistent with the requirements of source intensity, to minimize the attenuation correction
and the associated uncertainty. In preliminary experiments, the NIF neutron flux was limited
and irradiations were performed with 5 cm diameter, 0.1 mm thick gold-foil targets that were
mounted behind the NIF debris collectors. These data were discarded when NIF capsule
yields improved, in part because of questions regarding the extended-source geometric cor-
rection applied by our y analysis code and its interplay with the correction for self-attenuation
by the relatively thick gold foils (see section 3.2).

Counting samples were produced by irradiating gold foils with fast neutrons at NIF as
described in section 3. For experiments in which the radionuclides of interest are linked by
decay, the ‘instantaneous’ character of a NIF irradiation has advantages over irradiations of
extended duration performed at accelerator facilities. Immediately after the exposure of a
target to the NIF neutron flux, the '*°Au™?/'*°Au™' " isotope ratio is equal to the ratio of the
production cross sections, approximately 0.07. In an extended irradiation, saturation losses
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Figure 4. (a) The Target Option Activation Device (TOAD) [88] shown as its separate
components, which consist of the base plate with depression, the target foil stack that
rests in the depression, and the cover plate, which is then epoxied over the target foil
stack creating a single unit (shown in (b)) that can be fielded behind the SRC debris
collectors seen in figure 2.

affect the inventory of the shorter-lived metastable nuclide [87], which decays to the ground-
state nuclide during the time the source is being produced. These effects lead to a less
favorable isotope ratio. As a means of studying '*°Au™?, the '"Au(n, 2n) reaction as
implemented at NIF is competitive with heavy-ion irradiations that have much more favorable
cross-section ratios [38]. Details of the spectroscopy experiments conducted using NIF
samples are described in section 3.

3. Experimental procedure

3.1. Irradiations and sample preparation

Experiments were performed using an apparatus for debris collections for diagnostic mea-
surements that allowed for extra foil targets to be fielded during NIF shots. Targets for the
production of spectrometry sources were introduced behind the DIM-mounted debris col-
lectors (figure 2) at a fixed nominal distance of 50 cm from the neutron source. In the fixtures
shown, compression springs hold the debris collectors in place against the retaining clamp.
These springs are sufficiently compressible that samples with thicknesses of up to several mm
can be accommodated behind the debris collectors.

The assembly shown in figure 2 that holds the collection foils is removed from the NIF
chamber through a vacuum feedthrough shortly after the lasers fire. The cylindrical clamp on
each fixture is removed to release the collector disks, which are transported to the radio-
chemistry facility where they are sealed in plastic for purposes of contamination control and
then mounted for radiation counting. While chemical isolation of the hohlraum products from
the surfaces of the collectors is possible, this procedure is generally not performed. The
elapsed time between the lasers firing and the start of y-ray counting is typically 3-6 h, but
with prior preparation can be reduced to as little as 90 min.

The targets consisted of thin gold foils, nominally 2.5 cm in diameter, backed with thin
aluminum foils to act as flux monitors via the >’ Al(n, a)**Na reaction and to collect reaction
products recoiling from the gold. The foils were fielded in sealed aluminum irradiation
fixtures (Target Option Activation Device (TOAD); see figure 4), often as part of a stack of
foils comprising other activation experiments [88]. The TOADs are 2 mm thick and 5cm
diameter, and can accommodate circular foils up to 2.5 cm diameter in a stack that can be as
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Table 2. Experimental samples produced in five NIF irradiations. The experiment name
incorporates the date on which the experiment was fielded, usually the day prior to
irradiation on the given Julian date (in Pacific Daylight Savings Time). The empirical
neutron yields are weighted values arising from several diagnostic measurements as
supplied by the NIF diagnostics teams. The sample designators connect the experiment
with the counting information provided in table 3.

Experiment ID  Year and Julian day Neutron yield Sample designator(s)

N130530 2013, day 151.147  5.76(12) x 10" T13
N141106 2014, day 310.967  2.77(6) x 10" T65
N141116 2014, day 321.146  1.28(4) x 10" T61
N150416 2015, day 106.965  7.03(12) x 10" T98
N151020 2015, day 294.627  3.46(6) x 10" T62, T63, T64

thick as 0.6 mm. Targets of different materials are isolated from one another by thin alumi-
num foils; recoil losses of 15h **Na from a backing foil are replaced by recoil from the
upstream foil stack or the TOAD cover plate, validating the use of 2’Al as a flux monitor. The
TOAD is sealed with an adhesive (figure 4(b)) that, after curing, can be reopened with
mechanical force to release the irradiated foils.

Table 2 lists five NIF experiments in which seven gold samples were fielded for the
spectrometric measurements of '“°Au™? reported in this paper. The experiments spanned a
2.5-y period during which the performance of NIF improved markedly, as reflected in the
increased neutron yields. The solid angle subtended by the target foils is approximately
1.5 x 10~ of 4, so table 2 can be used to estimate the neutron exposure of each sample.

Gold and aluminum samples recovered from the TOAD irradiation fixtures were posi-
tioned on aluminum counting disks and covered with layers of plastic foil and transparent
plastic tape for a total thickness of 7 mg cm 2. Only **Na and the radionuclides arising in the
reactions of neutrons with gold were detected in counts of the samples. It was assumed that
the radionuclide concentration of each activated source was uniform throughout the gold
medium. While this was not true for **Na produced in the separate aluminum foils, the
difference between the calculation of attenuation by the gold and self-attenuation for dis-
tribution through the gold was negligible for the high-energy photons emitted by **Na [89].

3.2. ~-ray spectrometry and spectral analysis

~- and x-ray photons were measured with single semiconductor germanium photon detectors
[90]. A representative spectrum (sample T63) is shown in figure 5. The counting electronics
and acquisition hardware were standard for the collection of spectral data as singles [90]. The
detectors were calibrated for both energy and efficiency responses with a set of standards [91],
including commercial NIST-traceable mixed-radionuclide sources, and locally produced
sources of '*?Eu, **'Am, and '®*Ta [92-94]. The energy dependence of the efficiency
function arises from a geometric model based on the construction of the detectors, bench-
marked against the calibration standards. From figure 3 we know that coincident summing of
photons emitted sequentially in the decay of '*®Au™? is a potential problem. The most intense
~-rays emitted in the EC decay of '®Au are also partially sequential [27]. A source of '*®Ho™
[95, 96] was used to check the effects of sample/detector distance on coincident summing of
sequentially emitted photons having energies comparable to those emitted in the decay of
196 Au™?; this information was used to characterize a minimum detector/source distance in
each experiment. Photons emitted in the decays of '"°Au® and '"*®Auf in the experimental

9
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Figure 5. A section of a y-ray spectrum from a gold foil, sample T63, irradiated with
fast neutrons at NIF, counted with a germanium detector for 240 min starting 0.09 d
after irradiation, 6.92 cm from the semiconductor face, through a 0.4 g cm™2 cadmium
attenuator. The ~-lines are identified, all generated by reactions of neutrons with gold.

samples provided internal calibration points to check for drift in the energy calibration over
the duration of the measurements, as did the platinum Ko, platinum K, gold Ko, and gold
K3, x-ray lines [97]. For standard COAX detectors, spectral data from 50 keV to 2 MeV were
collected as time-tagged histograms in 4096 channels; for LEPS counts, data from 20 to
400 keV were collected similarly.

The counting samples were placed in fixtures at well-defined positions (4-0.02 cm),
coaxial with the detectors. The detectors and sources were located together in shielded
enclosures fabricated from at least 5 cm of lead lined with 1 mm of copper. The activity of the
samples was limited so attenuators of precisely machined cadmium or tantalum were often
placed between the source and the detector to reduce the coincident summing of the intense
platinum and gold x-rays with -rays emitted by the source. This allowed us to count the
samples closer to the detector face than would be otherwise practicable. This was critical in
counting samples for half-life measurements since the samples were not moved from their
original position through the course of counting even after some of the analyte concentrations
had become unobservable due to decay.

In table 3 we summarize details of the construction of the counting sources and how they
were counted. Four sources (T61, T98, T63, and T64) were used in measurements of photon
energy and relative intensity only, while three sources (T13, T65, and T62) were also counted
at regular time-tagged intervals in order to construct decay curves for half-life and absolute
photon intensity measurements. Care was taken to assure that the time bases at NIF and in the
counting facility were synchronized to within 15 s. The attenuating media were varied across
the experiments in order to check the effect of the uncertainty associated with the calculation
of half-thicknesses (see below).

Photon spectra were processed with the GAMANAL code [98-100], or by histogram
analysis in the event of low statistics [34, 35]. In histogram analysis, the background under
the photopeak of interest is established graphically and subtracted from the sum of the data in
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Table 3. Information on the seven experimental samples used in the spectrometric
measurements related to the decay of '“°Au™?. Irradiation information is given in
table 2. Each sample also incorporated a thin aluminum foil, 5.02 cm” in area and
having a nominal 32.6 mg mass, mounted behind the gold foils. External attenuation is
described; the T61 sample was counted both with and without an interposed cadmium
foil. The quoted distance is from the middle of the radioactive source to the center of
the front surface of the detector semiconductor (not the cryostat). The detector effi-
ciency is that relative to a standard reference Nal(T1) detector [90].

Sample  Sample gold Sample Attenuation Distance Detector Brief description
name mass (g) area (cm?) (g cm 2 (cm) efficiency
T13 2.5021 4.98 Ta, 0.140 6.97 13% Followed decay
T65 2.5021 4.98 Cd, 0.402 5.54 20% Followed decay
Tol 2.4328 3.77 Cd, 0.402 10.26 37% Two detectors and
Tape, 0.007 8.67 12% Two attenuators
T98 0.9361 4.73 Tape, 0.007  3.54-6.92 12%-37%  Various detectors
T62 0.9292 4.83 Tape, 0.007 5.78 LEPS Followed decay
T63 0.9406 4.81 Cd, 0.402 6.92 12% Four 4 h counts
To4 0.9364 4.79 Tape, 0.007 8.46 30% Four 4 h counts

a region whose width is taken to be the same as those of nearby peaks with higher counting
statistics. GAMANAL requires the prior determination of the spectral peak shape as a
function of photon energy for quantification of the peak area, 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
geometric adjustment for the finite extent of the gold foils, and calculates the effects of
attenuation by both the sources themselves and by interposed cadmium or tantalum foils as
appropriate. The attenuation calculation is based on a set of measured data and a computa-
tional model [86, 101]. Although not very important in the current experiment, the code also
subtracts the contribution from detector/shield radiation background for each photopeak,
measured in a separate long count without a radionuclide source. Uncertainties associated
with the resulting y-ray energy and intensity data are obtained from the statistical weights of
the photopeaks and algorithms in the codes, which treat the application of the detector
efficiency, photon attenuation, and the geometric correction for the spatial distribution of the
sample.

Individual spectra were accumulated over counting intervals of less than the half-lives
of the radionuclides of interest. For samples T13, T65, and T62, efficiency-corrected peak
areas were tagged with photon energies and elapsed-time information and were sorted into
decay curves. For the analysis of simple (single component) decays, the time associated
with each photopeak was calculated taking into account the effect of nonlinearity of decay
during the finite counting interval. The characteristic time 0, the elapsed time after the start
of the data acquisition period associated with the average count rate in the time interval, is

given by,
5= Lip|— 28| )
A 1 — exp(— A1)

where At is the length (real time) of the count interval and A is the decay constant [102].
When A is not known, the decay curve analysis becomes iterative and ¢ is recalculated and
applied to the input data after each redetermination of the half-life until A converges. Decay
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curve analyses were performed with a nonlinear least squares code [102, 103]. For half-life
determinations, the decay of each sample was followed for at least 10 d during which time the
position of the sample relative to the detector was fixed.

In the decays of both '*°Au™? and '""°Au?, photopeaks due to the summing of the two
strongest 7-lines were observed (148 4 188 =336keV and 333 + 356 = 689 keV, respec-
tively), with apparent intensities far in excess of those reported for the direct decays [27]. The
apparent intensity of the 336 keV line relative to that of the 188 keV line emitted in the IT
decay of '*°Au™? was less than 0.9% in all cases. The apparent intensity of the 689 keV line
relative to that of the 333 keV line emitted in the EC decay of '*°Auf was less than 1.3% in all
cases. The sum lines at 336 and 689 keV were found to decay with the same apparent half-
lives as '*°Au™? and '"°Aué, respectively, indicating that coincident summing is far more
important than is random summing in these experiments [104—106]. The potential effects of
summing in the data analysis presented here were ignored.

GAMANAL calculates attenuation by interpolation from a table of photon cross sections
for a variety of materials [86]. The attenuation from 7 mgcm ™ > of plastic tape is trivially
small at all photon energies reported in these experiments, so water was substituted in the
attenuation calculation for the chemically undefined plastic. Both tantalum and cadmium are
adequately described in GAMANAL, resulting in half-thicknesses with uncertainties of less
than 2% [107]. GAMANAL does not have Z=79 in its attenuation table, so the code
constructs attenuation parameters from a linear combination of the data for Z = 78 and
Z = 82. This results in an error in the calculation of the half-thicknesses of gold as a function
of energy that can be significant compared to the uncertainties derived from the counting
statistics, particularly in the vicinity of the K edges [86]. Corrections required to compensate
for the improper application of the attenuation due to gold were performed by hand after the
GAMANAL calculations were complete.

4. Results

The decay properties of '*®Au™? that were determined in y-ray spectrometry experiments are
outlined in the following subsections. As a byproduct, some of the characteristics of the
decays of other radioisotopes produced in the irradiation of '*’Au with fast neutrons at NIF
were also measured. When more than one measurement of a given quantity was made, the
weighted average is presented; since the individual measurements often had significantly
different statistical weights, in most cases this was more appropriate than the calculation of
the standard deviation of the mean. Reported weighted average values are calculated using the
standard method while the uncertainty is dependent on internal or external consistencies
within the given set of measurements. The weighted average (¥) for n measurements of x
(x; £ Axy, xp £ Axy, ... x, £ Ax,) is calculated as:
Xi
e

i=—" 2)

ZA—X’;

The uncertainty corresponding to X, (Ax), is given as the larger of:

1
Y

Ax{

i

Ax =
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_ 1 1 (& —x)?
Ax = . 4
X ZALXIZZ:[(A%?) (n o 1) ] ( )

If the measured data set is consistent, Ax is represented by equation (3) (e.g. table 5) while
inconsistencies result in the use of the Ax as defined in equation (4) (e.g. table 1). All errors
are reported at the one-sigma limit. The treatment of statistical and systematic uncertainties is
discussed later in the text.

or

4.1. Measurement of the energies of the y-rays emitted in *°Au™ decay

The ~-ray spectra obtained in the experiments were stored in the form of a histogram. The
centroid of a photopeak was calculated from the data in an energy window, both an average
channel number weighted by the counts in each channel in excess of the continuum, and a
channel number associated with the fit of the GAMANAL peak shape. The statistical
uncertainty of each peak channel derived from the histogram is attached to the average of the
two values, which is converted to an energy through the use of calibration sources. The
energy calibrations of the counting electronics associated with the detectors were stable over
extended counting intervals, with peak centroids shifting by less than 0.1 channel over several
weeks as determined through surveillance of the derived energies of the photopeaks arising in
the decays of long-lived radionuclides in the sources, mainly '*®Au® and '*®*Au®. There can be
complications in energy calibrations if photopeaks are resolved from incompletely separated
multiplets, or if the continuum cannot be established accurately due to an inordinate number
of nearby peaks. Fortunately, neither is applicable to this work for photopeaks more energetic
than the gold and platinum K x-rays. Another potential complication arises in the subtraction
of detector background. For the v-rays emitted in the decays of the radionuclides in the
sources, only the 84.7 keV line has a significant interference from background, which in this
case comes from photons emitted in the decays of members of the ***Th decay chain [108].

For the measurements presented below, data were used from all seven samples listed in
table 3, taken within 30h (three half-lives of 196Au’"z) of the relevant irradiation time.
Exceptions are the values presented for the 84.7keV photon, where only the first 10 h of
counting were used and data taken on detectors with high ***Th backgrounds were excluded.
A weighted average of the energy of each photopeak in each count of each sample was
generated. The statistical uncertainties on these values are quite small, and in most cases are
completely overwhelmed by the systematic uncertainty that arises in energy calibrations,
0.04-0.06 keV over the relevant portions of the ~-ray spectra.

In table 4 the determinations of the energies of the photons emitted in the decays of
196Au'"z, 196 48 s 198 A8 , and 24Na are presented. The last three radionuclides were included
as method validation. Photon-energy values from the literature are included as a comparison.
The values given in [109] for two of the ~-transitions in the decay of '*Au™? were derived
from electron spectroscopy and are probably the most precise. The best values for the energies
of the other ~-rays emitted in the decay of '*°Au™? were reported by Wapstra [41], but were
shifted upwards by 40 eV in a subsequent data evaluation to account for changes in cali-
bration [27]. For photons emitted in the decay of '*°Au™?, it was found that the values derived
from this work are in substantial agreement with the literature, though they offer no sig-
nificant improvement. For photons emitted in the decays of '*®*Au® and **Na, the data derived
from this work reproduce the more precise literature values, although the literature data for the
1369 keV photon emitted in the decay of **Na are somewhat discrepant. It was found that the
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Table 4. Reported energies (in keV) of y-rays emitted in the decays of '*°Au™?, '*SAus,
198 Au®, and **Na. One-sigma uncertainties are given in parentheses, relative to the last
significant digit(s) of the experimental values.

~-ray energy (keV)

Isotope [27] [41] [82] [109] [110] This work
196 A g2 84.66(2) 84.62(2) 84.6 84.69(5)
137.69(3) 137.65(3) 137.7 137.65(5)

147.81(2) 147.77(2) 147.8 147.773(16)  147.9 147.78(5)

168.37(2) 168.33(2) 168.3 168.35(5)

174.91(2) 174.87(2) 174.9 174.86721)  174.9 174.93(7)

188.27(3) 188.23(3) 188.2 188.4 188.24(5)

264.0(5) 264.0(5) 263.76(5)

285.49(7) 285.45(7) 285.48(5)

316.19(5) 316.15(5) 316.19(5)

Isotope [27] [55] [111] This work
196 A8 326.2(4) 326.2(4) 326.38(8)
333.03(5) 333.03(5) 333.0 333.03(5)

355.73(5) 355.73(5) 355.7 355.73(5)

426.0(1) 426.1 425.99(5)

521.4(2) 521.4(2) 521.18(6)

759.1(3) 759.1(3) 758.32(6)

1091.4(2) 1091.33(30) 1091.4(2) 1091.30(6)

Isotope [89] [112] [113, 114] [115] This work
8 A8 411.795(9) 411.794(8) 411.8044(2)  411.8020(2) 411.82(5)
675.871(18)  675.8874(7)  675.8836(7) 675.90(5)

Isotope [89] [106] [116] [115] This work

2*Na 1368.568(44) 1368.55 1368.672(5)  1368.626(5) 1368.54(6)

data from these irradiations provide a significant improvement over values reported in the
literature for the energies of the minor transitions in the decay of 6.2d '"°Au®, and are in
substantial agreement, with the exception of the ~-line at 758 keV, where the data disagree by
0.8 keV. This difference was first noticed in spectra of high-yield debris collections, but the
possibility of interference from some undefined component of the radiochemically compli-
cated samples could not be excluded. The activated gold spectra are less complicated (see
figure 5), and the discrepancy relative to the literature is reproduced.

4.2. Measurement of the half-life of the decay of "*°Au™

As described in section 3.2, decay curves were constructed for each of the six most intense ~-
lines associated with the decay of '*®Au™?. For the three samples whose decay was followed
(T13, T65, and T62), a total of 18 separate determinations of the half-life were performed.
Four representative decay curves are shown in figure 6. Calculation of a half-life from ~-
spectrometric data can suffer from inaccuracies that were minimized or eliminated based on
the experimental setup. The samples were placed at fixed locations relative to the detector and
were not moved for the duration of the measurements, eliminating uncertainties associated
with detector efficiency calibration. As analyte signals decay with time, any error in the
subtraction of the continuum has a strong effect on the residual photopeak areas and,
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Figure 6. Four representative decay curves of photons arising in the decay of '*°Au"?,
sample T65. Only the first 80 h of data are shown. Vertical one-sigma error bars on the
data points are smaller than the size of the markers unless explicitly shown.

consequently, the calculation of the half-life. The structure of the continuum under the
196 Au™? photopeaks arises primarily from the decay of longer-lived '*®Aus, so the shape and
magnitude of the continuum change slowly with time. The uncertainty associated with
subtraction of the continuum is not strongly affected by the gross count rate of the sample
over the course of the measurements [106], and is assumed to be handled properly in the
GAMANAL analysis. The electronic dead time associated with data collection was never
greater than 1.0%, minimizing potential time-base issues associated with real-time/live-time
calculations. Also, by using three different attenuators and three different detectors (including
a LEPS detector), any overall bias in the measurements was minimized.

The decay curve associated with each photopeak was treated as a simple (i.e. single-
component) decay. In table 5 the 18 values of the half-life of '**Au™? that were obtained in
these experiments are listed. The weighted-average half-life is 9.603 h, with a one-sigma
uncertainty of 0.23%. The '*°Au™? half-life could also be extracted from the ingrowth of the
strongest ~-lines emitted in the decay of the '°°Au® decay daughter (see section 4.4). Those
results were consistent with the direct measurements in table 5, but are of much lower
statistical value and were not included in the calculation of the average.

In addition to '"°Au™?, half-lives for "®Au® and **Na were also extracted from the
counting data. This was done as a check of the method, although counting was not optimized
for '*®Au®, and the 4-ray activity due to decays of **Na had lower counting statistics. Neither
radionuclide was observed in counts of sample T62 where a LEPS detector was used to
follow the decays. The values obtained for the decay half-lives of '*®Au®, **Na, and '*°Au™?
are presented in table 6, along with examples of similar measurements from the indicated
literature. The measured half-lives of '*®Au® and **Na are consistent with the more precise
literature values. The value for the half-life of '"°Au™? obtained from this work is consistent
with the literature, but with a smaller associated uncertainty (the value in [76] was given
without an error bar).

4.3. The relative intensities of the ~y-rays emitted in the decays of gold isotopes

In the measurements of relative ~-ray intensities, particularly those involving low-energy
photons, issues of detector efficiency calibration and attenuating media are paramount. The
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Table 5. Determinations of the half-life of '*®Au™? from decay-curve analyses of the six
strongest ~-ray transitions observed in the three indicated counting samples.

Sample

Photon energy (keV)

Half-life (min)

T13

T62

T65

137.6
147.8
168.4
188.2
285.5
316.2
137.6
147.8
168.4
188.2
285.5
316.2
137.6
147.8
168.4
188.2
285.5
316.2

Weighted average

523.5 + 132.4

569.5 + 8.0
585.0 £+ 46.1
567.0 + 8.8
592.7 £ 35.1
514.6 £+ 39.6
568.0 £+ 36.0
5709 £ 2.8
592.6 £ 16.7
579.6 £4.3
5747 £19.9
539.3 £ 26.7
577.7 £ 38.6
5792 £25
567.4 £ 10.1
5779 £ 24
5743 £ 8.5
584.8 £ 11.5
5762 £ 1.3

Table 6. Comparison of measured half-lives from this work with values from the

indicated literature, for decays of '*®Au®, **Na, and '*°Au

Isotope or Half-life References
sample 1D
198 Ay$ 2.6946 + 0.0010 d [117]
2.6943 + 0.0008 d [118]
2.6966 + 0.0007 d [119]
2.6956 + 0.0003 d [120]
2.6947 + 0.0006 d [121]
2.6949 + 0.0009 d [122]
T13 2.7031 + 0.0121 d This work
T65 2.6883 + 0.0049 d This work
2Na 14.959 + 0.010 h [123]
15.09 £ 0.06 h [124]
14.9654 + 0.0041 h [118]
14.9512 4+ 0.0032 h [120]
T13 15.18 = 0.58 h This work
T65 1492 + 0.12 h This work
196 A y2 600 =+ 30 min [50]
588 + 18 min [51]
570 + 18 min [52]
582 + 6 min [74]
624 + 60 min [75]
576 min [76]
567 + 12 min [40]

576.2 & 1.3 min

This work (average)
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Figure 7. Attenuation of photons relevant to sample T65. The fraction of emitted
photons attenuated by 402 mg cm ™2 of cadmium is given, as is that associated with %

the thickness of the 502 mg cm ™2 gold foil, an approximation of self-attenuation.

effects of errors in calibration were minimized by using several different detectors in the
course of the experiments. The systematic uncertainty of 1%-2%, from the uncertainties of
the decay rates of the radionuclides in the sources used in the calibration of the detectors, does
not apply to the reported ratios of +-ray intensities.

The half-thicknesses used in the attenuation correction have uncertainties of 2% [107],
which translates to an uncertainty in the fraction of photons attenuated (F(v)) through the
expression,

Fy) =1 - 271/, 5)

where T is the areal density of the attenuator and h(v) is the half thickness. In figure 7 we
show the attenuation associated with the media for the counts of sample T65, the
402 mg cm 2 cadmium external foil and half the thickness of the 502 mg cm ™2 activated gold
foil. GAMANAL performs a more accurate incremental calculation for self-attenuation by the
source, but this was approximated for the purpose of discussion by displaying the attenuation
by half of the target-foil thickness in figure 7. For photons with energies >300 keV, a 2%
uncertainty on the half-thickness has a small effect on the uncertainty of the -ray intensity
measurements, [1 — F(7)]au X [1 — F(7)]cq for sample T65. At lower energies, the
uncertainty becomes more important, surpassing 2% for energies below 150 keV.

Through the use of intensity ratios, the attenuation uncertainty caused by the systematic
uncertainty in the half-thickness partially cancels for photopeaks that are proximate in energy.
The GAMANAL calculation of photon intensities propagates an attenuation uncertainty such
that individual intensity ratios based on the weighted averages of several measurements will
have associated error bars that are too small, particularly for ratios involving low-energy
transitions. The systematic uncertainty due to attenuation is reapplied after the averages are
calculated. Traditionally, relative photon intensities are based on the transition of highest
intensity, but in this case the 148 keV transition is significantly more attenuated than is the
slightly less intense 188 keV transition, resulting in a larger absolute uncertainty in intensity.
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Therefore, the intensity ratio calculations presented here were based on the 188 keV
photopeak.

As a check of the method, intensity ratios were also measured for the photons emitted in
decays of '*°Au® and '*®Aus, relative to their 356 keV and 412 keV photopeaks, respectively.
In "2°Au® decay, most of the -ray intensity is three y-lines (333, 356, and 426 keV), but lines
of lower intensity associated with the EC branch were also observed. In '*®Au® decay, only
one intensity ratio could be measured, so the entries for those particular sources are omitted
from the table when both photopeaks were not observed. Similar to the treatment of detector
efficiency calibration, the parameters of attenuation were varied across the set of experiments
to attempt to compensate for any errors inherent in the attenuation calculation. Perhaps more
importantly, three different thicknesses of gold foils were used as targets in the irradiations to
assess the GAMANAL calculation of self-attenuation by the source medium.

In table 7 the average values of the photon-intensity ratios obtained from each of the
seven experimental samples are reported. Sample T61 has two entries because it was counted
both with and without an interposed cadmium foil. For samples T63, T64, T98, and T61, the
intensity ratios were obtained from individual spectra and weighted averages were obtained
for each sample. For samples T13, T62, and T65, where the data were time-tagged and used
to construct decay curves, the intensity ratios were derived from decay-curve analyses in
which the half-lives were held constant. The final weighted averages were derived from the
data values given in table 7 for each individual sample, when measured.

As discussed above, the weighted-average values of the intensity ratios given in table 7
have associated uncertainties that are underestimated, and require application of the sys-
tematic error arising from the attenuation correction. This uncertainty is small for the higher-
energy transitions involved in the decays of '"°Au® and '"®*Au®, but is significant for the
lower-energy photons emitted in the decay of '°Au™. The weighted average of each
intensity ratio is most strongly influenced by the entry for sample T65, except the average
value for the 84.7/188.2 keV ratio, which is most strongly influenced by the sources pro-
duced from thin gold foils. Therefore, with that sole exception, the systematic uncertainties
derived from the attenuation data for sample T65 (depicted in figure 7) were propagated with
the intensity ratios given in table 7 to generate the final intensity ratios, which are reported in
table 8. For the 84.7/188.2 keV ratio, the uncertainties associated with self-attenuation by a
thin gold target were propagated without additional attenuation. Table 8 also includes com-
parative data from the indicated literature. The literature data for I%Au’"Z, which have his-
torically been based on a 148 keV photon intensity of 5.00 [38, 41], have been reformulated
to match the basis presented here, where the 188 keV intensity is 1.00.

The data obtained in this work for the relative intensities of photons emitted in decays of
196 A8 and "8 Auf are consistent with those found in the literature, with the data reported here
for '"°Au® decay constituting an improvement. A substantial discrepancy was measured
between the data for '°Au™ decay and that reported in the literature as expected (see
section 1). The results of the present work are in closer agreement with the experimental data
from 1967 [41] than with the evaluated data from 2007 [27].

4.4. Absolute normalization of the intensities of photons emitted in the decay of "°Au™

The parent-daughter connection between the radioactive decays of '*°Au™? and '*°Au®
provides the means for determining an absolute normalization of the intensities of the ~-rays
emitted in '"°Au"? decay. This results from an established radiochemical method, involving
the measurement of the decay of '*°Auf shortly after irradiation of the target and observing a
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Table 7. v-ray intensity ratios for photons emitted in the decays of gold isotopes produced in the reaction of '’ Au with fast neutrons, summarized
for individual experimental samples. The abbreviation n.m. is not measured due to the absence of observed intensity of the photon transition in the
numerator. The description field is a mnemonic that refers to the sample characteristics given in more detail in table 3. The weighted averages do not
incorporate the systematic uncertainty due to the attenuation of photons, which was applied to the final data that are reported in table 8. Uncer-
tainties are one-sigma.

~-ray intensity ratios for '“°Au"?

Sample ID T63 T64 T98 T61 T61 T13 T62 T65 Weighted average
Description Thin gold, Thin gold, Thin gold, Thick gold, Thick gold, Thick gold, Thin gold, Thick gold,
cadmium tape tape tape cadmium tantalum tape cadmium
84.7 keV/188.2 keV 0.0168 = 0.0220 + n.m. 0.0829 + n.m. n.m. 0.01332 £ 0.01201 £+ 0.01535 £
0.0153 0.0038 0.0449 0.00215 0.00742 0.00228
137.6 keV/188.2 keV 0.04413 + 0.04737 £ 0.04241 + 0.04890 + 0.04823 + 0.05186 + 0.04511 + 0.04456 + 0.04525 +
0.00328 0.00281 0.00442 0.00645 0.01201 0.00671 0.00176 0.00175 0.00102
147.8 keV/188.2 keV 1.2405 £ 1.2953 + 1.2643 + 1.3145 £ 1.3224 + 1.2398 + 1.2394 £ 1.2616 + 1.2614 +
0.0127 0.0100 0.0148 0.0194 0.0278 0.0178 0.0076 0.0054 0.0081
168.4 keV/188.2 keV 0.1720 £ 0.1772 + 0.1751 + 0.1763 + 0.1683 + 0.1842 £ 0.1703 + 0.1736 + 0.1736 +
0.0046 0.0037 0.0069 0.0084 0.0084 0.0081 0.0030 0.0020 0.0014
174.9 keV/188.2 keV 0.01210 + 0.01422 + 0.01421 + 0.01518 + n.m. n.m. 0.01138 + 0.01299 + 0.01274 +
0.00247 0.00254 0.00469 0.00793 0.00185 0.00120 0.00086
263.8 keV/188.2 keV 0.02940 + 0.03084 + 0.02897 + 0.02794 + 0.02788 + 0.03335 + 0.02738 £ 0.03094 £ 0.03021 £
0.00229 0.00188 0.00306 0.00341 0.00388 0.00342 0.00190 0.00087 0.00065
285.5 keV/188.2 keV 0.11687 + 0.12239 + 0.11649 + 0.10667 + 0.11421 £ 0.11295 + 0.10881 £+ 0.11706 £+ 0.11623 +
0.00258 0.00247 0.00355 0.00466 0.00524 0.00407 0.00268 0.00116 0.00140
316.2 keV/188.2 keV 0.0808 = 0.08675 + 0.08065 + 0.07471 + 0.07349 £+ 0.07930 + 0.07435 £ 0.08131 £ 0.08050 £
0.0026 0.00262 0.00386 0.00469 0.00483 0.00380 0.00248 0.00102 0.00119
~-ray intensity ratios for '*°Au®
Sample ID T63 To4 T98 T61 T61 T13 T62 T65 Weighted average
Description Thin gold, Thin gold, Thin gold, Thick gold, Thick gold, Thick gold, Thin gold, Thick gold,
cadmium tape tape tape cadmium tantalum tape cadmium
326.4 keV/355.7 keV 0.00174 + 0.00104 + n.m. n.m. n.m. n.m. n.m. 0.00124 + 0.00126 +
0.00036 0.00030 0.00012 0.00012
333.0 keV/355.7 keV 0.26587 + 0.26320 £ 0.26493 + 0.26665 + 0.26720 £ 0.26801 £+ 0.26717 £ 0.26301 £ 0.26378 £
0.00154 0.00135 0.00122 0.00182 0.00271 0.00534 0.00344 0.00050 0.00050
426.0 keV/355.7 keV 0.07422 + 0.07583 + 0.07482 + 0.07423 + 0.07358 + n.m. n.m. 0.07400 + 0.07425 +
0.00076 0.00073 0.00055 0.00087 0.00130 0.00024 0.00023
521.2 keV/355.7 keV n.m. 0.00040 + 0.00057 + 0.00064 + 0.00049 + n.m. n.m. 0.00052 £+ 0.000525 +
0.00019 0.00010 0.00021 0.00025 0.00005 0.000043
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Table 7. (Continued.)

~-ray intensity ratios for '*®Au™?

Sample ID T63 To4 T98 T61 T61 T13 T62 T65 Weighted average
Description Thin gold, Thin gold, Thin gold, Thick gold, Thick gold, Thick gold, Thin gold, Thick gold,
cadmium tape tape tape cadmium tantalum tape cadmium
758.3 keV/355.7 keV n.m. 0.00080 + 0.00052 + n.m. n.m. n.m. n.m. 0.00055 + 0.000547 £+
0.00042 0.00010 0.00004 0.000038
1091.3 keV /355.7keV 0.00277 &+ 0.00223 £+ 0.00189 £ 0.00186 & 0.00254 + n.m. n.m. 0.00189 & 0.001912 £
0.00055 0.00037 0.00016 0.00034 0.00096 0.00007 0.000062
~-ray intensity ratios for '**Auf
Sample ID T63 T64 T98 T61 Weighted
average
Description Thin gold, Thin gold, Thin gold, Thick gold,
cadmium tape tape tape
675.9 keV/411.8 KeV 0.00923 + 0.00891 + 0.00728 + 0.00912 + 0.00873 +
0.00097 0.00102 0.00118 0.000942 0.00055
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Table 8. As reported ~-ray intensity ratios and a comparison of the present work with relevant results from the literature. Uncertainties are one-

sigma.

Isotope

Photon energies

References

196 AumZ

84.7keV/188.2 keV
137.6 keV/188.2 keV
147.8 keV/188.2 keV
168.4 keV/188.2 keV
174.9keV/188.2 keV
263.8keV/188.2 keV
285.5keV/188.2keV
316.2keV/188.2keV

[41]
< 0.023
0.0341 £ 0.0115
1.136 £ 0.052
0.205 £+ 0.015

0.116 £+ 0.013
0.077 £+ 0.008
[55]

[27]

0.0101 %+ 0.0004
0.0435 + 0.0146
1.449 + 0.050
0.2609 + 0.0171
0.01461 + 0.00057
0.0435 + 0.0146
0.1478 + 0.0154
0.0986 + 0.0094
[125]

[57]

[111]

This work
0.01535 + 0.00230
0.04525 + 0.00115

1.2614 4+ 0.0147
0.1736 £ 0.0018
0.01274 + 0.00086
0.03021 + 0.00070
0.11623 + 0.00172
0.08050 =+ 0.00141
This work

T96 A 1%

326.4keV/355.7 keV
333.0keV/355.7 keV
426.0 keV /355.7 keV
521.2keV/355.7keV
758.3 keV/355.7 keV
1091.3 keV/355.7 keV

0.28

0.0017 + 0.0004
[126]

0.270 £ 0.010
0.060 £ 0.010
0.00050 + 0.00015
0.00040 £ 0.00005
0.0024 + 0.0001
[127]

0.27
0.057 & 0.010
0.00073 =+ 0.00015
0.00050 + 0.00007
0.0020 + 0.0001
[128]

0.00113 £ 0.00025
0.263 & 0.006
0.0762 + 0.0010
0.000447 = 0.000010
0.000510 = 0.000020
0.00171 + 0.00007
[129]

0.00126 + 0.00012
0.26378 + 0.00073
0.07425 + 0.00030
0.000525 4 0.000043
0.000547 4+ 0.000038
0.001912 4+ 0.000063
This work

98 Aud

675.9keV/411.8 keV

0.00820 + 0.00056

0.0097 + 0.0011

0.00841 £ 0.00003

0.00846 + 0.00009

0.00873 + 0.00055
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Figure 8. Three decay curves from the decay of '“®Auf in sample T65. Vertical one-
sigma error bars on the data points are smaller than the size of the markers. Early-time
data for the strongest v-transition is expanded in the frame at the upper right. It clearly
shows that the data points and the associated fit (solid line) deviate from hypothetical
single-component behavior extrapolated from late counts (dashed line), demonstrating
the effect of decay of the '°°Au™? parent on the concentration of the '°°Au® daughter.

deviation from simple (single-component) radioactive decay caused by ingrowth of the
ground state from the decays of the metastable state.
The equation that describes the activity of a daughter nuclide (A,) as a function of time is,

o

A
Ag(t) = =222 (exp(=Ap1) — exp(—Aqg)) + AS exp(— A1), ©6)
()\d - Ap)

where Aj and A} are the initial activities of the daughter and parent nuclides, respectively, 7 is
the post-irradiation time associated with the measurement of A, and A; and ), and the decay
constants of the daughter and parent nuclide, respectively, and are equal to In(2) divided by
the appropriate half-life. Equation (6) is applied to the case where A, is the decay rate of
196 Au™ and A, is that of '?°Au®. Since the counting of NIF samples did not begin until after
90 min post irradiation, there is no measurable deviation from the behavior described by
equation (6) due to the independent production of the 8.2's '°Au™" intermediate state. If the
half-lives of the two species are known accurately, the functional form of the decay of the
daughter activity depends only on Aj and A}, and puts the decay of 96 Au" on the well-
characterized intensity basis of the radiations emitted in the decay of '*®Au®. Figure 8 is a plot
of the experimental data for sample T65, depicting the intensities of the three strongest +-lines
emitted in the decay of '"°Auf as a function of time. The data for the 356 keV line at early
times are expanded in the frame at the upper-right of the figure, showing the deviation from
single-component decay of '*°Au® caused by the precursor decay of '*®Au™?. The statistical
significance of the difference between single-component decay (dashed line) and the
functional fit of equation (6) to the data (solid line) can be improved with stronger sources,
but more importantly by counting the sources soon after the end of irradiation.

The time-dependent intensities of the strongest -lines emitted in the decay of '*°Au® in
the three samples whose decays were followed were fit with the functional form of
equation (6). The values of A were held constant in the calculation, and were computed from
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Table 9. Calculation of the initial activity ratio (A, /A7 ) of 196 Au™2 /19 Au® arising
from decay curve analyses of the strongest y-rays emitted in the decay of '*°Auf in the
indicated samples. The weighted average of the eight determinations is given, and is
converted to an isomer ratio through the application of the decay constants. Uncer-

tainties are one-sigma.

Sample Photon  Initial activity Initial activity Activity

ID energy 196 Ay™? 196 Au® ratio
(keV) (counts min— ]) (counts min— I)

T13 333.0 4720 +£ 1330 5099.2 + 88.9 0.926 £+ 0.262
355.7 19780 + 2750 19026 + 184 1.040 + 0.070
426.0 2832 + 733 1291.3 + 48.6 2.193 £ 0.574

T62 333.0 12590 + 1880 10571 £ 122 1.191 £ 0.178
355.7 46120 £ 3500 39567 £ 226 1.166 + 0.089

T65 333.0 28820 £ 1760 25291 £ 113 1.139 £+ 0.070
355.7 108000 £ 3730 96363 + 236 1.121 £+ 0.039
426.0 8170 £ 980 7107 + 63 1.150 + 0.138

Weighted average 1.119 £ 0.028

Isomer ratio (atom ratio) 0.0731 £ 0.0019

Table 10. Absolute normalization of the intensity of the 188.2 keV 7-ray emitted in the
decay of "*SAu"? for each of the indicated samples. The decay rate of '*®Au™? derives
from decay curve analyses of the y-ray transitions emitted in '*®Au® decay, corrected
for their absolute branching ratios (tables 8 and 11). Uncertainties are one-sigma.

Sample  Decay rate of '*’Au™  Intensity of 188.2 keV line Decay branch

1D (disintegrations min~ Y (v min~ )

T13 23480 4+ 2710 8073 £ 115 0.3438 4+ 0.0400
T62 53460 4+ 3670 16462 + 179 0.3080 4+ 0.0214
T65 124600 + 3900 42618 + 429 0.3420 4+ 0.0112

Weighted average 0.3352 £ 0.0097

half-lives of 9.603 h (see section 4.2) and 6.167 d (see table 11) for the decays of 196 Au™? and
196 Aué, respectively. Since the decay of sample T62 was followed with a LEPS detector, the
426 keV ~-ray was not observed in that sample, allowing a total of eight values of A; /A7,
which are reported in table 9.

The weighted average of the eight measurements of the initial activity ratio of
90 Au"? /1% Auf is 1.119 4 0.028. Since the activity of a radionuclide is related to the
number of atoms in the sample by A= AN, the initial atom ratio of '*°Au™?/'*°Auf is
0.0731 £ 0.0019 ( & 2.6%). Since in an instantaneous irradiation the post-irradiation atom
ratio is equal to the ratio of the production cross sections (no saturation effects) [87], the
isomer ratio is also 0.0731. Uncertainties in efficiency calibration and attenuation do not
apply because both initial activities were obtained from single ~-ray lines.

The counts min~ ' values given in table 9 for '*Au™? can be converted to absolute
disintegrations min~' through the application of the photon intensity of the transition in
196 Au$, the observable from which the '*°Au™? initial activities were derived through decay-
curve analysis. The weighted average of the absolute decay rate of '*°Au™ at end of irra-
diation is given in table 10 for each sample, using relative intensity data for '*°Au® from
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Table 11. Nuclear decay data used for calculations of reaction product atom ratios,
obtained from [81] unless otherwise noted in the text. Uncertainties (one-sigma) of the
last significant digit(s) are given in parentheses.

Nuclide Half-life Normalization =~ Photon energy Relative
(keV) intensity

2Na 14.9590(12) h 1 1368.6 1

195 Au 186.09(5) d 0.109(6) 98.9 1.00(5)

19 Au8 (EC) 6.167(1) d 0.869(9) 333.0 0.263(6)
355.7 1
1091.4 0.00171(7)

196 Au8 (67) 6.167(1) d 0.066(3) 426.0 1

198 A8 2.6947(3) d 0.9558(12) 411.8 1

198 Au™ 2.272(16) d 0.77(1) 97.2 0.90(4)
180.3 0.84(5)
204.1 0.65(4)
214.9 1

197pyn 95.4(2) min 1 279.0 0.024(3)
346.5 0.111(3)

197pys 19.8915(19) h 1 191.5 0.037(4)

194y 19.15(3) h 1.00(5) 328.5 0.93(5)
482.6 0.97(5)

table 8 and the absolute normalization from table 11 (below). The initial activities of the
188.2keV ~-ray resulting from single-component decay curve analyses are also given in
table 10. In this case, the systematic uncertainties associated with the efficiency calibration of
the detector and the attenuation of the 188 keV ~7-ray are relevant, and are components of the
quoted uncertainties. The decay branch resulting in the emission of 188 keV photons is the
ratio of the intensity of the ~-ray transition to the absolute decay rate of the radioisotope,
derived in table 10 for the three indicated samples. These independent analyses result in
similar values for the decay branch, giving a weighted average of 0.3352 4 0.0097
( + 2.9%). The decay of 196 Au™? results in 188 keV photons 33.5% of the time, and the data
in table 8 for the relative intensities of 4-rays arising in '"°Au™ decay may then be nor-
malized to this value.

4.5. Production of other radioisotopes in the reactions of fast neutrons with %7 Au

Thus far, this work has focused on the gold isotopes '“°Au™?, '"°Au®, and '*®Au®, the
dominant activities produced in NIF irradiations of '*’Au. Other reaction products formed
with lower probabilities are sensitive to different portions of the neutron spectrum (see
section 5.4). The v-ray spectra obtained from samples T65, T98, and T62 were examined to
either quantify or establish limits for the concentrations of these products, using the nuclear
data in table 11, primarily from [81]. The half-life for the decay of 96 Au® is from [27]; a
slightly longer half-life (6.183 d) [81] is in common use in radiochemistry, but in examining
its pedigree it was not convincing that the precursor decay of '*°Au™? was treated correctly in
the reported measurements. The nuclear data for 197pg# comes from a recent evaluation [130].

The data are used in absolute atom calculations similar to the method outlined for the
representative calculation of table 1. In table 12 the values obtained for the concentrations of
the products of minor reactions relative to that of '°Au, or their limits (one-sigma) are
reported. All reported values are averages of the data collected from the three indicated
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Figure 9. Two low-energy photon spectra obtained from sample T62, taken with a
LEPS detector at approximate times of 2.7 and 45.8 h after irradiation, scaled to 2.5 h
of acquisition time. The x-ray transitions contributing to each photopeak are shown in
the spectrum. The decay of the gold K x-rays (associated with 9.6h '*Au™? decay)
relative to the platinum K x-rays (associated with 6.2 d '°°Au® decay) is apparent when
comparing the two spectra.

Table 12. Reaction product radionuclide atom ratios measured in NIF irradiations of
gold foils. The data are weighted averages over several samples as described in the text.

Nuclides Atom ratio

90 AW"2 /1% Au® 0.0731 + 0.0019

95 Au /0 Auf <4.0 x 1073
197pym /196 A8 49(1.1) x 107*
197pys /196 A8 <3.8 x 107
1941 /196 A <6 x 1074
198 Au /190 Aus <75 x 1073
198 Aus /1 Au? 0.10 + 0.02

samples, except those given for '*°Au™?/'°Au® (table 9) and for '**Au®/'*°Au® (from all
samples). The propagated statistical uncertainty associated with the '*®*Au® / 1% Au¢ value is
much smaller than given in table 12, but does not capture the spread in the atom ratio values
from sample to sample. The '*®*Au? activity is produced by the '°’Au(n, +) reaction, which
has no energy threshold, so neutrons from the non-reproducible NIF room return interactions
have an inordinately large effect on the source inventories of '**Auf (see section 5.4).

4.6. Decay curve analyses of the K x-ray photopeaks in spectra from samples T62 and T65

The x-rays accompanying the decays of the gold isotopes can give information regarding the
internal conversion of electromagnetic transitions, particularly for decays that are not
accompanied by a change in atomic number, such as '*°Au™?. In figure 9 sections of two
photon spectra are shown that were taken with a LEPS detector from the thin gold sample
T62. One spectrum was acquired shortly after the NIF irradiation while the other was taken
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after an elapsed time of more than four '*°Au™? half-lives. Transitions contributing to each
photopeak are designated in the figure.

The decays of the gold isotopes produce x-rays in their daughter nuclei, so characteristic
K x-rays from platinum, gold, and mercury are potential contributors to the observed inten-
sities. For those elements, the K x-rays from radioactive decay overlap [131], with the Ko
peak from element Z overlapping the K« peak from element (Z + 1), and the K3, peak from
element Z overlapping the K3, ,; peak from element (Z + 1). As a result, many of the K x-ray
photopeaks in the experimental spectra are multiplets unresolved by GAMANAL, each of
them a potential contributor to be assayed through decay curve analysis. From table 12 it is
known that only '*°Au"?, '°Au?, and '*®Au® are likely to contribute significantly to the K x-
ray intensity emitted by the sources. The EC decay of '*°Auf is the only contributor to the
platinum K x-rays. The 3~ decays of '?°Au® and '*®Au? can contribute mercury K x-rays. The
[~ decay process itself does not produce many K-shell vacancies, and the accompanying -
rays (426 and 411 keV) are of E2 multipolarity and of relatively high energy such that the
transitions are not significantly converted [132, 133]. This is confirmed by the observed
intensity of the Mercury Koy line in figure 9, so it is assumed that the contribution of the 5~
decaying radionuclides to the intensities of the major K x-ray peaks is negligible.

The nuclear-decay component of the gold K x-ray intensity comes from internal con-
version of the ~y transitions in the IT decay of '*®Au™2. From table 12, the only other potential
contribution to the production of gold K x-rays in nuclear decay is '*®*Au", which is produced
at sufficiently low levels as to be unobservable in these experiments. By comparing the two
spectra shown in figure 9, gold K x-ray contributions to the photopeaks decay more rapidly
than the contributions from platinum K x-rays as expected. Based on the time elapsed between
the acquisition of the two spectra, it is expected that K x-ray intensity due to decays of '*°Au">

will have decreased by more than a factor of 20, but even those photopeaks that have no

admixture of platinum K x-ray intensity (e.g. 68.8 keV) have not decayed by that much.
Excess long-lived gold K x-ray intensity results from the contribution of fluorescence of the
gold sample matrix induced by the gross radioactivity of the sample; i.e. from K vacancies
excited by photoelectric absorption and Compton scattering of photons [90, 134, 135]. The
nuclear-decay component of the observed gold K x-ray intensity is proportional to the decay
rate of '?°Au™? in the sample. The fluorescence component is proportional to some combi-
nation of the decay rates of all the gold isotopes and to the mass of activated gold in the
source. Fluorescence processes do not contribute to the observed intensities of the platinum or
mercury x-rays, however, because the sample matrix has negligible mass admixtures of those
elements.

In order to determine the K x-ray intensity associated with the nuclear decay of '*°Au"?,
two-component decay-curve analyses were performed on the six major K x-ray photopeaks
emitted by two sources that contained significantly different amounts of gold, sample T62
(0.93 g) and sample T65 (2.50 g). The two components were assumed to decay with the half-
lives of '°Au™? and '"°Au®, which were held constant in the calculations. This treatment
should be considered semiquantitative; the decay of sample T65 was followed with a COAX
detector with an efficiency calibration that was not perfectly modeled for photons with energy
<70keV. The attenuation of photons with energies below the gold K edge (80.7 keV [97]) is
substantial, particularly for sample T65 where attenuation by an interposed cadmium foil and
self-attenuation by the thick gold sample are shown in figure 7. In the decay-curve analyses, it
was assumed that no significant contribution to the fluorescence of the sample was due to
decays of '"®Au®, and no ingrowth of '*°Au® was from the decays of '“°Au™?, an approx-
imation supported by the data shown in figure 8.
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Table 13. Two-component decay-curve analyses of the six principal x-ray photopeaks
determined in the decays of the indicated gold samples. Component half-lives were
held fixed in the calculations. Data units are absolute photons/min. Uncertainties are

one-sigma.
Sample Photon Contributing x-ray Initial Initial
energy (keV) transitions contribution contribution
9.6 h activity 6.17 d activity
T62 65.1 Pt Ko, —389 £ 106 10946 £ 19
(thin) 66.8 Pt Ka; + Au Ka, 13095 £ 186 19840 + 23
68.8 Au Ko, 25103 + 101 1983 £+ 8
75.6 Pt KB 13 —332 £ 138 6378 + 31
77.8 Pt KB, + Au K343 8574 £+ 126 2401 + 12
80.2 Au Kf, 3571 + 66 3441 £ 7.1
T65 65.1 Pt Ko, 196 + 1686 28798 £ 407
(thick) 66.8 Pt Ka; + Au Ko, 43760 £ 3350 52420 + 660
68.8 Au Ko, 77020 + 1840 9553 + 149
75.6 Pt KB 43 —228 £ 575 15370 + 140
77.8 Pt KB, + Au K(31,3 22570 + 610 7489 £ 75
80.2 Au Kf, 17820 £ 540 2051 + 68

Table 14. Literature values of x-ray intensities per K vacancy for relevant elements
[136, 137], and the K-shell fluorescence yields [60]. Photons arising in K3, and K(33
transitions were not resolved in the analyses presented here, so the intensity infor-
mation is given for the sum, K[ 3.

Intensity per K vacancy

x-ray photon Pt Au Hg

Ka, 0.274 £+ 0.006 0.275 4+ 0.006 0.275 £ 0.006
Ko, 0.465 £+ 0.010 0.464 + 0.010 0.463 + 0.009
KBy 43 0.1626 4+ 0.0025 0.1627 4+ 0.0025 0.1629 + 0.0025
KB, 0.0381 4+ 0.0008 0.0384 4+ 0.0008 0.0387 4+ 0.0008
Fluorescence yield 0.963 0.964 0.966

The results of the two-component decay-curve analyses of the six principle K x-ray
photopeaks in samples T62 and T65 are given in table 13. For the 65.1 and 75.6keV
transitions, which include no contributions from gold K x-rays, a small negative activity for
the 9.6 h decay component can arise, due in part to ingrowth of '*®Au® from '"°Au™? decay.
The magnitude of the component is small relative to the positive contributions of the 9.6 h
component to the other photopeaks, supporting the two-component decay-curve approx-
imation. The relative intensities of the K x-ray photopeaks associated with each element are
well known [136, 137] and are given in table 14 as photons emitted per K vacancy for the four
principle x-ray photon groups (Kaw, Koy, K313, and K3,).

With the values from table 14, the data in table 13 can be converted to four values each of
K vacancies/min at the end of irradiation for platinum K x-rays arising in %6 Au® EC decay,
gold K x-rays from the fluorescence of the sample medium from the decay of '*°Au?, and gold
K x-rays arising from the sum of the IT decay of '**Au™? and the fluoresce of the medium by
96 Au™2, The four individual measurements of the initial K vacancy rate of each type were
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Table 15. Calculation of the initial K vacancy rate of '*°Au™? due to nuclear decay
processes.

Sample  Mass Pt K vacancies Au K vacancies  Au K vacancies

ID (2 6.18 d half-life  6.18 d half-life 9.6 h half-life
T62 0.9292 39900 =+ 520 3927 £ 66 52010 % 690
T65 2.5021 98360 + 1460 22270 £+ 420 161900 £ 3300
T62 observed '%°Au"2 Au K vac. = 1.303 + 0.024

observed'%°Aug Pt K vac.

T65 observed '%0Au"2 Au K vac. — 1.646 + 0.042

observed 190Aug Pt K vac.

9.6 h Au K x-rays due to fluorescence —
L =0.218 + 0.031g™"
'Aud Pt K vac.

T62 196 Au™2 internal convcrsi(?n Au.K X-rays 2677 + 0.134
188.2 keV photon intensity

determined from photopeaks spanning the energy range of 65-80keV. The results were
consistent with computational uncertainties associated with the counting statistics of the
spectra obtained from each sample, indicating the GAMANAL attenuation corrections were
applied appropriately. The weighted averages of the initial K vacancy rates for both samples
are listed in table 15.

1t is assumed that the isomer ratio 196Au’"z/ %6 Auf is the same in both samples, arising
primarily from the reaction of 14.1 MeV neutrons with '°’Au. This is supported by the
measurements presented in table 10. If fluorescence of the medium was unimportant, the
initial rate of gold K x-ray vacancies decaying with a 9.6 h half-life, divided by the initial rate
of platinum K vacancies decaying with a 6.2 d half-life, would be constant. As shown in
table 15, this is not the case. These data can be used to extract the 9.6 h K vacancy rate due to
fluorescence processes as a function of the mass of gold in the sample. This correction factor
was applied to the thin-foil T62 data to arrive at the rate due to nuclear decay processes, and
the T62 data in tables 10 and 14 were used to normalize this value to the intensity of the
188.2 keV photon. There are (2.677 £ 0.134 ( +5%)) internal-conversion K vacancies for

each 188.2 kev photon emitted in the IT decay of '*°Au™?.

5. Discussion

In section 4, the y-ray spectrometric measurements of the decay properties of '*°Au™? and
other products of the reaction of fast neutrons with '°’Au were presented. In this section,
application of these results to the NIF diagnostic measurements is made. Isomerism and the
nuclear structure of '*°Au will be discussed, as well as a method for calculating reaction cross
sections for the production of radionuclides by the complicated neutron spectrum generated
through the fusion of the DT fuel in a NIF capsule.

5.1. A fidelity check of the present " Au™ decay data

In section 1, a calculation of the '*°Au™ content of a representative sample of NIF debris was
presented as motivation for remeasuring its nuclear-decay properties. Table 16 reproduces the
calculation in table 1, but replaces the literature data with those obtained in this work from
irradiated gold foils. The standard deviation of the three values of the relative disintegration
rate derived from the three strongest 7-lines is now 1.3%, compared with 21% obtained in
table 1 using the literature data. This is comparable to the propagated uncertainty of 1.0%.
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Figure 10. A simulation of the energy spectrum of neutrons emitted from the fusion
capsule deployed in NIF experiment N141106.

Table 16. Calculation of the '"°Au™? content of debris sample CC6870, experiment
N150416, first count after sample recovery, applying the nuclear decay data measured
in this work. Direct comparison to table 1 is instructive.

Photon Measured Spectroscopic Relative
energy (keV) photons/min  relative intensity  disintegrations/min
147.8 8199 + 141 1.2614 + 0.0128 6500 £ 130
168.4 1100 £ 33 0.1736 + 0.0018 6336 + 201
188.3 6461 + 85 1.00 6461 £ 85
Weighted average 6457 + 67
Normalization 0.3352 £+ 0.0097
Decay rate 19260 + 590

Even though the resulting decay rate (19260 £ 590) is not significantly different from that
obtained with the literature data (18690 + 1430), the improvement in data quality is obvious.

5.2. The calculation of cross sections relative to a reference value for NIF neutrons

Members of the nuclear science community have been interested in using the neutron pulse
emitted by a NIF fusion capsule for the measurement of nuclear reaction cross sections [6].
Unfortunately, as discussed in section 1, scattering processes in the compressed thermo-
nuclear fuel affect the NIF neutron spectrum such that it is not monoenergetic. This is a
valuable characteristic for diagnosis of capsule performance, but less desirable for funda-
mental physics measurements of reaction cross sections.

Figure 10 shows the spectrum of neutrons produced by the capsule fuel in experiment
N141106 (see table 2). The spectrum is the result of a computational simulation [10, 138],
supported by the prompt-diagnostic measurements of the neutron spectrum for that experi-
ment [12—-14, 139, 140]. The spectra calculated for the other experiments in table 2 are similar
in general form. The contribution of more thermalized room-return neutrons at the irradiation
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Figure 11. Excitation function for the 2’Al(n, «)**Na reaction [16, 144].

location is not included, but it is projected to be an important contribution only at sub-MeV
energies [9]. The spectrum is dominated by the primary neutrons, with energies between 13
and 15MeV. The secondary neutrons contributing to the spectrum below 13 MeV are the
result of one or more scattering interactions, mostly in the compressed thermonuclear fuel
[10, 11, 141]. The neutrons at energies >15 MeV arise from reactions-in-flight [142, 143], in
which deuterons or tritons elastically scattered to higher energies by primary neutrons sub-
sequently undergo fusion reactions.

The flux monitor reaction used in these measurements is 27Al(n, a)24Na, with an exci-
tation function shown in figure 11 [16, 144]. The peak cross section is between 13 and
15MeV, where it is only weakly dependent on neutron energy. The total production of **Na
is proportional to the integral-over-energy of the product of the neutron spectrum (figure 10)
and the excitation function (figure 11). That calculation indicated that 92.5% of the **Na
produced in experiment N141106 can be attributed to reactions of *’Al with neutrons of
energies between 13 and 15 MeV, the activation fraction due to primary neutrons. The areal
density of the target, the reaction cross section at 14.1 MeV (0.121 b [144]), and the empirical
production of **Na, combine for a determination of the number of primary neutrons that
passed through the aluminum target. Scaling this value by the relative target areas, the derived
flux can be applied to the calculation of cross sections for primary neutron reactions in the
associated gold foil. The uncertainty of the 2’Al(n, a) cross section at 14 MeV is approxi-
mately 1.5% [145, 146] or less [147].

The 197Au(n, 2n) excitation function is well known [16, 148]; however, the method of
calculating the cross section for reactions with primary neutrons without including this
information must be developed. The form of the excitation functions for (n, 2n) reactions on
odd-even nuclides in the (Z, N) vicinity of '*’Au (Z = 75-83) is only slowly varying, rising
from a cross section of zero at the energy threshold of the reaction to a plateau between 13
and 15 MeV. A hypothetical, non-normalized excitation function for 197Au(n, 2n) was created
based on the reaction threshold at 8.03 MeV [84] and the energy dependence relative to
thresholds of (n, 2n) reactions of nearby odd—even targets [16], compared as semilogarithmic
plots. Folding the derived excitation function with the neutron spectrum in figure 10, the
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Table 17. Cross section for the reaction '’ Au(n, 21)'*®Au® with primary neutrons from
~-ray spectrometry of the indicated samples. The irradiations are described in table 2.
Source areas and masses of the gold foils are given in table 3.

Al 197 Au(n,
Sample ID  monitor 2*Na production  '?°Au® production 2n)'9°Au®
(per 5.02
cm?) (atoms) (atoms) cross section (b)
T65 326 mg  8.550(68) x 10°  1.424(16) x 10°  1.959 + 0.027
T63 327 mg  9.590(134) x 10°  6.234(69) x 10® 2.040 £ 0.036
To64 32.5 mg 1.000(12) x 107 6.251(69) x 10® 1.958 + 0.032

Weighted average  1.979 £ 0.026

resultant estimate was that 94.5% of the production of '*°Au comes from reactions with
neutrons between 13 and 15 MeV. This is sufficiently close to 100% that there is justification
for assigning an uncertainty of 1% to this activation fraction.

The simulation shown in figure 10 does not have an associated uncertainty, so its
contribution to calculation of the uncertainties of the individual activation fractions is not
known. However, the shape of the neutron spectrum affects the inventory of both reaction
products (**Na and '"°Au) in similar fashion, making unquantified uncertainties in the cal-
culated spectrum partially cancel when computing the ratio of activation fractions used for the
determination of cross sections. Although similar in general form, the simulated spectra for
the other experiments listed in table 2 may be different in detail. From table 2, it is noted that
yields of the capsules fielded in experiments N141106 and N151020 were similar, implying a
similar degree of fuel compression and, consequently, a similar degree of downscatter; this
was verified by prompt-diagnostic measurements, which indicated that the ratio of the
intensity of downscattered neutrons to that of primary neutrons was similar in both experi-
ments. Spectrometric data were selected from samples irradiated in these two experiments
(T65, T63, and T64) as the basis of the ensuing cross-section calculations.

The calculations of the cross sections for '*’ Au(n, 2n)'*°Au® from primary neutrons are
outlined in table 17, based on the flux extracted from the >’ Al(n, «)**Na monitor reaction and
data from ~-ray spectrometry of the three indicated samples. In these analyses, '*°Au® and
196 Au™? were calculated independently. The isomer ratio is small (~0.07) and it was assumed
to vary insufficiently between 13 and 15 MeV such that the cross section for the production of
196 Au$ remained constant across the energy window (see section 5.3). The cross section for
97 Au(n, 2n)'°°Auf was derived and converted to '’ Au(n, 2n)'°°Au through application of
the isomer ratio.

The three calculations outlined in table 17 give similar results for the 197Au(n, 2n)196Aug
cross section. The weighted average of the three measurements is 1.979 b + 0.026 (+1.3%).
The total cross section for the production of the sum of all isomeric states (I%Au’) is obtained
by multiplying by (1 + I), where [ is the isomer ratio reported in section 5.3. Propagating the
uncertainty with those associated with the two activation fractions and the isomer ratio, a
reaction cross section for '*’Au(n, 2n)'?°Au’ of 2.124 b + 0.055 (£2.6%) is obtained. The
error bar should be considered a minimum since it does not include uncertainties inherent in
the simulation of the neutron spectrum, which have not yet been evaluated.

The as-reported literature cross sections for the 197Au(n, 2n)196Aut reaction are presented
in table 18 along with the cross section derived from this work for comparison. Data from
references published prior to 1965 are excluded. Included are cross section values for reac-
tions induced by neutrons with energies in the vicinity of 14.1 MeV.
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Table 18. As-reported Y7 Au(n, 2n) cross sections near 14 MeV. Data are from the
listed references, excluding work reported prior to 1965. The derived cross section
from this work is included for comparison. The error bar on the present measurement is
a minimum value that does not contain systematic uncertainties discussed in the text.

E, MeV) Cross section (mb)  References
14.8 1950 + 20 [76]
14.7 2150 £+ 100 [149]
14.72 2149 + 100 [150]
14.7 2209 + 253 [151]
14.4 1986 + 150 [29]
14.10 2213 £ 94 [152]
14.89 2116 + 89 [152]
14.05 1850 4+ 100 [153]
14.60 1880 + 105 [153]
14.7 2064 + 125 [154]
13.8 2039 + 91 [155]
14.28 1936 £+ 97 [155]
14.76 1935 + 155 [155]
14.68 2170 £+ 67 [31]
14.75 2071 £ 93 [156]
14.50 2151 +£ 43 [157]
14.10 2211 + 88 [147]
14.45 2153 + 86 [147]
14.65 2105 + 84 [147]
14.80 2158 + 86 [147]
14.1 (13-15) 2124 + 55 This work

The result for the '°”Au(n, 2n) cross section obtained in this work is comparable with
data presented in the modern literature. The method developed to calculate the fraction of the
activation product inventory due to interactions of primary neutrons, in reactions with energy
thresholds above the contribution of room-return neutrons, appears successful. However, the
calculation is based on a simulated neutron spectrum, the fidelity of which is a key issue in the
application of the method. At this time, there is insufficient information to propagate any
uncertainties associated with the simulation into an overall uncertainty in the activation
fraction.

5.3. The "PAU™2/"%CAU™ 19 isomer ratio

As described in the previous section, the calculation of a primary-neutron induced cross
section via the comparison of similar reactions depends on the excitation functions for both
reactions being roughly constant between 13 and 15 MeV. Systematics indicate that this is
true for "7 Au(n, 2n)'*°Au’, but would be true for '’ Au(n, 2n)'*°Au® only if the change in the
196Au"’z/ 196 Au$ isomer ratio across the primary neutron energy window has minimal effect
on %°Auf /1% Ay,

Since nuclear isomers have the same mass number, physical techniques involving
reaction kinematics or isotope separation are inappropriate for the accurate determination of
an isomer ratio; counting techniques for measuring characteristic radioactive emissions are
required in most cases. As a result, there are fewer determinations of the '*°Au”?/'*°Au™! ¢
isomer ratio from the '°”Au(n, 2n) reaction than there are cross section measurements for the
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Table 19. °°Au isomer ratio (196Au”’2/ 196 Au"™+8) near 14 MeV measured via the
97 Au(n, 2n) reaction.

E, MeV) Isomer ratio References
14.5 0.106 £ 0.030 [158]
14.5 0.063 £+ 0.004 [159]
14.5 0.061 + 0.005 [77]
14.8 0.134 + 0.012 [76]
14.7 0.068 £+ 0.009 [160]
14 0.079 + 0.008 [38]
14.4 0.082 4+ 0.012 [29]
14 0.08 + 0.01 [30]
14.3 0.068 + 0.003 [31]
14.10 0.0876 + 0.0049 [147]
14.45 0.0940 + 0.0052 [147]
14.65 0.0998 + 0.0058 [147]
14.8 0.0938 + 0.0052 [147]

14.1 (13-15) 0.0731 £ 0.0019  This work

production of 196 Ay (table 18). Literature values for the isomer ratio at relevant reaction
energies are summarized in table 19, along with the value determined in this work. Since the
present determination is derived from the radioactive ingrowth measured in individual +-lines,
it is independent of ~-ray intensity data for the nuclear decay of '*®Au"? available prior to this
measurement. Consequently, it can be argued that the value obtained here is more accurate,
even though the reaction energy is less constrained.

The data presented in table 19 indicate enough bias in the literature that comparison of
individual measurements is unlikely to identify an energy dependence of the isomer ratio.
Evaluated excitation functions for >’ Au(n, 2n)'*°Au1*¢ and 7 Au(n, 2n)'*°Au™ exist [16],
but the '*°Au™? evaluation is most strongly influenced by the oldest experimental data, poorly
reproducing most of the more recent data, and yielding a much higher isomer ratio than
measured in these experiments. Nevertheless, the isomer ratio as a function of incident
neutron energy shows an increase of approximately 25% between 13 and 15 MeV.

Examination of the cross sections for the products of neutron induced reactions well
beyond their threshold energies shows that most isomer ratios are only moderately sensitive to
the incident neutron energy [161, 162]. For reactions near threshold, however, this is clearly
not true; for instance, for incident neutron energies between 8.03 and 8.63 MeV, only the
96Au ground state is energetically accessible, and the 196Au"’z/ 96 Au isomer ratio is
identically zero [84, 85]. At the other extreme, in the case of the reaction of primary fusion
neutrons with '°’Au, the spin of the isomer is unusually high, beyond the majority of the
distribution of angular momentum produced in the compound nucleus (see below), leading to
a low isomer ratio that may be unusually sensitive to changes in projectile energy [163].

In reactions between heavy nuclei and neutrons with energies up to 15 MeV, radionuclide
production is dominated by processes subsequent to the formation of a compound nucleus
[164] where the excitation energy and orbital angular momentum imparted by the Collison are
acquired by the nucleus as a whole [165]. For a reasonably quantitative calculation of
radionuclide inventory, it is unnecessary to consider more direct (e.g. precompound) reactions
until neutron energies exceed 20 MeV [152, 163, 166, 167], and there are very few such
neutrons produced in a NIF capsule (figure 10).
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In the classical approximation of colliding hard spheres, if a central (on-axis) collision
and absorption between a neutron and '*’Au is considered, the angular momentum imparted
to the compound nucleus is some combination of the spin of the neutron (J = 1/2) and the
spin of the gold nucleus (J = 3/2) [81], independent of projectile energy, because there is no
relative orbital angular momentum. Given the radius of the nucleus [168], incoming neutrons
at the (n, 2n) threshold energy (8.1 MeV) impart no more than six units of orbital angular
momentum to the compound nucleus. For incident neutrons at 15MeV, the hard-sphere
compound nucleus acquires no more than nine units of angular momentum. Therefore, while
the compound nucleus acquires an additional 7 MeV of excitation energy between the (n, 2n)
threshold and 15 MeV, the average value of the distribution of angular momentum changes by
some fraction of three units, peaking at spins below that of the metastable state.

The simple model involving hard spheres does not impart enough angular momentum to
the '”®*Au compound nucleus to produce significant amounts of J = 12 '°Au™? The dis-
tribution of angular momentum of the compound nucleus was calculated using the Hauser-
Feshbach formalism based on penetrabilities and the optical model [168—171]. In this model,
fast neutrons approach the target nucleus following a trajectory characterized by a classical
impact parameter that corresponds to an orbital angular momentum of ¢ x h/2w, where ¢ is
the orbital-angular-momentum quantum number. The reaction coordinate defines the z-axis of
the system for quantum-mechanical projections of the angular momentum. Each partial wave
combines with the intrinsic spins of the neutron and the '°’ Au target nucleus to distribute the
cross section associated with ¢, proportional to (2¢ + 1), and the square of the wavelength of
the incoming neutron. The distribution is among states in the compound nucleaus from £ — 2
to £ 4+ 2, weighted according to the squares of the Clebsch—Gordon coefficients describing
the coupling of the three angular momentum vectors [169, 172, 173].

Since the NIF neutron spectrum is not strictly monoenergetic (figure 10), the angular
momentum distributions for compound nuclei arising in the reactions of 13.1, 14.1, and
15.1 MeV neutrons with gold were calculated. These calculations are shown in figure 12. The
SAu compound nucleus excitation energy induced by 14.1 MeV incident neutrons is
20.5 MeV [84]. Deexcitation of high-Z compound nuclei is assumed to be dominated by
neutron emission from excited states with energies significantly above the yrast line, and by
photon emission for excited states less than one neutron binding energy above the yrast line
[162, 174, 175]. The yrast line [176], the minimum excitation energy at each value of the
angular momentum due to nuclear spin, can be calculated from the rotating liquid-drop (RLD)
model [177, 178]. The yrast line for '°°Au is shown in figure 13, overlaid with experimental
values of the lowest energy levels at each nuclear spin reported in the literature [27],
demonstrating that the RLD calculation is reasonable. States with excitation energies within
6.6 MeV [84] of the yrast line have insufficient energy to emit another neutron. The nuclear
rotation energy does not exceed 1 MeV until J > 14.

Emission of a neutron from the '*® Au compound nucleus at 20.5 MeV results in states in
197 Au with no more excitation energy than 14.0 MeV. Emission of a second neutron popu-
lates states in '*°Au with no more excitation energy than 6.0 MeV, below the energy
necessary to emit yet another neutron to form '>Au (see section 5.4). The emission of
neutrons can affect the angular momentum of the residual nucleus and small changes in
residual angular momentum are favored over larger ones [178], influenced by the level
density of receiving states. The level density of states at high excitation energies is given by
Lang [179],

p(E, J) < (2] + DE2exp({2a[E—B(J)]}!/?), @)
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Figure 12. The distribution of angular momentum in the '*Au compound nucleus
formed in the reaction of '”’Au with incident nuetrons of energies 13.1, 14.1, and
15.1 MeV. For the 14.1 MeV curve, the ratio of the integral cross sections above and
below the vertical arrow at £ = 10.33 MeV equals the isomer ratio observed in the
reported experiments.
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Figure 13. The yrast line for '°Au, with the lowest-energy states at each angular
momentum shown for comparison. The three isomeric states are labeled.

where E is the excitation energy, J is the nuclear angular momentum, <« is the level-density
parameter (o= 20 for 198 Au [178]) and B(J) is the energy of the yrast line at spin J [179].

In the gold isotopes under discussion, the (2J + 1) factor balances the exponential term
in equation (7) such that at a given excitation energy above 5 MeV, the level density is

35



J. Phys. G: Nucl. Part. Phys. 47 (2020) 045116 K'J Moody et al

relatively constant for angular momenta between £ = 6 and £ = 13. As a result, the angular
momentum distribution shown in figure 12 for '®Au at 20.5MeV can be thought of as a
‘settling’ toward the yrast line, resulting in similar spin distribution in the states in '*°Au
below 6 MeV, which deexcite through the sequential emission of photons to result in the
radiochemical observables. Since emission of dipole photons dominates over emission of
photons of higher multipolarity [180-182], sequential photon emission from continuum states
above J = 12 results preferentially in the eventual population of the second metastable state,
while those in the vicinity of J = 12 populate both metastable states (figure 13). In figure 12 a
vertical arrow is shown at £ = 10.33, an experimentally justified spin cut-off parameter [174].
For the reaction of '°’Au with 14.1 MeV neutrons, the ratio of the integral cross section above
¢ =10.33 to that below ¢ = 10.33 reproduces the experimental isomer ratio, / = 0.073.

Applying the same spin cut-off parameter to the angular momenta arising in 13.1 MeV
and 15.1 MeV irradiations results in isomer ratios of 0.057 and 0.091, respectively, an
increase of 46% across the primary neutron energy window. This is actually an overestimate
of the energy dependence of the isomer ratio. As the excitation energy of the '*°Au residual
nucleus increases, the paths by which states above J = 12 can bypass the '*°Au”? yrast trap
[183] (see figure 13) and pass decay intensity to states of lower multipolarity also increases,
resulting in an increase in the spin cut-off parameter and a reduction in the isomer ratio. The
absolute magnitude of the isomer ratio is small, and the neutron energy spectrum is strongly
peaked at 14.1 MeV. Thus, even if the isomer ratio changes significantly across the primary
neutron energy window, the primary neutron production of '*°Au is always >90% that of
196 Ay, validating the calculation of the '*7Au(n, 2n)'*°Au® cross section via comparison.

The measured isomer ratio reported in table 19 is integral, containing a contribution from
the portions of the neutron energy spectrum outside the primary neutron energy window. As a
worst-case scenario, the isomer ratio for reactions between threshold and 13 MeV is assumed
to be identically zero. Given the activation fraction of 94.5% determined in section 5.2, the
isomer ratio induced by primary neutrons alone could increase by as much as 5.5% from
I1=0.073 to I =0.077. Since the conversion of '*’ Au(n, 2n)'*°Au® calculated in table 17 to
the cross section for '’ Au(n, 2n)'*°Au’ reported in table 18 comes about by multiplying by
(1 + D), the most drastic adjustment to the isomer ratio results in a change in the cross section
for the production of '"°Au’ of 0.4%, much less than the uncertainty on the determination.

Given a neutron spectrum such as that shown in figure 10, small changes in capsule
performance are not likely to produce an observable shift in the isomer ratio from the
contribution of secondary neutrons. However, if future capsule designs achieve an improved
fuel compression, these measurements may be of sufficient accuracy to develop
196 Ay / 196 Au? as a performance diagnostic. Evolution of the traditional nuclear production
of ' Au™? / 196 Au# in the capsule must be understood before the study of the predicted effects
of the fusion plasma on reaction rates can be undertaken [32, 33].

5.4. The production of other radionuclides

The neutrons from fusion reactions in a NIF capsule can induce radionuclides in gold other
than the '*” Au(n, 2n) products. The concentrations of these products relative to that of '*°Au®
are quantified in table 12. The isomer ratio '°Au”?/'"°Au® was discussed in section 5.3.
The cross section method outlined in section 5.2 does not apply to most of the isotope
ratios presented in table 12. For example, the threshold energy of the '°’Au(n, 3n) reaction,
resulting in '*°Au, is 14.7 MeV [84]; since primary fusion neutrons do not produce '*°Au, the
ratio of activation fractions is zero. The 197Au(n, 3n) excitation function rises from zero at
14.7MeV and first exceeds 200 mb (10% of the maximum cross section) at an incident
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neutron energy of 16.5 MeV [16]. Examination of the neutron spectrum in figure 10 and the
production cross section for '*°Au? in table 17 indicates that the atom ratio '*>Au/'*°Au® in
these samples would not be expected to significantly exceed 107>, much lower than the limit
actually measured. The long half-life of '*>Au and the low intensity of the y-rays emitted in
its decay (table 11) make the detection and interpretation of its production problematic. When
higher fusion yields are attained at NIF, the '*>Au production rate may constitute a perfor-
mance metric for reactions-in-flight [142, 143].

The irradiation of '°”Au with fast neutrons can also produce radionuclides by (, p) and
(n, o) reactions. Neither reaction has an energy threshold [84], but the incident neutron must
supply sufficient energy that the evaporation of charged particles can overcome the internal
Coulomb barrier of the compound nucleus. This results in a ‘soft” onset of the two excitation
functions at neutron energies in excess of 5 MeV [16], and cross sections that are far from
constant for neutron energies between 13 and 15 MeV, thereby compromising the calculation
of activation fractions. Nevertheless, the evaluated cross section for the 197Au(n, p) reaction at
14.1 MeV is 2mb, and that for the 197Au(n, ) reaction is 0.25 mb [148], resulting in
¥7pt/1%0Auf = 1.0 x 10> and '"**Ir/"*°Auf = 1.2 x 10™*. The measurements of atom
ratio limits for '°’Pt¢ / 196 Au® and 194Ir/ 196 A 8, presented in table 12, are not sufficiently
sensitive to infer a cross section limit that challenges the literature data; however, the mea-
sured limits are sufficiently close to expectations from the literature that one could propose
that the radiochemical isolation of Pt and Ir from the overwhelming radioactivity of the
decays of the gold isotopes [26] would result in radionuclide sources of '**Ir and '*7Pt¢ with
readily observable decay rates.

The radioactive decay of 95 min '"*’Pt" was observed in specimens that were available
within 2 h of the irradiation time. From table 12, a cross section for 197Au(n, p)197Ptm’ at
14.1 MeV of 1.0 mb £ 25% is inferred. Previous measurements of the 197Au(n, p)197Ptt Cross
section involved either recoil proton observation [184] or the radiochemical separation of
18.3h "7Pt? [159, 185], which includes 97% of the precursor decay of shorter-lived '*’Pt”
[186]. The J™ values for "*7Pt¢ and "*"Pt" are 1 /2~ and 13/2", respectively [81]. Given the
distribution of angular momentum in the compound nucleus shown in figure 12, the (n, p)
reaction channel can be estimated to be split about evenly between the '°’Pt isomers, making
the measurement consistent with the 2 mb cross section reported in the literature [16]. Based
on the literature available at the time, this is the first report of the measurement of a previously
unknown reaction cross section using neutrons from a NIF fusion capsule.

The cross section for 197Au(n, 7) at 14 MeV is on the order of 1 mb [31, 187-189],
resulting in a value of '*®Au/'"®Au® of 5 x 10, far less than the value reported in table 12.
From experiments in which radionuclides induced in the gold matrix of the hohlraum were
measured, it is known that lower energy neutrons produced by scattering interactions in the
compressed thermonuclear fuel can significantly increase the production of '**Au [9]. Folding
the neutron spectrum in figure 10 for experiment N141106 with evaluated cross sections
[148] for the 197Au(n, 7) reaction, an additional contribution to 198Au/ 196 A8 of 3 x 1073
can be calculated, still far below the empirical value reported in table 12. Neutrons scattering
off the NIF vacuum chamber and local structural elements bathe the TOADs with lower-
energy, room-return neutrons. The increased distance from the source of primary neutrons
and the magnitude of the excitation function at neutron energies below 1 MeV [148] dictates
that the contribution of (n, ) reactions from room return can no longer be ignored; in fact, it
dominates. Approximately 96% of the inventory of '*®Au in the gold foils is due to reactions
with room-return neutrons.

As discussed in section 2, the isomeric states in '°®Au have shell-model configurations
similar to those in '*°Au, witha J™ = 2~ ground state and a J” = 127 metastable state. The
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deexcitation of the compound nucleus described in section 5.3 results in '*®Au solely through
the emission of ~-rays, a lower probability process than deexcitation involving emission of
neutrons. Even though the (n, ) reaction does not have an energy threshold like the (n, 2n)
reaction, reactions with neutrons of energies <7 MeV are not expected to produce a com-
pound nucleus with sufficient angular momentum to populate the high-spin isomer in '**Au.
The neutron spectrum shown in figure 10 is expected to result in a '**Au™ / 98 Aug isomer
ratio similar to that observed in '*®Au™?/'*°Au®, approximately 0.07. However, this value
must be scaled downward to account for the contribution of room-return neutrons to the
production of '*®Au®. Therefore, a value of '"®Au™/'*°Au is predicted in table 12 to be
approximately 0.07 x (5 x 107* 4+ 3.0 x 107%) x (1.0 — 0.96) = 1.0 x 10°. The non-
observation of '*® Au™ in the 4-ray spectra or as a precursor component in the decay of '*®Au®
is not surprising although with higher capsule yields it may become possible to study the
poorly known '*’Au(n, 7)'*®*Au™ cross section.

5.5. The multipolarity of the 188.2 keV transition in "%°Au

The multipolarities of the 4-transitions arising in '*°Au™? decay were assigned by Wapstra
et al [41] based on coincident photon counting and conversion-electron spectrometry. Modern
evaluations have not significantly changed the original assignments [27]. Given the J”
assignments of the metastable and ground states, the transition multipolarities define the spins
and parities of the intermediate states, shown in figure 3.

In section 4.6, it was established that the number of K vacancies in the IT decay of
196 Au™2, normalized to the intensity of the 188.2 keV ~-ray, is 2.677 + 5%. From figure 3, it
is anticipated that the  transitions that contribute most to the production of K vacancies
[132, 133] are the 174.9 keV M4 transition, the 147.8 keV E2 transition, and the 188.2 keV
transition. The 188.2 keV transition is of either M1 or M1 + E2 multipolarity, based on the
relative intensities of L and K x-rays [175]. The measurement of the intensities of the K x-rays
provides a means of estimating the relative amounts of M1 and E2 character in the 188.2 keV
~-transition. This is supplemental to the previous report of the £2/M1 multipole mixing ratio
of § = +0.12(2) measured via relative ~-anisotropies [65].

Table 20 lists the ~-transitions with energies above the gold K edge in the decay of
96 Au™2, Also given are the relative photon intensities and assigned multipolarities [27], the
conversion coefficients for promoting K-shell electrons [132, 133], and the resulting K
vacancy rate associated with each transition. The K conversion coefficients are associated
with a computational uncertainty of 0.1%, but suffer from a systematic uncertainty on the
order of 2% [190]. In cases where both M1 and E2 multipolarities are thought to contribute to
the decay intensity, the conversion coefficients and K vacancy rates for both are given; the K
vacancy rates for these transitions are somewhere between the extremes. The multipolarity of
the 263.8 keV transition is discussed in section 5.6.

Examination of table 20 shows that the 188.2 keV transition is the only one assigned with a
mixed multipolarity that contributes significantly to the total K vacancy rate. If the weak 263.8 and
316.2keV transitions are of equal M1 and E2 character, then the total K vacancy rate, excluding
that associated with the 188.2 keV transition, is 1.555 4 0.051. The difference between this value
and the experimental K vacancy rate is the K vacancy rate associated with the 188.2 keV transition:
2.677(98) — 1.555(51) = 1.12(11). Thus, the K x-ray measurements reported in section 4.6
indicate that the 188.2 keV transition is approximately 100% M1 in character.

Another path to calculate the multipolarity of the 188.2keV transition is through
intensity balance. From figure 3, the terminus of the 188.2 keV transition is the excited state at
232.4keV. The 168.3 and 137.7 keV transitions also terminate in this state, which deexcites
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Table 20. Assigned photon multipolarities in the decay of '*®Au™? and the calculated
K-shell vacancy rate for each transition. The vacancy rate is calculated from the relative
photon yield (table 7), the multipolarity of the transition and the resulting K-conversion
coefficient [132, 133]. The multipolarity of the 263.8 keV transition is discussed in
section 5.6. When more than one multipolarity contribute, the K-vacancy rates for both
multipolarities are given.

Transition Relative Multipolarity K-conversion K-vacancy rate
energy (keV) photon yield coefficient

84.7 0.01535 + 0.00228 E3 0.477 0.0073 £ 0.0011
137.6 0.04525 + 0.00102 M1 2.20 0.0996 + 0.0022
147.8 1.2614 + 0.0081 E2 0.353 0.4453 + 0.0029
168.4 0.1736 £ 0.0014 M1 1.245 0.2161 + 0.0017
174.9 0.01274 + 0.00086 M4 59.7 0.761 £+ 0.051
188.2 1.0 M1 and E2 0.912 and 0.198 0.912 and 0.198
263.8 0.03021 = 0.00065 M1 and E2 0.358 and 0.084 0.0108 and 0.0025
285.5 0.11623 + 0.00140 E2 0.0691 0.0080 + 0.0001
316.2 0.08050 + 0.00119 M1 and E2 0.219 and 0.0536 0.0176 and 0.0043

solely through the 147.8 keV transition. Using the sums of the coefficients for K-, L-, M-, and
N-shell conversions [132, 133, 191] and the photon intensity data in table 20, the populating
rate due to the 168.3 and 137 keV transitions is 0.60, while the depopulating rate due to the
147.8 keV transition is 2.59. This translates to a residual rate for the 188.2keV transition of
1.99. The calculated M1 rate is 2.107, and the calculated E2 rate is 1.443, which results in a
transition that is approximately 82% M1 in character.

The two methods used to calculate the multipolarity of the 188.2 keV transition are both
impacted by the purity of the multipolarities assigned to the other transitions in the IT decay
of '"°Au™? particularly those of the 137.7 and 168.4keV transitions. The effect of an
admixture of E2 character in either or both of these transitions would cause the fractional
probability of M1 character for the 188.2keV transition to increase in both calculations.
Wapstra et al [41] assigned shell-model configurations of 72d3,, and v1i;3,, to both of the
states involved in the 188.2 keV transition. A dominant M1 multipolarity would be expected
for transitions between states with the same primary quantum numbers and a spin change
of one.

5.6. Tentative placement of the 263.8 keV y-ray in the "9°Au level scheme

The 263.8 keV ~-ray was assigned to the decay of '*°Au™? based on its apparent half-life
[41]. However, it was not observed to be coincident with other photons emitted in the decay,
and it has not been placed in the level scheme.

The Q-value for the 5~ decay of '*Au"? is 1.28 MeV [84]. It is sufficiently low that it is
unlikely that a receiving state in '*°Hg exists to which decay would proceed with an
observable rate, calculated from log ft values [192]. A 9.6 h component was not observed in
the decay-curve analysis of the platinum K x-ray photopeaks (table 13) at a level of ~10* of
the magnitude of the 9.6h component of the gold K x-rays, which is inconsistent with
expectations for EC decay calculated from the intensity of the 263.8 keV photon. The level
scheme of '?°Pt below the EC Q-value (2.10 MeV [84]) is well known [27], and no potential
receiving states with appropriate J™ values have been observed. Also, emission of a
263.8keV photon from a high-lying state populated in EC decay would be necessarily
coincident with the emission of other ~-rays. Therefore, the 263.8 keV 7-ray must belong to
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Figure 14. The odd-proton and odd-neutron single-particle states that couple to produce
the energy levels in '*°Au below 1 MeV. The valence levels for both diagrams are
placed at zero energg. The energy scale is derived from the harmonic-oscillator
frequency, scaled to "°Au.

the IT decay of 196Au’"2, inserted into the '"°Au level scheme in the 596 keV interval between
the metastable state and the ground state (see figure 3).

Relevant sections of the Nilsson diagrams for protons and neutrons as shown in figure 14
[81, 193-195] with energies scaled to 19Au. The valence shell-model state at zero defor-
mation is assigned zero energy in both diagrams. The metastable state arises from the parallel
coupling of the w1k 2 and v1i,3,, single particle states [60, 64]; other states arising from the
coupling of these two states lie at higher excitation energies according to the Gallagher—
Moszkowski rule [196] and do not provide a decay bridge to states of lower multipolarity.
Examination of figure 14 indicates that the coupling of other single-particle proton and
neutron states near the Fermi surface can produce angular momenta no greater than J = 8,
making the only path for decay from the metastable state through a high-multipolarity
transition as observed. If another J = 8 state existed in the '"°Au level scheme below the
420.8 keV state, most of the IT-decay intensity of '*®Au™ would pass through it, which was
not observed.

Since AJ = 10 between '“°Au™? and '"°Au®, it is highly unlikely that the 263.8 keV
transition terminates in the J™ = 27 ground-state. It is more likely that the terminus is the
84.7keV J™ = 5% 96 Au™! state. Given the metastable character of °Au™ (¢, 2 =282s),a
coincidence between the 84.7 and 263.8 keV photons emitted in cascade is not expected,
consistent with observations [41]. The sum of the transition energies would require an excited
state in '*°Au at (348.45 + 0.07) keV, not proposed previously as being populated by the
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radioactive decay of '*°Au”?. Experiments involving the scattering of charged particles
[27, 42, 43] resulted in the identification of a state in '*°Au at (348.38 + 0.06) keV with a
multipolarity of J™ =5 or 6'; we propose that this state is the likely source of the
263.8 keV transition. The improved accuracy of the transition energy reported in table 4 was
an important factor for confidence in placing the 263.8 keV ~-transition in the level scheme.

Three states in '“®Au at 420.6, 400.7, and 370.1 keV are connected through low-energy
M1 and E?2 transitions [41] that were unobserved in these experiments. The population of the
level at 348.8 keV could originate from M1 and/or E2 transitions from some combination of
these states, highly converted decays [132, 133, 191] of 72keV, 52keV, and 22keV,
respectively, that may have been too weak to provide an observable coincidence with the M1
(E2) 263.8 keV transition in the previous work [41].

6. Conclusions

The decay properties of radionuclides produced in the irradiation of '°”Au with fast neutrons
have been measured, with an emphasis on the production of '*°Au"?. Measured values of the
energies of the emitted photons agreed with the values reported in the literature, although the
data associated with the EC decay of '°°Au® have been improved. The half-life of '"°Au™
was determined to be 9.603h £ 0.23%. The relative intensities of the 7-rays were also
measured, and a substantial change in the data associated with the IT decay of '“°Au™? is
warranted. The absolute intensity of the 188.2 keV ~-ray in '*°Au™? decay is 0.3352 4 2.9%;
this transition was found to be predominantly M1 in character, as expected from previous
measurements. The likely source of the 263.8 keV photon emitted in the decay of '*°Au™ is a
state at 348.4 keV, previously reported only in particle-scattering experiments.

A method for extracting the cross section for 197Au(n, 2n)196Aug at 14.1 MeV from the
isotope inventory measured in a NIF irradiation was presented, based on a simulated neutron
spectrum. The result was 1.98 b; in conjunction with the empirical '*°Au"?/""°Au® isomer
ratio of 0.0731 + 2.6%, a value of 2.124 b + 2.6% for the '°’Au(n, 2n)'°°Au’ reaction was
obtained, which agrees with the literature. The isomer ratio is sufficiently small that sub-
stantial changes in its value across the neutron energy window defined by the primary
neutrons do not seriously impact the cross-section calculation. The cross section for the
7 Au(n, p)'"Pt™ reaction at the same energy is approximately 1 mb.

The improved decay data for '*Au™? allow the comparison of diagnostic measurements
of collected debris samples across a wide range of collection efficiencies with a reduced
systematic bias. It improves the radiochemical diagnosis of NIF capsule performance, facil-
itates the development of other performance metrics (e.g. '*°Au™ / 196 Au$), and allows the
exploration of potential effects of other physical processes in fusion plasmas with greater
confidence.
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