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Abstract

The production of surrogate nuclear explosive debris involves the dissolution of
irradiated fissile material, elemental isolation, and recombination based on required
fission product ratios. Gamma-ray spectrometry is used at each step in the production
process to assess the radioactive fission product inventory. A high-purity germanium
detector is used to measure each sample, and the detector efficiencies are determined
prior to sample measurements using a calibration source and Monte-Carlo N-Particle
simulations to correct for geometric differences between the calibration source and
dissolved material. Through radiochemical techniques, elements are isolated and then
recombined into samples with specific fission product ratios. The concentration of each
isolated element to be mixed is calculated from the activity calculations provided through
gamma-ray spectrometry. However, impurities or imperfect chemical separations cause
the recombined mixture to possess larger or smaller fission product ratios. A matrix-
based approach can be taken based on the fission product activities in each separated
solution along with each respective solution’s volume to calculate the proper mixture
volumes to use to obtain intended volatile-to-refractory fission product ratios, or R-

values.
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Introduction

The nuclear forensics community requires training materials in lieu of realistic nuclear
explosive debris. Sol-gel glass provides numerous advantages as a surrogate debris, and
impregnation of radionuclides within the sol-gel allows customized design for particular
needs. Gamma spectrometry is used at several steps within the production process of sol-
gel to confirm radionuclide content and determine mixing volumes for future steps. For
gamma spectrometry to be correctly utilized, the detector efficiencies must be quantified
for varying geometries and stand-off distances that are based on a sample’s activity.
Since radioactive laboratory standards cannot properly represent the radioactive sol-gel
samples, computational methods such as Monte Carlo N-Particle (MCNP) [1] are used to
compare simulated detector responses to laboratory calibration standards to provide
confidence in the ability for the detector model to represent measurements of radioactive
sol-gel particles in a vial. Then, the simulated detector efficiencies for sol-gel glass at
varying distances are used to calculate the measured activity and effective fissions (EF)
during each gamma-ray measurement along with nuclear data for half-life, photon yield
per disintegration, and fission yield for each isotope [2]. Figure 1 describes the process
flow for production of sol-gel glass particles. The boxes highlighted in green require
gamma spectrometry to be performed. The chemical separation into the various isotopes
(Lns = lanthanides) allows a variety of isotope ratios to be created during the liquid

recombination phase of the process for final creation of solid sol-gel particles.
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Figure 1. Process for production of sol-gel glass particles

Gamma-ray Spectrometry

A high-purity germanium (HPGe) detector, the Oak Ridge Technical Enterprises
Corporation (ORTEC) Interchangeable Detector Module (IDM) shown in Figure 2, was
chosen for performing gamma spectrometry during the sol-gel process for several key
advantages. The planar, rather than co-axial, detector configuration increases the
resolution for photopeaks in the gamma-ray spectra. Additionally, the detector crystal
possesses a relatively high aspect ratio in terms of diameter to thickness, which decreases
its efficiency beyond approximately 1 MeV and prevents high energy photons from
increasing the Compton scattering within the crystal, benefiting the observations of

gamma-rays from desired fission products in the range of 200-800 keV.

For accurate representation of the detector geometry in a computational model, x-rays are
taken upon receipt of the detector to identify dimensions and orientation of the crystal
and housing structures that affect the detector response. Figure 3 portrays two images of
the detector crystal with an x-ray image and an MCNP visual editor (VISED) rendering.
Note that the crystal is not cylindrical and contains chamfers on the rear and front of the
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crystal. Additionally, the orientation of the crystal is perfectly aligned with the crystal

housing, and small screws are used to keep the crystal in place.

Figure 3. Comparison of detector geometry for ORTEC IDM detector

To provide confidence in an MCNP computational model of the detector’s response,
radioactive laboratory standards are measured and simulated. In Figure 4, a comparison
of the measurement and MCNP simulation of ®°Co at a standoff distance of 20 cm is
shown. The peak agreement appears good, and most importantly, the Compton continua,
including single-escape peaks, are in good agreement. Small improvements can be made
in the overall agreement between the two spectra through incorporation of coincidence

summing effects for post-processing the MCNP simulation. The agreement in Figure 4
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94  contains no “adjustments” or fudge factors to adjust the MCNP or detector gamma-ray
95  spectra, providing confidence for use of the detector simulations in scenarios with
96 radioactive samples with no viable laboratory standard. Figure 5 isolates the 1173 keV
97  photopeaks from Figure 4 on a linear, rather than logarithmic, to accentuate differences
98  between the two spectra. The agreement is very good in terms of photopeak height, full-
99  width half-maximum of the peak, and Table 1 presents numerical comparisons for the
100  photopeaks. The uncertainty on the laboratory standard is 1% with a coverage factor of 1
101 (k =1, or 1o), and the simulated response is within 2% of the laboratory standard. In
102  other words, the uncertainty in the difference between the two photopeak areas is larger

103  than the difference itself, which is the objective for performing detailed detector models.
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Figure 5. Peak comparison of measurement and simulation results for ®°Co source

Table 1. Comparison of measured and simulated detector responses

Value Uncertainty (k = 2)
Photopeak Counts (Measurement) | 27699.6 336
Source Uncertainty 553.9 2% of Measured Photopeak Counts
Photopeak Counts (Simulation) 27302.8 334.8
Difference in Photopeak Counts 396.8 474.3

Radioisotope Ratios

From fission, a probabilistic distribution of fission products is created. The desired ratios
of fission products for sol-gel are often different from natural distribution of fission.
Additionally, different modes of fission (e.g., thermal reactor, fast fission) have different
distributions of fission products. The creation of fission products for the sol-gel is
performed with photon-induced fission induced by a linear accelerator, so the fission
product yields are different than traditional thermal neutron-induced fission. The isotope
ratios are defined in several different ways (Freiling R-value, little r-gamma, and R-
gamma), shown in three equations in Figure 6 [3,4] with the variables shown in Table 2.

When determining R-values during production of sol-gel values, the gamma-ray spectra
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are used to calculate the number of atoms, N, or counts per minute, cpm, to be used in the
isotope ratio. During preparation of the sol-gel glass, there is one additional factor that is
necessary — total number of fission products in the sample. Since the method of fission
used, photon-induced fission, is different than other types of fission, the fission product
distributions are different. For normalization, ®®*Mo is used as the standard when

calculating (EF) and comparing the other isotopes.

N, N,
o N e, Ny
o y.ik g —
ik & 7-ijk
ik Y, (cpm/ g), Y,
Y
Y, Ti Tk
Figure 6. Definition of various isotope ratios
Table 2. Variables used in Figure 6
Variable Definition
j Neutron spectrum (e.g., thermal, fast)
i Volatile isotope of interest
k Refractory isotope of interest
Yt Fission yield of isotope i from thermal fission of 2*°U
N Number of atoms projected to time in past or future
cpm Counts per minute
g Grams

Matrix Inversion Mathematics

The separation of fission products from the solution of all fission products is performed
with a rapid radiochemical process [5]. Due to several factors, chemical separations are

often imperfect, which introduces complexities during recombination of the separated
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fission product solutions. If isotopes are completed separately, adding a vial of solution
(e.g., molybdenum) only introduces molybdenum to the combined solution. However,
with imperfect chemical separation, the addition of a molybdenum solution introduces
molybdenum and several other isotopes, which impacts the isotope ratios in the final
mixture. To address the imperfect chemistry, a matrix-based approach was found to
quantify the isotopes of interest in each isotopic solution [6]. Figure 7 shows the matrix-
based set up for the R-gamma calculations performed for a recombination mixture with
the variables defined in Table 3. In the case of perfect chemical separations, the matrix in
Figure 7 becomes a diagonal matrix. With the matrix-based approach, uncertainties in the

gamma-ray spectra and nuclear data can be carried through to the final values of EF and

R-gamma.
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Figure 7. Equation expressing the matrix form of solution with volumes and R-values

Table 3. Variables used in Figure 7

Variable Definition
FY Fissions of isotope x in solution y
DyY Atoms of isotope x in solution y
Vy Volumes to be added from each solution y
Results

For the isotope ratios of interest for sol-gel production, the measurements of several
gamma-ray spectra are shown in Figure 8, Figure 9, and Figure 10. The isotopic
differences are illustrated in each figure. In Figure 8, the molybdenum solution (orange)
is compared to the total fission product solution. The molybdenum solution contains Nb,

Ce, Mo, and some iodine. The total solution contains all the molybdenum constituents in
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157  addition to Zr. The half-life for °’™Nb is very short (52.7 seconds), so it is unobservable
158 in the molybdenum solution due to its separation from its parent nuclide, °'Zr.
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160 Figure 8. Comparison of gamma-ray spectra for fission product and molybdenum
161 solutions
162  In Figure 9, the comparison of zirconium and barium solutions are shown with very little
163  overlap between the isotopic constituents. As with all solutions, some iodine is
164  observable in each gamma-ray spectra.

10



Journal of Radioanalytical and Nuclear Chemistry

105 T T T T T T T T T
Zirconium
Barium
9gr

= 10* m

g 1°3Ru 133 e Y)

%

= 3L

g 10 1°5Ru 97Zr

% “OBa 140

8 @

é 102 £ r | ‘

9 [

S

: Higl W‘ﬁwwwwmw o w M i

=10k l* W M‘

\ f r 1!
100 1 1 1 1 1 1 1 1 1
400 420 440 460 480 500 520 540 560 580 600

165 Energy (keV)
166 Figure 9. Comparison of gamma-ray spectra for zirconium and barium solutions
167

168 In Figure 10, the gamma-ray spectrum of the initial solution (uranium and all fission
169  products) is compared against the final gamma-ray measurement for sol-gel glass. The
170 23U, aresult of (y,n) reactions on 23U during photon irradiation, is substantially reduced.
171  Many isotopes that are not specifically removed (Y, Ce, Ru) still exist. Importantly, the
172 sol-gel spectrum contains fission products of interest (e.g., *?Te) and represents a
173 relatively small magnitude of x-rays (below 100 keV) as is representative of a sample

174  consisting of fission products without actinide content.

11
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Figure 10. Comparison of gamma-ray spectra for uranyl nitrate solution and sol-gel glass

The final sol-gel particles in a vial are shown in Figure 11, with the coloration being
customized during the final steps of sol-gel production. Highlighted results from the sol-
gel glass are provided in Table 4, showing the agreement between desired values and the

measurement values within a coverage factor of 2.

12
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Figure 11. Example of final product sol-gel glass

Table 4. Tabulated results for a single R-gamma value

Parameter Desired Value Measurement Uncertainty (k = 2)
R-value *2Te/*Mo 0.9 0.903 0.048
Effective Fissions 1.5 x 10% 1.889 x 10'? 4.56 x 101

Conclusions

Gamma-ray spectrometry is used during production of surrogate nuclear debris to ensure

the desired result is achieved in terms of fission product ratios, total effective fissions,

and dose rate from the sol-gel sample. The detailed computational modeling of a specific

detector, including x-ray measurements, along with confirmatory measurements with

known laboratory standards allows for detector efficiency calculations for samples with

varying geometries and distances with simulations. The chemical separation of isotopes

can be imperfect, and a matrix-based approach to recombination of separated solutions

allows the final mixture to contain the desired isotope ratios without perfect isotopic

separation. The gamma-ray spectrometry of the final sol-gel particles is used to quantify,

with uncertainty, the R-values of interest and the effective fissions within the sample.

13
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