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11 Abstract

12 Nuclear explosive debris simulants are an important material in training and validating

13 aspects of post-detonation nuclear forensic processes. Realistic simulants should

14 replicate several aspects of nuclear explosive debris such as the size, shape, color,

15 density, and chemical and radiological properties. Silica particles produced via sol-gel

16 synthesis have recently been found to successfully reproduce many of these parameters

17 including the controllable incorporation of radionuclide content. However, to be useful

18 as a benchmarking material for validation and verification of laboratory methodologies,

19 radionuclide content from batch-to-batch must be reproducible. In this work, we explore

20 the variance in radionuclide distribution incorporated into sol-gel benchmarking materials

21 with respect to sample subdivision. Results will help inform the sample sizes required to

22 minimize variance between samples.
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26 Introduction

27 Post-detonation nuclear forensic analysis is the scientific evaluation of nuclear

28 debris produced from a nuclear explosion, with the intent to assist the attribution of the

29 event. The maintenance of a robust and reliable nuclear forensic capability is a key

30 component to countering nuclear terrorism and forms an integral objective of

31 international engagement.1-5

32 To validate laboratory methodologies that could be applied to the analysis of post-

33 detonation nuclear debris, surrogate nuclear explosive debris (SNED) materials that

34 enable benchmarking against other existing techniques are needed. However, realistic

35 SNED is challenging to produce as these materials must simulate the diverse and

36 complex properties of nuclear fallout, including physical (e.g., size, shape, density, color,

37 etc.), chemical (e.g., stable elemental composition), and radiometric characteristics (e.g.,

38 short-lived fission products and other radionuclides).6-8 Furthermore, for SNED to be

39 useful as reference materials it must have well characterized and reproducible properties,

40 especially with regards to incorporated radionuclide content. Surrogate debris materials

41 must also be sufficiently homogenous within a batch to enable subsampling for

42 intercomparisons and method validation across multiple laboratories.

43 Many techniques have been explored to create SNED including CO2 laser

44 irradiation9, electrical discharge10, and high temperature glass sintering11, 12 While

45 effective in producing materials that simulate many of the elemental and morphological

46 characteristics of historic nuclear debris, these methods are high temperature approaches

47 that can increase radionuclide fractionation during sample production. Sol-gel synthesis

48 techniques have been explored as a method for SNED production as they provide

49 tunability of many of the afore mentioned parameters.12-14 and avoid high temperature

50 thermal treatment. Recently, Lusk et al. demonstrated the ability to encapsulate and

51 retain major fission products, with the exception of iodine and noble gases, within sol-

52 gels.14 Cooper et al. expanded upon that work by incorporating stable elements into
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53 matrix glasses and reproducing the elemental and fresh fission product composition of

54 historic NNSS debris.15 Characterizing the retention of secondary constituents of sol-gels

55 has been explored previously for various applications such photoluminescent16, 17,

56 photocatalytic18, 19, and bioactive materials.20-22 These studies all note the homogenous

57 distribution of secondary chemical constituents into the sol-gel matrix. Despite these

58 results, a rigorous characterization of the retention of fission products, present at much

59 lower atom concentrations than stable elements previous reported, has not yet been

60 studied and the homogeneity of these materials with respect to sample subdivision and

61 across various production methods has not been assessed.

62 This work reports the characterization of fission product incorporation within sol-

63 gel SNED materials. Specifically, the efficiency of doping a standardized radionuclide

64 solution into a solid sol-gel matrix is quantified. Furthermore, the distribution of fission

65 products within smaller and smaller subdivisions of a larger batch of material was

66 characterized using gamma spectrometry. Finally, the effect of the sol deposition method

67 on the homogeneity of fission products with respect to subdivision was measured.

68

69 Experimental

70 Fission Product Source Term

71 Fission products for these experiments were obtained via uranium photofission of

72 a depleted uranium (DU) target and neutron irradiation of a highly enriched uranium

73 (HEU) target. Briefly, fission products were produced via photofission were generated

74 via the bremsstrahlung photon irradiation of approximately 1 g of DU at the Idaho State

75 University’s high-power S-band electron linear accelerator, as described previously.23

76 Following irradiation and cooling, targets were shipped to Idaho National Laboratory

77 (INL) where they were dissolved in 9 mL of concentrated nitric acid and the uranium was

78 removed using a UTEVA column separation procedure described previously.14, 23

79 Fission products from neutron irradiation were produced at the Washington State

80 University TRIGA research reactor. Following irradiation, the HEU target was processed

81 at Pacific Northwest National Laboratory (PNNL) to isolate the fission products and

82 subsequently sent to INL as a 5 mL 8 M nitrate solution. Aliquots of each fission product
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83 solution were collected and characterized via gamma spectrometry for “total fissions”,

84 which describes the number of U atoms that fissioned in the sample by quantifying the

85 molybdenum-99 (99Mo) content and assuming a 99Mo fission yield of 6.1%. The INL

86 photofission and PNNL neutron fission samples were found to contain approximately

87 1x1015 and 4x1012 total fission, respectively. This metric is used to quickly describe

88 approximate fission content in subsequent samples produced.

89

90

91 Sol-gel SNED Particle Production Method

92 Fission product baring silica sol-gel SNED particles were produced by combining

93 tetraethyl orthosilicate (TEOS, 98% ACROS Organics), ethyl alcohol (200 proof HPLC

94 grade, Sigma Aldrich) and nitric acid (HNO3) containing the radionuclides to be

95 incorporated, in a 3.2:3:20 ratio of TEOS:EtOH:HNO3, respectively. This specific ratio

96 was arrived at empirically to provide a rapid ambient gelation and drying time of 4-10

97 hours and is consistent with previously documented sol-gel behavior.24 To this solution,

98 an aliquot of the fission product solution containing 1x1012 – 1x1013 total fissions was

99 added. The combined fission product and sol-gel precursor solution was then

100 homogenized by agitation for 2 min using a blood vial rocker(LW Scientific), then

101 deposited onto a hydrophobic FEP laminate surface (Cole-Parmer) in specific volume

102 droplets from 1-10 µL depending on desired particle size and allowed to dry for 12 hr.

103 Particles were then removed from the surface and thermally treated in a porcelain

104 crucible in a muffle furnace at 400℃ for 30 minutes in air. Particles were then removed

105 and allowed to cool prior to further analysis.

106

107

108 Evaluation of Quantitative Fission Product Encapsulation

109

110 Approximately 5 g of nominally 1.2 mm diameter sol-gel SNED particles

111 containing approximately 1x1013 fissions were produced and used to evaluate the relative

112 fission product encapsulation across the SNED production process. Relative fission

113 product incorporation was characterized by measuring fission product quantities in the
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114 initial precursor solution and comparing them with those measured following the

115 production of the SNED, using gamma spectrometry.

116 Samples were quantified using an Ortec IDM-200-V High Purity Germanium

117 gamma spectrometer (HPGe). Detector efficiency curves were constructed using

118 calibration sources (137Cs, 60Co, and 152Eu) at 10, 20, and 50 cm. Monte Carlo N Particle

119 (MCNP) simulations were performed to match the calibration source measurements for

120 the HPGe detector used. Once agreement between simulations and measurements was

121 satisfactory, additional simulations were then used to extrapolate the detector efficiency

122 curves to the specific source geometry and distance utilized during SNED sample

123 measurements. Quantification of uncertainty for the SNED measurements involved 1)

124 calibration source uncertainty, 2) interpolating efficiency between calibration source

125 gamma-ray energies, and 3) sensitivity analyses for simulations based on slight changes

126 in measurement position or attenuation through SNED sample materials. The uncertainty

127 for each calibration source was 1% (1σ), and the total uncertainty for SNED

128 measurements was approximately 3-5% (1σ) depending on the gamma-ray photopeak.

129 Samples were placed at 200 cm from the face of the detector and measured for 14 h.

130

131

132 Evaluation of Fission Product Distribution Homogeneity with Sub-sampling

133

134 A 2 g aliquot of the previously mentioned 5 g sol-gel SNED sample was

135 subdivided into 20 subsamples with masses between 0.10 and 0.77 g. The mass

136 normalized fission product content of each fraction was then characterized by gamma

137 spectrometry as described above and compared.

138

139 Evaluation of Particle Size and Sample Mass on Sub-sample Fission Product

140 Homogeneity

141

142 Three SNED sol-gel samples were produced targeting 3 different particle

143 diameters of approximately 500, 650 and 1200 µm. Actual particle size distributions for

144 each of the 3 samples were characterized by optical microscopy. SNED samples were

145 sent to be rigorously analyzed and counted at the Lawrence Livermore National
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146 Laboratory (LLNL) Nuclear Counting Facility. At LLNL, from each of the three particle

147 size batches, three mass aliquots of each 1-2 mg 15-20 mg, and 70-300 mg were weighed

148 into polypropylene vials, yielding 18 total samples. Samples were dissolved prior to

149 counting in order to ensure consistent counting geometry across sample sets. To each

150 sample, a 3:1 (v/v) mixture of concentrated HNO3: concentrated HF was added. The vials

151 were capped and heated gently at about 60 C. Following full dissolution, which

152 depending on particle size took anywhere from 1 to 16 h, the samples were diluted to 10

153 mL and transferred to a well-calibrated container for gamma spectrometry. Samples were

154 counted at 8-12 cm from standard p-type high purity germanium detectors and analyzed

155 using the GAMANAL software.25 Fission products were normalized by mass of sol-gel

156 particles or to the atoms of 99Mo, which is a peak yield fission product. The internal and

157 external uncertainties were compared across each triplicate size aliquot, considering

158 nuclear counting and mass uncertainties.

159

160 Evaluation of Casting Method For SNED

161

162 The neutron activated fission product solution (5 mL solution containing 4x1012

163 fissions of fission product content in 8 M HNO3) was used directly as the aqueous

164 fraction of a sol-gel precursor solution, produced as described previously. The precursor

165 solution was split into 2 aliquots and particles were cast as 10 µL droplets via two

166 methods: 1. manual pipetting and 2. extrusion casting driven via peristaltic pump, both

167 onto an FEP laminate hydrophobic surface. Particles cast via manual pipetting were cast

168 over approximately 2 min using polypropylene pipettes tips, while casting via the

169 extruder took approximately ten times longer at 20 min using Tygon and PTFE tubing

170 extruded through polypropylene pipette tips. Particles were then removed from the

171 surface and thermally treated in a muffle furnace at 400℃ for 30 minutes. Fission

172 product content of each sample was characterized by gamma spectrometry, as previously

173 described, and compared.

174

175

176

177
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178

179

180 Results and discussion

181 The spherical shape and particle size was targeted during synthesis to simulate

182 mid to near field aerodynamic nuclear fallout.26, 27 A representative image of a sol-gel

183 particle SNED sample is shown in Fig. 1. The particles produced here were hemi-

184 spherical, due to casting on a surface, with diameters ranging between approximately 0.5

185 and 1.2 mm. Furthermore, the SNED densities were estimated based on a measured

186 average particle hemi-spherical volume and particle masses at approximately 1.72 g/cm3,

187 which is consistent with densities of real nuclear fallout previously reported.28

188

189

190 Fig. 1. (A) Approximately 500 mg of 1.2 mm sol-gel SNED particles. (B) Zoomed optical
191 microscope image of 1.2 mm sol-gel SNED particles.

192

193 Relative Encapsulation of Radionuclide Content

194 The capacity to transfer and encapsulate the radionuclide content from a well

195 characterized solution quantitatively into the sol-gel particles through the gelation and

196 thermal treatment was assessed. This is an important metric in characterizing the

197 viability of these simulants for their potential utility as reference standards.

198
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199 To characterize the relative encapsulation, the radionuclide content of the SNED

200 precursor fission product solution was characterized via gamma-ray spectroscopy prior to

201 casting the particulate SNED. This measurement was then compared to a gamma

202 measurement of the bulk final sol-gel simulant particles following casting and

203 vitrification. A portion of the gamma spectra comparison between the original fission

204 product solution and the final sol-gel simulant sample produced is shown in Fig. 2(see

205 also Table S-1 in , Supporting Information, for complete fission product comparisons).

206

207

208

209 Fig. 2 Gamma Spectrum of original fission product solution and final sol-gel simulant particles plotted on
210 the same axis between 600 and 900 keV.

211 The comparison of gamma spectra shows near perfect overlap between the fission

212 product solution and the final sol-gel product indicating the radionuclide content was

213 fully transferred to the sol-gel. A cosine similarity analysis was performed as a

214 quantitative measure of the spectral similarity, where each spectrum is treated as a multi-

215 dimensional vector and the cosine of the angle between them is calculated. Comparisons

216 include the full structure of the spectra and thus account for peak locations, intensities,

217 and background levels. Gamma spectra that are completely orthogonal will have a cos(θ)

218 of 0 while perfectly overlapping spectra will have a cos(θ) of 1. The cosine similarity

219 between the solution spectrum and a background spectrum yielded only a value of
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220 0.5695. By contrast, the comparison between the sol-gel and the solution gamma spectra

221 yielded a cosine value of 0.9995, confirming the agreement between the two spectra.

222 The activities of 11 specific fission products were compared between the fission

223 product solution and sol-gel simulant particles. The ratio of the measured activity of each

224 fission product in the solution and the simulant particles was used as a measure of

225 encapsulation efficiency, with a value of 1 indicating quantitative encapsulation. These

226 ratios are plotted relative to the mass number of the fission product in Fig. 3 and detailed

227 table of the measured activities can be found in Table. S-1 in supporting information.

228

229

230

231 Fig. 3 Solution/sol-gel Ratio vs. atomic number of the radionuclide. With exception of Nd-147 all ratios
232 are within 1σ of unity indicating a quantitative encapsulation of material in the sol-gel.

233 For most fission products analyzed, solution versus sol-gel activity ratios fell within 1σ

234 uncertainty of unity. These data indicate a near quantitative relative transfer and

235 encapsulation of each fission product in the final sol-gel simulant particles, within the

236 fitting uncertainty of the gamma spectrum quantitation.

237 These data are representative of multiple (>10) fission product encapsulation

238 characterization experiments conducted since 2021 conducted at INL. The individual

239 results of each trial are shown in Table S-2 in supporting information. The aggregate
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240 result of these encapsulation experiments shows an average encapsulation ratio of 1.04 ±

241 0.05, clearly demonstrating the quantitative radionuclide encapsulation capability of sol-

242 gel based SNED.

243

244 Homogeneity With Respect to Sample Subdivision

245 The homogeneity of the sol-gel based SNED with respect to sample subdivisions

246 is another important parameter to characterize for its potential use as a reference material

247 for validation and benchmarking of nuclear forensic analytical methods.

248 The mass normalized activities of 4 fission products (Te-132, Ba-140, Nd-147,

249 and Zr-95) were compared with their average activity measured across the 20 subsamples

250 and are plotted in Fig. 4.

251

252 Fig. 4 Mass normalized fission product activity across 20 subsamples of a single sol-gel SNED sample.
253 Red line represents the average activity and the dashed lines represent the 1σ bounds. Individual
254 measurement uncertainties are also 1σ.

255 All mass normalized activities measured fell within measurement uncertainty of the

256 calculated subsample weighted average. The relative standard deviation ranged from a

257 low of 5.3% for Te-132 to a high of 7.6% for Ba-140. An analysis of the measurement

258 uncertainty shows that the Ba-140 had a slightly higher measurement uncertainty by a

259 factor of approximately 1.3x relative to the Te-132.
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260 Effect of Sub-sample Mass on Homogeneity

261 The dependence of homogeneity on the sub-sample mass of the sol-gel SNED

262 was explored. Samples were sub-divided into two mass ranges identified as a “mid-

263 level” mass range with masses between 70-300 mg, and “low-level” mass range. The

264 “low-level” mass range was sub-divided further into two ranges, 1-2 mg and 15-20 mg.

265 The relative standard deviation (RSD) and Birge ratios of fission product

266 activities were used as a metric for judging the homogeneity of each sub-sample set. The

267 homogeneity was tracked specifically for the fission products Ba-140, Mo-99, Ru-103,

268 Te-132, and Zr-95. A representative table of the calculated RSDs are shown in Table 1

269 and the RSDs and Birge ratios for the “low-level” sub-sample set are shown in Table 2.

270 The full data set can be found in Table S-3 and S-4 in supporting information.

271 Table 1. Fission product activity RSD across a representative triplicate sample set.

Mid-Level Mass Range Low-level Mass Range

Mass 70-300 mg 1-2 mg 15-20 mg

  N/99Mo A/g N/99Mo A/g N/99Mo A/g
140Ba 3.06 5.01 0.01 5.14 0.57 0.69
99Mo N/A 3.77 N/A 5.14 N/A 0.37
103Ru 2.45 4.95 2.04 4.7 6.21 5.88
132Te 1.73 3.75 0.29 5.34 0.43 0.67
95Zr 3.44 2.25 1.13 5.78 0.89 0.61

272

273 Table 2. Fission product activity Birge ratios across a representative triplicate sample set. Values that
274 exceed unity indicate that the external variance across the triplicate set is greater than the internal
275 measurement uncertainty.

Mass 1-2 mg 15-20 mg

  N/99Mo A/g N/99Mo A/g
140Ba 0.01 1.18 0.77 0.9
99Mo N/A 1.17 N/A 0.43
103Ru 1.08 0.99 4.6 4.32
132Te 0.4 1.23 0.63 0.93
95Zr 0.75 1.27 0.72 0.48

276

277
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278 For most sets, the Birge ratios were close to unity, indicating a level of statistical

279 consistency across each sample set, with no apparent correlation with the sample mass

280 range. It is important to note that the Birge ratio is limited by the measurement

281 uncertainty of the gamma spectrometry and mass measurements. Measurement

282 uncertainties for the radionuclides analyzed here were generally less than 2%. A full

283 breakdown of the internal measurement uncertainty for each sample is shown in Table

284 S-5 of supporting information.

285 The RSDs ranged from 1% to 20%, however the majority of the variance came

286 from 1-2 mg sample range, with the 15-20 mg sample range exhibiting much narrower

287 RSDs on the order of 2-5%. For both metrics, the homogeneity of the sample is

288 improved when normalized against Mo-99 versus a sample mass normalization. This is

289 due to increased uncertainty associated with low-mass measurements of these particles.

290 It is important to note that the measured RSDs for the 15-20 mg mass samples are

291 approaching the internal measurement uncertainty which would represent the theoretical

292 limit to the RSD. Relative standard deviations of radionuclide quantities the mid-level

293 mass ranged from 2.25 to 5.01% for the mass normalized measurements. Again, the

294 RSDs were generally lower and spanned a narrower range when quantities were

295 normalized to 99Mo with RSDs ranging from 1.73 to 3.44%.

296

297 Effect of Particle Size

298 Birge ratios and RSDs were also used to compare homogeneity as a function of

299 particle size. SNED sample particle size distributions were characterized via optical

300 microscopy and found to be 534 ± 11, 646 ± 11 and 1260 ± 24 µm, respectively.

301 At the 15-20 mg mass range, both the Birge ratio and the RSDs trended

302 downward between the smallest and largest particle size which were 534 µm and 1250

303 µm respectively. This would be consistent with Poisson counting statistics given the

304 larger solution volume sampling associated with increasing particle size. However, for

305 most radionuclides, RSDs generally increased slightly at the intermediate particle size of

306 646 µm. This behavior may be anomalous, however, as only 3 particle sizes were

307 interrogated, and the intermediate size is biased toward the smaller end of the size range

308 examined. Thus, a test including more particle sizes and a wider size range would be
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309 required to better elucidate the homogeneity versus particle size trend. These

310 experiments will be the subject of a future study. The measured RSDs versus the particle

311 size for each radionuclide is shown in Fig 5.

312

313 Fig. 5 (A) Measured RSDs versus 534, 646 and 1250 µm particles sizes for the 15-20 mg mass range. (B)
314 Measured RSDs versus 534, 646 and 1250 µm particles sizes for the 1-2 mg mass range.

315 The homogeneity versus size trend is less apparent for the 1-2 mg mass range. However,

316 the measured RSDs still trend toward decreased RSD at larger particle sizes.
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317

318 Effect of Particle Casting Method

319 The effect of the particle casting time on the sample heterogeneity with respect to the

320 radionuclide content was explored. Several factors relevant to the method could

321 potentially contribute to heterogeneity. For example, the material in contact with solution

322 (pipette tips, tubing, solution reservoir, etc.), may have varying affinities toward different

323 fission products resulting in fission product fractionation and thus higher RSDs between

324 sample replicates. The time dependence of the casting method may also play a role, with

325 casting methods that require longer relative times potentially allowing for phase

326 separation within the solution reservoir resulting in intra-sample heterogeneity. Manual

327 pipetting and extrusion casting driven via peristaltic pump were used as comparative

328 casting methods to study the effect of casting time on intra-sample heterogeneity, with

329 casting times taking approximately 2 min and 20 min, respectively. Images of the

330 manual pipettor and extruder are shown in Fig. 6.

331

332 Fig. 6 (A) Manual pipette particle casting onto hydrophobic surface. (B) Peristaltic pump extrusion casting
333 onto hydrophobic surface.

334 The RSDs of Ru-103 and Zr-95 activities were used as a measure of the intra-sample

335 heterogeneity and compared between the two casting methods. Ruthenium and Zr were

336 respectively chosen as representative volatile and refractory fissionogenic elements.

337 Ruthenium, in particular, has been shown to be easily volatilized, when in nitrate solution

338 form, during low temperature evaporation and annealing steps similar to those present

339 during the sol-gel SNED production process.29, 30
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340 The particle casting method did not seem to have an appreciable impact on the

341 heterogeneity for Zr-95. The RSDs for Zr-95 were inversely correlated with sample

342 mass. The manual pipette RSDs were measured at 18.5% for the 10 mg mass sample

343 decreasing to approximately 1.7% for the 500 mg sample mass. A similar trend was seen

344 in the extruded particles. For Ru-103 the relative standard deviation did not exhibit a

345 correlation with sample mass, with an average deviation of 3% across all mass points for

346 the extruded particles. However, the average RSD for Ru-103 was substantially larger

347 for the manually pipetted particles, peaking at almost 100%. This may indicate a Ru-103

348 intra-sample heterogeneity that is dependent on particle casting time or solution contact

349 surfaces. However, an important result is that despite the known volatility of Ru-103,

350 potentially leading to the observed higher intra-sample heterogeneity, the extrusion-based

351 casting method resulted in a much more homogenous sample with respected to Ru-103.

352 The RSDs for all samples measured are presented in Table 3.

353

354 Table 3. Relative standard deviations for all particle samples measured for extruded and manually pipetted
355 particles.

Extruded Particles Manually Pipetted Particles
Nominal Subsample
mass (mg)

95Zr %RSD 103Ru %RSD 95Zr %RSD 103Ru %RSD

10 14.7 1.7 18.51 86.5
50 6.5 4.9 6.0 99.9
100 2.6 2.5 1.8 30.0
500 3.52 3.5 1.7 34.0

356

357 These results show that the particle radionuclide heterogeneity is not appreciably

358 increased by moving to the extrusion based casting method, allowing for future

359 automation, which could substantially increase particle production throughput while

360 decreasing potential radiation dosage to the chemist.

361 Conclusions
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362 Results demonstrate both quantitative encapsulation of radionuclides into sol-gel

363 based nuclear explosive debris simulants and homogeneity in the 2-5% range with respect

364 to 15-20 mg sample subdivisions of the material. Simulant particle samples were shown

365 to contain the entirety of their precursor radionuclide solution within the uncertainty of

366 gamma spectrometry characterization. This demonstrates the ability to prepare simulant

367 samples with targeted activity, radionuclide content and ratios. Furthermore, the samples

368 can be prepared without appreciable loss of radioactive material. Sub-sample

369 homogeneity was shown to be sample mass dependent with higher relative standard

370 deviations being observed for sub-samples of lower mass. Despite this trend, relative

371 standard deviations were still held to less than 7% for a 1-2 mg mass sub sample.

372 Finally, the sub-sample homogeneity was not appreciably impacted by particle casting

373 via peristaltic pump solution extrusion versus manual pipetting, which lays the

374 foundation for a variety of automated SNED production methods for high-throughput

375 production. The method presented here will allow for the production of targeted,

376 homogenous sol-gel based SNED simulants to benchmark analytical techniques.
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396 Supporting Information

397 A document containing supporting information is included. This document contains the
398 complete data of the 10 radionuclide fission products who’s quantitative encapsulation
399 was tracked via gamma spectrometry, a complete list of all surrogate debris production
400 campaigns and the fission product encapsulation measured for each, the complete data set
401 of the homogeneity statistical parameters measured for each particle subsample as a
402 function of particle size and mass.
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