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Abstract13

The International Monitoring System exists to verify compliance with the terms of the 14

Comprehensive Test Ban Treaty. About 10% of the member stations will be capable of 15

detecting radioxenon, which can be produced in nuclear detonations or through civilian 16

processes. We have studied the activation of radioxenon by the prompt, intense spectrum 17

of 14-MeV neutrons produced at the National Ignition Facility. While 14-MeV neutrons 18

are not currently a significant contributor to the production of radioxenon, we find that 19

radioxenon produced through activation of environmental xenon by 14-MeV neutrons 20

would be distinguishable from activation by nuclear tests.21

Keywords22

Radioxenon & CTBTO & Environmental monitoring & Treaty verification & 23

Neutron activation & National Ignition Facility24

Introduction25

The Comprehensive Test Ban Treaty (CTBT) prohibits the testing of nuclear weapons 26

by member states. To verify and enforce this prohibition the Preparatory Commission 27

(PrepCom) for the Comprehensive Test Ban Treaty Organization (CTBTO) is building28

the International Monitoring System (IMS), a network of 321 monitoring stations which 29

measure low-frequency sound waves, seismic waves, and hydroacoustics to detect signs 30
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of nuclear weapons tests in the atmosphere, below ground, and under water, respectively31

[1]. Eighty of these stations will be capable of measuring radionuclides which would be 32

produced in a nuclear detonation. Half of these radionuclide stations will be able to 33

measure the activity concentration of radioactive isotopes of xenon.34

Radioactive isotopes of xenon are attractive candidates for distinctively identifying a 35

nuclear test, since xenon is a chemically gas that is likely to escape from an underground 36

test site [2]. In addition, several radioisotopes of xenon have sufficiently long (several 37

hours to several days) half-lives to allow their detection in the aftermath of a test. Nobel 38

gas monitoring has been a component of the CTBT monitoring program since the 39

inception of the Treaty [3]. Subsequently, working groups on the radionuclide monitoring40

identified 131-mXe, 133-mXe, 133-gXe, and 135-gXe as being relevant to CTBT monitoring41

[4,5]. The half-lives of these isotopes are listed in Tab 2. Nuclear fission and decay chain 42

ingrowth is the primary production mechanism for the radioactive xenon released in a 43

nuclear explosion. 44

Radioactive xenon is also created in industry, for example in the operation of nuclear 45

power plants and in the production of medical isotopes, so it is necessary to discriminate 46

between innocuous civilian releases of radioxenon and that created in a nuclear test. 47

Radioxenon monitoring as a method of detecting a nuclear test relies on a robust 48

knowledge both of the background level of radioxenon and the activity patterns of 49

radioxenon released as a by-product of industrial processes. In spite of these challenges, 50

radionuclide monitoring offers an important and unique capability to treaty verification: 51

the other methods used by the IMS detect explosions, while the combination of those 52

methods with a diagnostic measuring radioactivity allows an explosion to be definitively 53

characterized as nuclear [6].54

Kalinowski et al. [7] have proposed using the relative activities of radioactive xenon 55

isotopes to identify the source of the activation. The predominant mechanisms for the 56

production of radioactive xenon are fission and neutron-induced reactions on 57

environmental xenon. The products of neutron-induced reactions are strongly dependent 58
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on the energy of the neutron spectrum, which are generally dissimilar when produced in a 59

nuclear test versus civilian processes. It is thus imperative to understand and characterize 60

the signature of xenon activity ratios from all sources, including the contribution from the 61

activation of environmental xenon by high- and low-energy neutrons.62

Taking into account the dissimilarity between the neutron spectra created in civilian 63

activity and nuclear testing, Kalinowski et al. [7] suggest that the activation patterns of 64

xenon from civilian processes are different from those of a nuclear explosion. They 65

propose that measuring the activity ratio of 135-gXe/133-gXe as a function of the activity 66

ratio of 133-mXe/131-mXe would provide a tool with which to discriminate between civilian 67

releases of xenon and that released in a nuclear explosion. Kalinowski et al. [7] plot these 68

isotopic ratios on a ``multiple isotopic ratio'' (MIR) plot, which they divide into two 69

regions, one where the activity ratios of the isotopes cannot be explained by a nuclear 70

explosion, and one where they can be. The regions are divided by a ``screening line'', the 71

precise location of which Kalinowski et al. [7] suggest should be determined by further 72

study. 73

Saey et al. [8] argue that care must be taken in using this technique to attribute xenon 74

activity ratios to nuclear testing, because 131-mXe is also produced following the -decay 75

of 131I (T1/2 = 8.0252(6) days [9]), an isotope which has industrial and medical 76

applications. They point out that the addition of unrelated 131-mXe to the radioxenon 77

released in a nuclear explosion could result in the MIR plot-type analysis giving a false 78

negative. For this reason Saey et al. [8] suggest relying more strongly on the ratio of the 79

activity of 135Xe/133Xe. It may also be possible to mitigate the impact of the detection of 80

background 131-mXe through the collection of a robust xenon-background history for each 81

monitoring station and by relying on data from geographically-dispersed monitoring 82

stations. Recently, Ringbom et al. [10] used data from the decay of 133Xe and 131-mXe 83

collected by several such geographically-dispersed IMS stations to infer the timing and 84

location of a nuclear test conducted by North Korea, demonstrating both the utility of 85

radioxenon monitoring and the necessity of a robust history of the local radioxenon 86

background for individual monitoring stations.87



Journal of Radioanalytical and Nuclear Chemistry

5

In this report we confine ourselves to measurements of the activity ratios of the four 88

CTBT-relevant xenon isotopes identified in [3,4,11] which can be produced through the 89

(n,2n) reaction on environmental xenon. The (n,2n) reaction can occur only if the nucleus 90

formed in the neutron-induced reaction is highly excited, above the two-neutron 91

separation energy. There is thus an energy threshold for this reaction; neutrons below 8 92

MeV will not create any of the CTBT-relevant isotopes of radioxenon through (n,2n). 93

The deuterium-tritium (D-T) fusion reaction creates an intense spectrum of 14-MeV 94

neutrons, and these neutrons could contribute to the radioxenon yield through the 95

activation of environmental xenon. 14-MeV neutrons are used for industrial applications96

as well as for security [12]; for example, 14-MeV neutrons can be used for well logging, 97

to image and interrogate cargo, or to detect chemical weapons. Fusion reactors, should 98

they be realized, may also be a source of 14-MeV neutrons, although designs for such 99

reactors are typically shielded. 14-MeV neutrons are not now nor are they likely to 100

become the primary production mechanism for radioxenon. However, understanding the 101

contributions from fast neutrons, such as those produced in D-T fusion, to the activation 102

of environmental xenon is a relevant and important component of minimizing 103

uncertainties in the MIR analysis of radioxenon activity ratios. Characterizing the activity 104

pattern of radioxenon created in reactions with 14-MeV neutrons will improve our 105

understanding of distinct sources of, and contributions to, the global radioxenon activity 106

patterns.107

Prior Work108

Klingberg et al. [13,14] measured the decay of environmental xenon activated by 109

thermal, epithermal, and 14-MeV neutrons. Samples of environmental xenon were 110

irradiated at the TRIGA reactor at the University of Texas at Austin for 30 minutes each to 111

obtain the thermal and epithermal activation data. The 14-MeV neutrons were produced by 112

a D-T neutron generator and this sample was irradiated for about 24 hours. Klingberg et al.113

[13,14] suggest that 14-MeV neutrons backscattering from concrete in the facility into the 114

sample could have contributed to its activation. Generally speaking, downscattering (the 115

local scattering of neutrons leading to reduced energy) in the neutron spectrum will bias 116
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the population of isotopes produced in neutron-induced reactions towards lower-energy 117

states, resulting in stronger population of the ground state over any isomeric states (if they 118

exist). This effect could bias the measurements of the 131-mXe, 133-mXe, and 133-gXe activities 119

(while there is an isomeric state in 135Xe, its half life is only 15.29(5) minutes [15], so its 120

decay is not measurable using the techniques employed by Klingberg et al. [13,14]). In 121

addition, the neutron capture cross section increases dramatically at low energies, so 122

significant downscattering in the neutron spectrum could lead to a non-trivial activation of 123

the sample through (n,). The production and destruction of 135-gXe is an extreme example 124

of this effect --- the thermal capture cross section for 135-gXe is famously high (~ 2.6 Mb at 125

0.025 eV [16]), so significant downscattering in the neutron spectrum will lead to the 126

destruction of the 135-gXe which was produced through either 134Xe(n,) or (more probably 127

for 14-MeV neutrons) 136Xe(n,2n). 128

Klingberg et al. [13,14] conducted the first experimental measurement of the activity 129

ratios of the CTBT-relevant radioxenon isotopes for different incident neutron energies. 130

However, they attribute the production of radioxenon by 14-MeV neutrons to (n,) rather 131

than to (n,2n). All of the radioxenon isotopes in question have stable A-1, A+1 neighbors 132

which are present in environmental xenon and thus could be produced through either (n,)133

or (n,2n). The cross sections for A+1Xe(n,2n)AXe are typically ~1000 times that of the cross 134

sections for A-1Xe(n,)AXe for 14-MeV neutrons [17,18]. This, in addition to the unknown 135

contribution of the downscattered neutron spectrum to Klingberg et al.'s [13,14] result 136

suggests that an alternate measurement of the activation of environmental xenon by 14-137

MeV neutrons is needed.138

Experiment139

The National Ignition Facility (NIF), located on the campus of Lawrence Livermore 140

National Laboratory in Livermore, California, is the most energetic laser facility in the 141

world [19,20]. In the experiment discussed in this work, a plastic capsule filled with 142

gaseous D-T fuel was imploded, generating a prompt (all of the neutrons are produced in 143

approximately 300 ps) very intense (~1014 total yield) spectrum of nearly mono-energetic 144
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14-MeV neutrons. The implosion drive has been designed to minimize downscattering of 145

the neutron spectrum by ensuring that nearly all of the capsule ablator material is 146

consumed in the shot [21] and downscattering for such capsules is typically less than 147

0.2% (C.B. Yeamans, personal communication 2017). This has been confirmed by large-148

scale Monte Carlo N-Particle (MCNP®) simulations of the NIF target chamber [22]. The 149

NIF is thus uniquely capable of providing high-quality data on the activation of materials 150

by a prompt, clean spectrum of 14-MeV neutrons with negligible contribution to the 151

activation from downscattered neutrons.152

Table 1 The CTBT-relevant isotopes of xenon discussed in this work were produced 153
through the A+1Xe(n,2n)A-1Xe reaction. The natural abundances of the parent xenon 154

isotopes, relative to the total amount of xenon in the atmosphere [23], are listed in the 155
first row of this table. The second row lists the relative abundancies of the parent xenon 156

isotopes in the enriched samples that were irradiated in the experiment discussed in this 157
report (C.A. Velsko, private communication 2017). 158

132Xe (%) 134Xe (%) 136Xe (%)

Natural 
(environmental) 
abundance

29.9086(33) 10.4357(21) 8.8573(44)

Experimental 
(enriched) Samples 

50.0(3) 30.0(3) 20.0(3)

159
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Fig. 1 Left, (a): a rendering from large-scale MCNP® [22] simulation developed to assess 160
the effects of neutron scattering at NIF showing the target positioning arm (bottom left) 161
and a DIM (upper center) in the configuration used for the measurement discussed in this 162
work. Right, (b): a photograph of a DIM with four diagnostics attached. A Neutron 163
Activation Diagnostic, which provides a baseline for the primary-spectrum neutron yield 164
[24] is in the upper left-hand corner; the other three cylinders enclose the gas cell 165
diagnostics [25].166

Aluminum cells [25] were filled with an enriched mixture of 132Xe, 134Xe, and 136Xe 167

(environmental abundances and enrichments are listed in Tab. 1) to a pressure of ~1 atm. 168

The cells were fielded on retractable arms (called Diagnostic Instrument Manipulators, or 169

DIMs) [26] at a distance of ~ 50 cm from the fusion capsule, which is located at the NIF 170

target chamber center, as illustrated in Fig 1a. One such DIM with gas cells attached is 171

shown in Fig. 1b. After the conclusion of a shot, the DIMs were retracted, the gas cells 172

dismounted, and their contents condensed onto a cold finger, then expanded into an un-173

irradiated cell for counting. The counting cell contained ~ 60% by mass of the irradiated 174

gas (C.A. Velsko, private communication 2017), and the process of collecting the gas cell 175

diagnostics and transferring their contents to un-irradiated cells took ~4-6 hours. Gamma 176

rays emitted in decay of the radioactive xenon contained in the cells are detected by High 177

Purity Germanium (HPGe) detectors located in the LLNL Nuclear Counting Facility 178

(NCF), a low-background counting facility located on the LLNL campus [27]. The 179

calibration of the HPGe detectors in the NCF is done using standard calibration sources,180

and details can be found in [28]. Decays are typically measured for 10-14 days in 12-hour 181

increments. A typical gamma ray spectrum for the a 14-day count is shown in Fig. 2.182



Journal of Radioanalytical and Nuclear Chemistry

9

183

Fig. 2 A gamma ray spectrum after counting a sample for 14 days. The lines used 184
characteristic of the decay of an isotope of radioxenon are indicated. These lines were fit 185
as discussed in the text and the extracted volumes were used to determine the number of 186
atoms at T0 (the time at which the NIF shot was fired). Lines marked with an asterisk are 187
attributed to natural background radiation.  188

Results and Discussion189

The resulting -ray spectra are analyzed using the LLNL -ray spectra analysis 190

software GAMANAL [28]. GAMANAL fits the measured -ray spectra to extract the 191

number of  rays emitted in the decay of the isotope of interest in a given counting 192

period. When plotted as a function of time these data form a curve characteristic of the 193

decay of that isotope. These decay curves are then fit to extract the number of atoms 194

produced in the NIF shot. Since the half-lives of the isotopes of interest are comparable to 195

the counting period the equations used in the fits take into account the decay of the source 196

during counting [29]. The equation used to fit decay curves as a function of counting time 197

for 131-mXe, 133-mXe, and 135-gXe can be obtained by integrating the well-known equation 198

for radioactive decay (see, e.g [30]):199
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��(�) = ��,�������� − �����������200

where the subscript 1 indicates that the quantity refers to a property of the decay of the 201

first isotope in a decay chain.  is the number of counts, t is the real time elapsed since 202

the beginning of the count, N1,0 is the number of atoms of the first isotope in the decay 203

chain at T0 (in this case the time at which the NIF shot was fired), �1 indicates the 204

fraction of decays of the isotope of interest which result in the emission of a  ray of a 205

particular energy (the -ray branching ratio for the decay), and �1 represents the 206

efficiency of the HPGe detector for the detection of these  rays. The livetime fraction is 207

given by � (typically ~1), the decay constant by 1, and the time elapsed between T0 and 208

the beginning of the count by . 209

In the case of the decay of 133-gXe, the feeding of the ground state by the isomeric 210

state must also be considered. The equation used to fit the decay curve for the decay of 211

133-gXe is obtained by the method previously described and is:212

�(�) = ����� ���,�������� − ������214

− ��,�

�

�� − ��

���������� − ������ − ��������� − ��������215

213

Here the subscript 2 indicates that the quantity refers to a property of the decay of the 216

second isotope in a decay chain, and the symbols are as previously defined. The decay 217

curves and the resulting fits are shown in Fig. 3.218

219
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220

Fig. 3 Data taken in the measurements of the decay of 133-mXe, 133-gXe, 131-mXe, and 221
135-gXe after irradiation by 14 MeV neutrons. The data are normalized to the total number 222
of counts expected if the decay curve were saturated and are shown as function the total 223
time elapsed since T0 (the time at which the NIF shot fired). The dashed lines indicate the 224
best fit to the data from which the activity was extracted following the procedure outlined 225
in the text.226

The extracted number of atoms at T0 for each isotope of interest and a comparison 227

between the half-life extracted from each fit and the literature value is given in Tab. 2. 228

Once the number of atoms created at T0 is known the calculation of that radioisotope's 229

activity as a function of time can be made. 230

Table 2 The number of atoms in the counting cell as extracted from the fit and a 231

comparison of the best-fit half-lives of the isotopes in question with literature232
[9,15,31] values. 233

Isotope Atoms at T0(× 10�) T1/2 extracted 
from fit

T1/2 reported in 
literature

131-mXe 3.6(1) 11.38(7) days 11.84(4) days

133-mXe 1.75(9) 2.170(5) days 2.198(13) days

133-gXe 1.41(2) 5.245(4) days 5.2475(5) days
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135-gXe 2.23(2) 9.16(8) hours 9.14(2) hours

234

Fig. 4 A MIR plot showing the activity ratio of 135-gXe/133-gXe as a function of the activity 235
ratio of 133-mXe/131-mXe. The half-lives of the isotopes in the numerators are shorter than 236
those in the denominators, so decay time increases with decreasing activity ratios. The 237
dashed line corresponds to the activity ratios extracted from the fitting procedure 238
described in the text and the gray band corresponds to the associated uncertainty in the 239
activity ratio. The orange dotted line represents the activity ratios expected if a sample of 240
environmental xenon was irradiated until the activities of the four plotted radioisotopes 241
reached their saturation activities. Note that, for short decay times when the activity is 242
dominated by the decay of 135-gXe, the activity ratios from a saturated sample would 243
disagree with those of a non-saturated sample. The magenta line shows the activity ratios 244
using cross sections calculated by the Hauser-Feshbach code TALYS [32] and a neutron 245
spectrum produced by MCNP® [22]. This calculation only includes (n,2n) reactions and is 246
in excellent agreement with the current measurement. The black dotted line is the 247
“screening line” suggested by Kalinowski et al. [7] to discriminate between civilian and 248
military activations of environmental xenon. Right: comparison of the current work with 249
Klingberg et al.'s [13,14] results plotted on linear scales.250

The extracted activities are weighted by the ratio of the natural abundance of the 251

parent isotope to the enriched abundance in the irradiated sample (Tab. 1) to extract the 252

activity at T0 for radioxenon produced from (n,2n) on environmental xenon. The activity 253

ratio of 135-gXe to 133-gXe versus that of 133-mXe to 131-mXe is shown and compared to those 254
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measured by Klingberg et al. [13,14] in Fig 4. The current result does not agree with the 255

data from Klingberg et al.'s [13,14] irradiation of environmental xenon by 14-MeV 256

neutrons, possibly due to downscattering of the neutron spectrum in Klingberg et al.’s 257

[13,14] result not present in our measurement. In addition, the NIF provides a nearly 258

instantaneous neutron source, while Klingberg et al. [13,14] irradiated their sample for 259

ca. 24 hours. We consider the effect of long irradiation times by using the activities 260

measured in this work to extrapolate saturation activities (with an irradiation time of 261

�� ×131-mXe(T1/2), or about 4 months). As Fig. 4 shows, the extrapolated activity ratios 262

for a saturated sample diverge from those extracted in this work for short decay times 263

when the activity is dominated by the decay of 135-gXe. For longer decay times the 264

activities of a saturated sample agree with those of a non-saturated sample. 265

We have predicted the production 131-mXe, 133-mXe, 133-gXe, and 135-gXe from the 266

irradiation of environmental xenon by the prompt spectrum of 14-MeV neutrons 267

produced in the NIF shot using the Hauser-Feshbach code TALYS [32] to calculate the 268

(n,2n) reaction cross sections as a function of incident neutron energy and a large-scale 269

MCNP® [22] simulation to predict the neutron spectrum. The total number of isotopes of 270

radioxenon produced in a NIF shot is calculated by multiplying the reaction cross section 271

by the neutron fluence as a function of neutron energy, integrating the result over the 272

neutron energy, and weighting the result by the relative abundancies of the parent 273

isotopes. The predicted activity ratios, which include only (n,2n) reactions, are in 274

excellent agreement with the measurement (Fig. 4). This agreement supports our 275

suggestion that the previous result for the activation of environmental xenon by 14-MeV 276

neutrons by Klingberg et al. [13,14] has a non-negligible contribution from 277

downscattered neutrons.278

All of the activity ratios of radioxenon produced through (n,) and (n,2n) reactions 279

fall well to the left of Kalinowski et al.'s [7] “screening line”, where the activation of 280

environmental xenon is more consistent with civilian-related activities.281
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Conclusions282

Radionuclide monitoring is a powerful and necessary tool for the attribution of the source 283

of an event which could be categorized as a nuclear test -- while the other methods 284

employed by the CTBTO PrepCom are sensitive to shock waves created by a large 285

explosion, radiation monitoring is sensitive to an observable of a nuclear explosion. Due 286

to its chemically inert nature radioxenon is an attractive candidate for radionuclide 287

monitoring, it is difficult to contain and thus more likely to diffuse out of underground 288

testing sites. Additionally, Kalinowski et al. [7] have proposed that ratios of the activities 289

of certain isotopes of radioxenon differ for radioxenon created in nuclear tests and through 290

civilian activity and thus could be used to infer the source of the radioactivity. Since 291

radioxenon is produced in a wide variety of civilian activities, it is imperative to understand 292

and characterize the release patterns of all civilian sources of radioxenon to ensure that this 293

method provides a robust diagnostic for treaty verification. More work is needed to 294

understand the contribution of civilian sources (such as light-water reactors and medical 295

isotope production) to the global radioxenon abundances. However, as the IMS matures, 296

each station's continuous monitoring will allow the construction of a baseline for each 297

station, leading to the robust identification of anomalous events. A previous measurement 298

by Klingberg et al. [13,14] attributed the production of radioxenon by 14-MeV neutrons to 299

(n,) rather than to (n,2n). Due to the large differences in cross section between the two 300

processes at 14 MeV, (n,) is not expected to contribute significantly to the activation of 301

these isotopes at this energy. This does not impact Klingberg et al.’s [13,14] conclusion 302

that the production of 131-mXe, 133-mXe, 133-gXe, and 135-gXe from environmental xenon by 303

14-MeV neutrons would be distinguishable from activation created by a nuclear explosion.304

However, the current results disagree with those of Klingberg et al. [13,14] and this 305

disagreement is likely due to downscattered neutrons in Klingberg et al.’s [13,14] 306

experiment. Significant downscattering in the neutron spectrum would explain why 307

Klingberg et al.’s [13,14] result for activation of environmental xenon by 14-MeV neutrons 308

(where (n,2n) dominates) closely resembles their result for epithermal neutrons (where 309

(n,) dominates). The experimental design of the current work expands from Klingberg et 310

al.’s [13,14] experiment by practically eliminating the possibility for downscattered 311
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neutrons to significantly affect the production of radioxenon. The current measurements 312

are in excellent agreement with a prediction of the activity ratios using a neutron spectrum 313

produced by a large-scale MCNP® [22] simulation of the neutronics of the NIF chamber 314

and TALYS [32] calculations of the (n,2n) cross sections for the isotopes of interest. The 315

measurements discussed in this work show that the activation of environmental xenon by 316

14-MeV neutrons (which, while not currently a significant contributor to the production of 317

global radioxenon are used in imaging, well logging, and other industries) creates the 318

CTBT-relevant isotopes of radioxenon in proportions which fall within the range 319

Kalinowski et al. [7] identified as being consistent with civilian sources for their 320

production, falling to the left of the screening line Kalinowski et al. [7] have proposed to 321

discriminate between civilian and military sources of radioxenon. 322
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