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Executive Summary

In addition to thermal radiation and fission products, nuclear explosions result in a very high flux of
neutrons. Within an atmospheric nuclear explosion, these neutrons can activate the various elemental
components of natural air, potentially adding to the radioactive signature of the event as a whole. The
goal of this work is to make an order-of-magnitude estimate of the total amount of air activation products
that can result from an atmospheric nuclear explosion.
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1.0 Introduction

A ~1-kiloton-yield nuclear explosion requires around a mole of fission events releasing about 200 MeV
per fission. If the resulting neutron flux is only a function of the neutrons generated by fission events, and
the average number of neutrons produced per fission is v >2, then the number of free neutrons released
following the event is still on the order of 10%. Clearly even a small detonation results in a very high
neutron flux. As these neutrons escape the exploding core, they will eventually be absorbed somewhere
in the surrounding medium and the neutron flux will fall off as a function of distance due to both this
absorption and geometric attenuation.

Neutrons moving through atmospheric air will activate nuclei, the net result of which is that the high
neutron flux from an atmospheric nuclear explosion can potentially yield a great deal of activation
products. Determining whether these activation products might be produced in great enough quantities to
significantly alter the overall event isotopic signature is the goal of this study. To accomplish this, the
neutron flux resulting from a 1-kiloton fission event was used to simulate activation of atmospheric air at
multiple altitudes. The resulting amounts of activation products are then compared to the estimated fission
products.
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2.0 Activation Model

To estimate the total inventory of air activation products that might result from an atmospheric nuclear
explosion, an activation model is needed. To create this model, three major components are required:

1. A model of natural air characterized by elemental and isotopic composition, as well as altitude-
adjusted density
2. A model for the neutron flux resulting from a hypothetical nuclear explosion

A model for simulation of activation of atmospheric air due to the estimated neutron flux

2.1 Atmospheric gas model

211 Composition

Table 1 shows the elemental composition of natural air assumed in this study (Kéhne and Wo6Bner 2009).
For each element listed in Table 1, the natural isotopic abundances were determined; Table 2 lists isotopic
fractions for the three nobles gases argon, krypton and xenon. Since the air composition determines the
nuclei in the medium to be neutron-activated, this specification has a highly significant effect on the
resulting activation product estimates, especially for ultra-trace gases such as xenon and argon.
Recognizing that air composition varies locally around the earth, the natural abundances assumed in this
study represent a generalization.

Table 1: Elemental Composition of Natural Air

Z Element ppm air
1 H 0.53

2 He 5.2

6 C 336.7
7 N 780900
8 o 209500
10 Ne 18
16 S 1

18 Ar 9300
36 Kr 1.14
54 Xe 0.086
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Table 2: Isotopic Fractions of Three Naturally-Occurring Noble Gases

Isotope Fraction Isotope Fraction Isotope Fraction
B Ar 3.34x10° P 3.55x10% Xe 9.52x10"
Br 6.29x10% o 2.29x10% *°Xe 8.9x10™
“ar 996 r 1.16 x 10 %5 0.0191

B 0.115 %e 0.264
r 0.570 B%e 0.0407
e 0.173 Blxe 0.212
xe 0.269
B%e 0.104
B%e 0.0886

21.2 Density

The density of air at sea level is about 1.225 kg/m’. Since it is of interest to estimate activated air
concentrations at various altitudes of detonation, the effect of altitude on air density must be accounted
for. Air density can be calculated according to the ideal gas law by

p= RT’ (1)

where M is the molar mass of air and R is the ideal gas constant. Additionally, Equation (1) contains
temperature 7" and pressure P, which both depend on altitude. The variation of temperature with altitude 4
is approximately linear and can be estimated by

T(h) =T, — Lh, ©)

where L is the temperature lapse rate. Air pressure as a function of altitude is given by

gM

P(h) = Py (1- %)ﬁ 3)

where g is the gravitational acceleration. Table 3 lists values for the constants appearing in
Equations (1-3). Figure 1 shows a plot of air densities calculated from these equations.
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Table 3: Relevant constants for air density calculations

atmospheric pressure (sea-level)  Pg 101.325 kPa
temperature (sea-level) To 288.15 K
gravitational acceleration (surface) g 9.80665 m/s2
temperature lapse rate L 0.0065 K/m
ideal gas constant R 8.31447 J/(mol K)
molar mass of dry air M 0.0289644 kg/mol
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Figure 1: Atmospheric air density as a function altitude.

2.2 Flux and activation model

2.21 Overview

The air activation model, including the neutron flux estimation, was made using a burnup model
consisting of

1. MCNPS: simulates the neutron flux resulting from a given specification of system geometry and
nuclide composition

2. ORIGEN 2.2: estimates the fuel and air irradiation
MONTEBURNS: script that breaks a burnup event into discrete steps, coupling flux profiles from
MCNP with irradiation in ORIGEN 2.2, adjusting system compositions and recalculating neutron
fluxes with each step
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2.2.2 Geometrical concept

Flux and material estimates are estimated in discrete geometrical cells within MCNP to account for a non-
uniform neutron flux throughout the system. The modeled system is depicted qualitatively in Figure 2.
The fuel is modeled as a bare spherical reactor (see following section) surrounded by an extensive air
medium formed by concentric shells of increasing thickness. For each cell in the geometric model,
MCNP estimates a neutron flux profile within a uniform medium, which is fed into ORIGEN2.2 to
estimate the resulting burnup and activation of the material in that cell at each time step.

Figure 2: Air activation model geometry (not to scale)

2.2.3 Fuel irradiation

Two fuel types were considered in the activation calculations: highly enriched uranium (HEU) and
plutonium, generic compositions of which are shown in Table 4 (Stacey 2001). Calculation of the fuel
burnup was made assuming a Watts fission spectrum. To estimate the resulting neutron flux from a 1-
kiloton yield, burnup was modeled for a power of 4.18 x 10'> MW for a time of 1 ps, where 200 MeV per
fission gives about 1.3076 x 10> total fissions.



Table 4: Generic HEU and Plutonium Compositions (Stacey 2001)

HEU Pu
24 0.12 “py 0.01
2 94.00 *py 93.80
28 5.88 #%py 5.80
*py 0.13
*2py 0.02
*Am 0.22

PNNL-23023
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3.0 Air activation results

Figures 3, 4 and 5 show plots of estimated activation product concentrations as a function of radial
distance from the fuel region at sea level. Concentrations were estimated by dividing the total isotope
inventory in each shell by the volume of that shell; the radius on the x-axis of these plots corresponds to
the outer radius of the respective shell. With increasing radius, the neutron flux undergoes attenuation so
that even though outer shells have a much higher volume of material, the concentration of activated nuclei
falls off.
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Figure 3: Estimated concentration of activated xenon as a function of radial distance
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Air-activated Argon; fission spectrum
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Figure 4: Estimated concentration of activated argon as a function of radial distance

Air-activated Kr; fission spectrum
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Figure 5: Estimated concentration of activated krypton as a function of radial distance

Figure 6 shows a plot of the integrated activated xenon activity as function of radial distance from the fuel
region. Atroughly 1 km radial distance, the neutron flux has decreased to the point that further activated
xenon contributes negligibly to the total inventory. As such, air activation from a 1-kiloton atmospheric
nuclear explosion has effectively ceased beyond 1 km radius.
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Table 5 summarizes total activities (in curies) integrated over all simulated air regions of activation
products in air at two average altitudes. Also shown for comparison are the estimated inventories due to
fission in the respective cores.
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Figure 6: Integrated activated xenon as a function of radial distance in air

Table 5: Estimated total activities (in curies) of activation products in air at two average altitudes
compared to the inventory estimated in the core region

Pu HEU

Core 2 km elev. 10 km elev. | Core 2 km elev. 10 km elev.
®He - 3.57x10% 8.49x10” - 825x10" 3.37x10%
B - 564x10%  1.38x10" - 9.38x10% 3.70x10%
®Be - 4.43x10”  1.06 x 10” - 9.87x10"  4.01x 10"
%Be - 221x10%  2.24x10% - 1.63x10%  1.65x10™
"ge - 7.56x10% 1.83x10" - 1.25x10%  4.10x10®
g - 6.07x10”  6.36x10” - 3.27x10”  2.97x10”
“c 1.69x10” 231x10" 234x10" | 1.75x10” 1.75x10" 1.77x10™
Bc - 9.74x10™  1.05x10” - 535x10”  4.64x10"
BN - 1.23x10%  1.24x10* - 6.54x10%  4.70x 10
N - 510x10%®° 5.49x10% - 2.77x10%  2.38x10%
Bl - 6.71x10% 1.38x10” - 1.32x10%” 5.43x10™
gj - 1.42x10%  1.44x10™ - 1.05x10”  1.06x 10"
2p - 408x10"  4.17x10" - 2.29x10%  2.32x10"
3p - 2.97x10”  3.00x10” - 2.19x107  2.22x10”
*p - 2.72x10”"  2.76x 10" - 2.01x10”  2.04x10”"
g - 571x10% 5.78x10% - 422x10%  4.27x10%
¥g - 454%x10"  4.66x10% - 2.44x10"  2.41x10%
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Pu HEU

Core 2 km elev. 10 km elev. | Core 2 km elev. 10 km elev.
cl - 2.91x10%° 2.95x10” - 2.15x10%° 2.18x10%
ar - 2.40x10%°  2.43x10%” - 1.77x10%°  1.79x10%
®Ar - 2.76x10%®  2.92x10% - 1.51x10% 1.26x10°
“ar - 2.37x10%®  2.40x10% - 1.83x10%  1.85x10%
2p - 3.26x10"  7.61x10™ - 1.00x10" 4.09x10™

42K _ _ _ _ _ _

>s - 557x10% 5.70x10% - - -
se 9.94x10%” 7.85x10" 3.60x10™" | 8.96x10%® 4.86x10™ 1.91x10™"
¥lge 1.17x10”  2.27x10%® 231x10%® | 4.71x10” 1.19x10® 1.14x10®
8py 3.89x10” 2.99x10% 3.06x10” | 3.27x10®° 1.64x10°" 1.66x10"
gy 1.22x10”  1.42x10% 1.46x10% | 2.12x10” 7.75x10%  7.76x10*
8py 3.30x10” 1.57x10% 1.60x10% | 8.38x10® 8.67x10% 8.76x10%
Ky - 2.57x10°  2.60x10%” - 1.14x10%  1.15x107
T - 2.73x10”  2.77x10% - 1.21x10%°  1.22x10%
By - 7.80x10%”  7.90x10” - 6.04x10” 6.11x10”
Bmgr | 6.53x10”  6.16x10%  6.24x10™ - 478x 10"  4.83x10%
Brge | 1.75x10”  5.74x10”  5.83x10%° | 9.94x10° 4.46x10”  4.49x10%
BKr 547x10%  2.12x10%  2.12x10% | 1.42x10” 1.63x10” 1.64x10%
Bmge | 1.34x10%  2.87x10"  2.87x10”" | 5.26x10®  2.20x10"  2.21x10™
Ky 1.74x10% 251x10"  255x10" | 1.67x10%® 1.93x10"  1.96 x 10™
Byr 1.96x10% 1.08x10%” 2.54x10™ | 2.91x10%® 3.38x10™ 1.31x10™

#Rrb 1.55x 10% - - 6.77 x 10% - -
Y1e | 3.19x10%” 1.05x10%° 1.07x10% | 429x10” 7.79x10Y 7.87x10"7
Te | 1.61x10” 1.86x10%” 1.88x10% | 3.36x10” 1.37x10” 1.39x10%
2 - 2.51x10™  2.54x10™ - 1.85x10™ 1.88x10™
2 3.43x10” 511x10” 517x10% | 6.14x10" 3.78x10” 3.82x10%
B9 9.01x10” 8.95x10% 9.06x10% | 1.20x10” 6.61x10%° 6.69x10%
By 3.78x10” 2.97x10% 3.04x10% | 3.40x10” 1.70x10% 1.67x10%
B2 3.46x10” 827x10” 838x10% | 1.85x10® 6.11x10” 6.18x10%
2xe - 3.74x10%  3.78x10" - 2.76x10%"  2.79x10*
125mye - 833x10"  8.43x10” - 6.16 x 10" 6.22x 10"
Txe - 9.15x10% 9.27x10* - 6.77x10” 6.84x10%
127mye - 2.53x10%"  2.56x10" - 1.87x10%  1.89x10™
29mye | 9.03x10* 1.80x10* 1.82x10% | 491x10* 1.33x10* 134x10%
Blmye | 1.81x10% 2.94x10* 297x10% | 1.35x10” 2.17x10* 2.19x10%
Bxe | 6.99x10” 2.10x10”" 213x10” | 1.95x10” 1.55x10” 1.57x10™
3mye | 5.44x10” 5.95x10* 6.03x10% | 1.55x10” 4.40x10* 4.45x10%
Bxe | 2.65x10” 2.22x10° 2.24x10%° | 1.10x10” 1.70x10*° 1.72x10%
Bimye | 1.31x10”  1.36x10” 137x10% | 6.56x10%® 1.04x10% 1.05x 10
B7%e | 3.61x10%® 5.63x10° 570x10%° | 2.84x10% 4.16x10° 4.20x 10%
B5cs | 8.66x107 1.06x10%° 1.07x10%° | 8.89x10” 8.13x10°" 8.21x107"

10
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Pu HEU

Core 2 km elev. 10 km elev. | Core
Cs | 1.46x10" 2.06x10" 2.08x10" | 6.48 x 10%
137mpa | 1.66 x 10 -

2 km elev. 10 km elev.
1.52x10° 1.54x107"

- 7.38x 10 -
Total | 7.92x10" 6.84x10” 7.17x10” | 1.41x 10"

137

3.74x10Y  3.40x10Y

11
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