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Abstract

EVNUDET focused on assessing radiological consequences of neutron activation
in modern EV batteries and surrounding materials following a nuclear detonation.
The study integrated Geant4 neutron-transport simulations, analytical activation
calculations, and targeted irradiation experiments to validate models and quantify
activation products, dose rates, and environmental impacts. Simulations
assumed a thermal neutron fluence of 102 n/cm?. Activation is highly chemistry-
dependent: NMC-811 and NCA chemistries produce substantial short-lived
gamma-emitting isotopes, notably *Mn and ®Cu, while long-lived isotopes such
as %°Co and **Fe occur at much lower activities. LFP batteries, lacking cobalt and
nickel, generate minimal gamma activation but form *2P, a strong beta emitter
and the most significant long-term nuclide for this chemistry. Total induced
activity in NMC/NCA packs reaches ~10°-10"° Bq, whereas LFP packs are one to
two orders of magnitude lower. Dose rates near activated packs are transient and
localized: NMC/NCA surfaces may exhibit tens of mSv/h immediately post-
exposure, while LFP remains far lower; at one meter, even high-cobalt
chemistries typically fall below a few mSv/h. Activation of sodium-bearing soils
and pavement dominates the radiation field in post-detonation environments. EV
batteries can create localized short-lived gamma radiation fields, increasing
exposure near the vehicle, but their overall contribution is minor compared to
widespread activation of urban materials. Importantly, outside the vehicle,
batteries do not present persistent radiological hazards.
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Abstract

The EVNUDET study was focused on evaluation of the radiological consequences of neutron
activation in modern electric-vehicle (EV) battery systems and selected surrounding
environmental materials following a nuclear detonation. As contemporary cities contain large
masses of lithium-ion batteries—particularly high-cobalt chemistries such as NMC-811 and
NCA—understanding their activation behavior, resulting radiation fields, and relative
contribution to post-detonation hazards is a critical gap in existing effects models. The work
combined detailed Geant4 neutron-transport simulations, analytical activation calculations, and
targeted irradiation experiments to validate modelling approaches and quantify activation
products, dose rates, and environmental impacts.

A nominal thermal neutron fluence of 10'? n/cm? was used in the simulations. This neutron field
does not refer to any nuclear detonation. Fast and epithermal neutrons are not included, and
depending on the type of detonation, the neutron fluence can be essentially larger. However, to
understand the number of events induced by thermal neutrons is useful to put in perspective the
role of the batteries as an auxiliary radiation source. Battery activation results are strongly
chemistry-dependent. NMC-811 and NCA produce significant quantities of short-lived gamma-
emitting isotopes, particularly *°Mn and ®*Cu. Long-lived isotopes such as ®°Co and *’Fe occur
but they have relatively small activities. LFP batteries generate far less gamma-emitting
activation due to their negligible cobalt and nickel content. However, a strong beta emitter P
is formed, being the most important long-term nuclide of this battery type. Total induced
activity in NMC/NCA packs reaches approximately 10°-10'° Bq whereas LFP packs are one to
two orders of magnitude lower. Dose rates near activated battery packs are transient and
localized. Under conservative assumptions, NMC/NCA packs may exhibit surface dose rates
of tens of mSv/h immediately after exposure, while LFP packs remain far lower. At one meter,
even high-cobalt chemistries typically fall below a few mSv/h. Rapid decay of short-lived
isotopes reduces dose rate by one to two orders of magnitude within 24 hours, and long-term
radiation dose fields are dominated by small amounts of ®Co.

Activation of urban materials, especially sodium-bearing soils and pavement, is the most
dominating source of radiation in a post-detonation situation. Na-24 production in road surfaces
generates high dose rates everywhere in the urban environment. EV batteries can produce
significant short-lived gamma radiation fields, but their contribution is minor compared to the
wide-spread activation of urban materials. However, in the vicinity of the batteries the radiation
field is increased and therefore any response team approaching an EV must remain vigilant
regarding increased external dose rate and additional hazards posed by damaged batteries,
including contamination and potential beta particle emission. Overall, outside the vehicle, the
batteries do not create persistent radiological hazards.






1. Introduction

The residual radiation environment after a nuclear detonation (hereafter NUDET) is composed
primarily of neutron activated materials in the area within a few km of the detonation and,
depending on the nature of the detonation, fission product fallout (hereafter FPF). For
detonations that may be described as belonging to Regimes 1, 2 or 3 (fireball not touching
ground, see Spriggs, et al. 2020), the former will be the primary source of residual radioactivity
(see Appendix 1). For Regimes 4 — 6, the same may be assumed for impacted areas upwind of
the detonation where there is little or no deposition of FPF. For either situation, areas outside
of the zone where no survivors may be assumed will, in many cases, be amenable to rescue and
other operations by emergency services. For the safe operation of such services, an
understanding of the radiological environment in which they will be operating is of importance.
Formulation of this understanding is, however, complicated by several factors including, but
not limited to, those described below.

1. There are no historical analogues which may be employed. Previous works in relation
to the nature of the neutron-induced radiological environment after a NUDET have been
focused exclusively on Hiroshima and Nagasaki, neither of which represent a modern,
urban environment in terms of the composition of the structures and materials present
nor the nature of the urban landscape itself. Both factors have an important role to play
in estimating the neutron-induced activity present. It should be noted that the primary
dose contribution to survivors and first responders in a Regime 1,2 or 3 situation and
for sub-areas of the impacted zone for Regimes 4,5 and 6 will be, as evidenced by
Hiroshima and Nagasaki, due to neutron-induced activity and considerable uncertainty,
has persisted around this contribution for the two concrete examples listed above.

2.The neutron-induced isotopes present are, and their occurrence within materials is, not
the same as for FPF deposition. In-situ and field measurement are complicated, and the
isotope assemblage can be complex. There is a lack of amenable tools and literature for
a priori assessment of possible activation of the environment in the event of a NUDET.

3. The radiological environment due to neutron activation is, in probable contrast to that
caused by FPF, likely to be extremely heterogenous both qualitatively and quantitatively
with respect to the isotopes present as the materials which may contribute most due to
neutron activation are not heterogeneously distributed in an urban landscape.

4. Unlike areas impacted by FPF which may not be physically impacted by the NUDET
due to distance from the detonation, areas which are vulnerable to neutron activated
contamination are likely to feature extensive physical damage due to blast and heat. As
such, such areas will be the primary targets of first responders. An understanding of the
radiological environment in which they will be expected to operate will be a key element
in post-detonation response.

Discussions as to the neutron activation environment after a nuclear detonation typically tend
to focus on Hiroshima and Nagasaki for which limited data exist. Data from nuclear weapons
tests conducted by the nuclear weapons states is less available. Attempting to describe the
potential residual radiation environment of a modern urban centre, based on data derived from
Hiroshima or Nagasaki, is potentially fraught with problems for several reasons but primarily
due to the differences between the constituents of a modern urban centre and those of Hiroshima
or Nagasaki. The materials, construction techniques, and urban density of modern cities would



most probably lead to significantly different neutron activation patterns relative to either
Hiroshima or Nagasaki. Construction materials of Japanese cities of the period typically
included concrete with either low levels of steel reinforcement or none, in contrast to modern
construction methods employing large amounts of steel reinforced concrete and high-strength
concrete. The use the steel and high-strength concrete increases the potential for higher levels
of both 2*Na and *°Co in the modern urban environment. Steel compositions during the 1940s
tended to be simple low carbon steels whereas modern steel formulations may include more
Co, Mn and other elements, increasing the potential for isotopes of these elements being present
in greater amounts post-detonation, in the modern city. Similarly, glass formations of the
modern period differ significantly from the basic soda-lime glass of 1940s Japan with the
potential for more *?P being featured in the isotope suite for the modern city. The ubiquity of
plastics, asphalt and electronics of all types in the modern city is in direct contrast to Hiroshima
and Nagasaki and is accompanied by the potential for a wide number of activation products that
may have been of little relevance in 1945.

On a general level, some broad assumptions can be made as to the nature of the neutron-induced
environment based on the likelihood of interaction between an incident neutron and a target
nucleus (capture cross section). The higher this value for any element, the greater the propensity
for nuclei of that element to interact with a neutron and result in a radioactive isotope. Modern
urban environments include a wide variety of materials with high cross sections, and which
have the potential to constitute radiological hazards upon exposure to neutrons. Many of these
materials are present in relatively small, discrete amounts such as in electronics and the
radiological hazard posed is likely to be small. Some materials are present in larger amounts
and in this regard electric vehicle batteries (hereafter EVBs) are probably the objects of most
concern. Batteries for electric vehicles include large amounts (10’s kg) of several materials with
relatively high cross sections. As of 2022, for the purpose of example, Oslo and its immediate
surroundings had approximately 180 000 registered electric vehicles (not including municipal
vehicles) and the number of electric vehicles being registered in European cities is growing
rapidly with the Nordic countries being clear leaders.

1.1 Electric Vehicle Batteries

Electric vehicle (EV) batteries are composed of many individual cells that store and deliver
energy. The battery performance, energy density, manufacturing efficiency, and overall vehicle
range 1s determined mostly by the size and format of these individual cells. While various cell
formats are used across different manufacturers, the most adopted sizes are cylindrical 21700
cells and prismatic cells. Among cylindrical cells, the 21700 format (21 mm diameter, 70 mm
height) is the most widely used in modern EVs. The 18650 format (18 mm diameter, 65 mm
height) was previously dominant in the market but is now being phased out in favor of the
21700, which offers higher energy density and improved thermal management. Cylindrical cells
are among the most widely used battery formats in electric vehicles due to their high energy
density, reliability, and ease of manufacturing. Prismatic cells are also a common choice, and
these cells are typically 148 x 91 x 26 mm, though the dimensions can vary depending on the
application. Their rectangular shape allows for more efficient use of space in battery packs. The
main advantages of prismatic cells include higher packaging efficiency and improved safety,
but they require robust cooling systems to manage heat buildup. Pouch cells are another widely
used format and offer a flexible form factor and high energy density but require additional
structural support within the battery pack. Their size varies depending on the manufacturer and
battery design, with typical dimensions being around 100 mm x 300 mm x 10 mm.
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Cylindrical cells used in electric vehicle batteries utilize different lithium-ion chemistries, each
offering a balance of energy density, safety, lifespan, and cost. The most common chemistries
for 21700 cylindrical cells are known as Nickel Cobalt Aluminum (NCA), Nickel Manganese
Cobalt (NMC), and Lithium Iron Phosphate (LFP).

1.2 Nickel Cobalt Aluminum (NCA)

NCA chemistry is widely used in 21700 and 18650 cells, this chemistry providing high energy
density and long cycle life, making it ideal for maximizing driving range. However, NCA
batteries require advanced battery management systems to ensure thermal stability due to their
lower inherent safety compared to other chemistries. The cathode in NCA batteries consists of
a layered oxide material made from nickel (Ni), cobalt (Co), aluminum (Al), and lithium (Li).
The general chemical formula for the NCA cathode is:

LiNixCoyAl,O2
where:

x (Nickel, ~80-90%) — enhances energy density and capacity
y (Cobalt, ~5-10%) — improves structural stability and electron conductivity
z (Aluminum, ~3-5%) — enhances thermal stability and reduces cobalt dependence

A common NCA composition used in EV batteries is LiNi, ,Co,.,AL.O, (NCA 811), where
Nickel (80%) dominates the mix, providing higher energy storage but requiring advanced safety
mechanisms.

The anode in NCA batteries is typically made of graphite, sometimes with small additions of
silicon to increase energy density. Some newer NCA batteries incorporate silicon (Si) anodes,
increasing lithium storage capacity but requiring additional engineering to mitigate expansion-
related degradation. For NCA type batteries, the cathode coating thickness is typically in the
range 50—100 um depending on manufacturer and application with anode coating thickness of,
typically, 4090 um. Since NCA has a high nickel content (~80-90%), its cathode coating is
relatively thick to support high energy density. However, it needs a balance between thickness
and mechanical stability to avoid cracking. The Nickel Cobalt Aluminum Oxide (NCA) cathode
is commonly represented by the formula:

LiNio.8Co0.15A10.0502

For this formulation, the molar ratio of Ni, Co and Al is approximately 80:15:5 and the mass
percentages of this formulation is Ni 49.9%, Co 9.2%, Al 1.4%, O 33.3% and Li 7.2%. The
density of this composition is typically between 4.8 and 5 g/cm®.

1.3 Nickel Manganese Cobalt (NMC)
NMC cells are common in various EV brands, as they offer a good balance of energy density,
power output, and lifespan. This chemistry is used in both 21700 and 18650 formats. NMC

batteries typically have different ratios of nickel, manganese, and cobalt (denoted as, e.g., NMC
811, NMC 622) to optimize performance and cost. Nickel Manganese Cobalt oxide (NMC) is
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one of the most widely used lithium-ion battery chemistries in electric vehicles and different
NMC formulations are available, such as NMC 111, NMC 532, NMC 622, and NMC 811, with
varying compositions of nickel (Ni), manganese (Mn), and cobalt (Co) to optimize
performance. The cathode in NMC batteries consists of a layered oxide material made from
nickel, manganese, cobalt, and lithium. The general chemical formula for the NMC cathode is:

Different NMC compositions are categorized based on the Ni:Mn:Co ratio:

NMC 111 (LiNio.s3Mno.3C00.302) — early version with equal parts of Ni, Mn, and Co
NMC 532 (LiNio.sMno.3C00.202) — higher nickel content for improved capacity
NMC 622 (LiNio.sMno.2C00.202) — balances energy density and thermal stability
NMC 811 (LiNio.sMno.1C00.102) — high nickel content for maximum energy density

The trend in NMC chemistry is moving towards higher nickel and lower cobalt content (e.g.,
NMC 811) to improve energy capacity and reduce reliance on cobalt, which is expensive and
ethically problematic. The anode in NMC batteries is typically graphite-based, similar to other
lithium-ion chemistries. Some variations use silicon additives to increase capacity. Nickel
Manganese Cobalt (NMC) batteries typically have cathode coating thickness of 60—120 um and
anode coating thickness of 40—-100 pm depending on manufacturer and application.

The cathode thickness also depends on the NMC ratio (NMC 532, 622, 811). Higher nickel-
content NMC (e.g., NMC 811) tends to have thicker coatings to maximize capacity. Nickel
Manganese Cobalt (NMC) batteries are typically represented by the formula LiNiMn,Co0z0-,
where x + y + z = 1. A common variant is NMC 811, which has a composition of
LiNi,,Mn,,Co,.,O2. The mass percentages for this formulation are Ni48.2%, Mn 5.7%, Co 6.1%,
0 32.9% and Li 7.1%. This material typically has density at room temperature and atmospheric
pressure of between 4.5 and 5 g/cm’.

1.4 Lithium Iron Phosphate (LFP)

LFP chemistry is increasingly popular and unlike NCA and NMC, LFP batteries have lower
energy density but offer better thermal stability, longer lifespan, and lower costs. The chemistry
1s commonly used in prismatic and pouch formats but is now also available in cylindrical 4680
and 21700 cells for enhanced performance and safety. Lithium Iron Phosphate (LFP) batteries
are a type of lithium-ion battery known for their high safety, long cycle life, and lower cost
compared to Nickel-based chemistries like NMC (Nickel Manganese Cobalt) and NCA (Nickel
Cobalt Aluminum). The cathode in LFP batteries consists of lithium iron phosphate, a stable
and low-cost material with strong structural integrity. The chemical formula for the LFP
cathode is:

LiFePOg4

LFP cathodes have no cobalt or nickel, making them more environmentally friendly and cost-
effective than NMC and NCA cathodes. The iron (Fe) and phosphate (PO4+*") framework
provide strong structural stability, reducing the risk of thermal runaway and improving battery
lifespan. Like most lithium-ion batteries, LFP anodes are primarily composed of graphite.
Lithium Iron Phosphate (LFP) batteries have typical cathode coating thickness of 80—150 pm
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and anode coating thickness of 50-100 pm depending on manufacturer. LFP has lower
electrical conductivity than NCA/NMC, requiring a thicker coating to ensure sufficient active
material for energy storage. Since LFP cathodes have lower voltage and energy density than
NCA/NMC, the anode coating is adjusted accordingly, typically being slightly thicker than in
NCA/NMC cells. Lithium Iron Phosphate (LFP) has a relatively simple composition compared
to NCA and NMC. The mass percentages of the elements are Li 4.4%, Fe 35.4%, P 19.6% and
0 40.5%. Density is typically 3.6 to 3.8 g/cm’.

For the simulations of the various battery types, the 21700-cell format was chosen due to
simplicity in modelling and its being a very common cell format. The three compositions
chosen were NCA, NMC 811 and LFP. The following mass abundances and densities were
employed (see Table 1).

Nickel Cobalt Manganese Lithium Iron  Phosphorus Oxygen Density

Chemistry iy (o) (Mn) L)  (Fe) (P) ©)  ofem’
NCA  49.9%  9.6% N/A 72%  N/A N/A 33.3% 5

NMC 811 482% 6.1%  5.7% 71%  N/A N/A 32.9% 5
LFP NA  N/A N/A 44%  354%  19.6%  40.51% 3.8

Table 1. Compositions of the various chemistries employed in EVNUDET.
1.5 Neutron activation of electric vehicle batteries

In consideration of the immediate aftermath of a nuclear detonation, one of the most significant
radiological phenomena is the flux of neutrons—both fast and thermal—released during the
fission and fusion processes. The energy distribution of the flux varies depending on the type
of detonation, distance to the target and its surroundings. Electric vehicle (EV) batteries,
because of their material composition may be particularly susceptible to neutron activation
which has potential implications for radiological safety of post-detonation rescue and recovery
operations and radiological contamination of materials and the environment The primary active
material in most EV batteries is lithium, typically in the form of lithium-ion compounds. Natural
lithium consists of two stable isotopes: Lithium-6 (°Li) with ~7.5% abundance and ’Li with
~92.5% abundance. The isotope °Li has a high thermal neutron capture cross-section of ~940
barns and undergoes the following exothermic reaction:

°Li+n—3H+*He +4.78 MeV

The reaction above produces tritium, *H, a radioactive beta emitter with a half-life of 12.3 years.
Tritium 1s a low-energy beta emitter, and in the context of EV batteries, tritium can diffuse
through electrode and separator materials, potentially escaping into the environment or
accumulating in confined battery enclosures. The occurrence of this isotope is of relatively
minor radiological significance given its low energy and the probability of it being dispersed
relatively rapidly to the atmosphere.

Though less reactive, "Li can also undergo neutron capture:

Li+n—3Li



8L1 is unstable and decays very rapidly via beta emission with a half-life of 0.84 seconds to
form ®Be which also decays very rapidly and as such, the potential impacts of the formation of
these two isotopes is very low. Activation of metals may occur as modern EV batteries contain

amounts of transition metals with significant neutron activation potential.

Reaction Half-life o, barn p Photon emission Remark
energy and
intensity
1 ®Ni(n,y)>Ni  2.518h 1.63  0.0092 1481.8 keV, 39.2 g of Ni per cell
6 23.59 % Low production rate due
to abundance of 0.93%
2 SMn(n,y)>*M  2.579h  13.36 1 846.8 keV, 4.9 g of Mn per cell
n 98.85 %
3 ¥Co(n,y)®Co 19253d 37.18/ 1 1173.3 keV, 4.9 g of Co per cell
2 99.85 % About equal number of
1332.5 keV, isomers formed initially
$Co(n,y)*"™C 10.47 1 99.98% See Appendix 9 for
0 min 37.18/ modelling the time
2 1332.5 keV, behaviour
0.25 %
Auxiliary materials
4 SCu(n,y)**Cu  12.70h 450  0.6917 511.0keV,35%  =1.4to02.1 gof Cuper
4 cell
5 Cu(n,y)®®Cu  5.120 2.17  0.3083 1039.2 keV,
min 9.23 % 4Cu decays by B- and B+
6 YAl(n,y)®Al  2.245 0.231 1 1778.9 keV, ~ 0.7 to 1.4 g of Al per
min 100 % cell
Short half-life
7 BFe(n,y)”Fe  44.49d 1.32  0.0585  1099.2,56.5 % Structures outside the

battery may be more
important

Other nuclides of interest: environment, concrete, salt, LFP batteries, etc

8  4Ca(n,y)¥Ca 4.536d 0.74 04E-4 1297.1keV,67%  Decay product ¥’Scis a
gamma emitter
Ca is part of concrete.
9 »Na(n, 1496h  0.525 1 1368.6 keV, Also produced by fast
7)**Na 99.99 % neutrons from Al
2754.0 keV,

99.88 %
10 31p(n, y)?P  1427d  0.166 1 No photon Strong beta emitter, 1.7

emission MeV max; important in

LFP battery, together
with item 7

Table 2. Thermal neutron interactions in NCM batteries, o = thermal neutron cross section, p

= abundance of source isotope.



Cobalt-59, the only stable isotope of cobalt, has a neutron capture cross-section of ~37 barns
and forms ®°Co as follows:

$Co +n — “Co
Cobalt-60 is a strong gamma emitter (1.17 and 1.33 MeV) with a half-life of 5.27 years.

The formation of the metastable isomer ®®™Co is potentially a significant aspect of neutron
activation in cobalt-containing materials. Cobalt-60m, an excited state of the same nucleus with
a different energy level and half-life, it is produced via neutron capture on stable *°Co:

59CO +n— 60mCO N 60C0 + y

This reaction can proceed directly to the metastable state ®“"Co or to the ground state °Co,
depending on the energy of the incident neutron and the nuclear reaction pathway. Cobalt-60m
has a half-life of approximately 10.5 minutes and decays via isomeric transition (IT) to the
ground state of ®*Co, emitting gamma radiation in the process (see Appendix 9).

Nickel-58 can capture neutrons to form >Ni, a long-lived beta plus emitter (half-life ~76,000
years). However, it does not cause any significant radiation hazard due to its long half-life. A
beta minus emitter Ni, emitting gamma radiation, is formed in reaction **Ni(n, y)%°Ni.

Manganese-55 can form **Mn, which decays with a half-life of 2.6 hours and emitting both beta
and gamma radiation. Both these isotopes contribute to both short-term radiation exposures in
the vicinity of the battery and long-term contamination, particularly in densely packed battery
modules. EV batteries also include significant amounts of structural metals (aluminum, copper,
steel) and electronic components (semiconductors, circuit boards) that are also susceptible to
neutron activation. Aluminium-27 captures neutrons to form *8Al, a beta emitter with a half-life
of 2.24 minutes. Copper-63 can form %*Cu, which decays via both beta-minus and beta-plus
emission. Table 2 is a summary of the basic nuclear reactions and related critical information
of NCM batteries irradiated in a thermal neutron flux (IAEA data base, Isotope Browser). While
many of these isotopes are short-lived, they can potentially produce radiation fields that may
pose exposure risks during emergency response or to survivors. Depending on the composition
of the battery which has been irradiated, there is the potential for these radiation fields to persist
over days and in the worst instances, a week.

2 Methodology

All simulations were conducted using Geant4 (Agostinelli et al., 2003) and the SWORD7
interface (Duvall, 2019) using reference physics lists. The QGSP_BIC HP reference physics
list was the standard physics package used. QGSP (Quark-Gluon String Precompound) applies
to protons and neutrons with energies from 0 to 10 GeV. The HP (High Precision) neutron data
is valid from 0 — 20 MeV and applies only to neutrons, superseding the BIC model, and handling
elastic, inelastic, capture and fission interactions of neutrons and isotopes. Material
compositions and physical data where relevant were drawn from Detwiler et al. (2021).



2.1 Cell and battery geometry

The chosen cell type, 21700, consists of a cylinder of 21 mm diameter and 70 mm height. The
outer casings of such cells are typically constructed from steel or aluminum and are typically
0.22 — 0.34 mm thick being slightly thicker on the base. Anodes in such cells are typically
graphite based with the cathode being comprised of the relevant material for the specific battery
type. These coatings mounted on foils which are then rolled to form the cylindrical cell. For the
purpose of this work two cell models were devised. The first cell model was intended to
represent a conventional cell construction and used data derived from Quinn et al. (2018), Ank
et al. (2024) and Kovachev et al. (2019). This model consisted of an outer aluminum can of
0.25 mm lined with a polyethylene layer of 0.2 mm. This was then followed by a series of
concentric layers of the cathode foil support (Al, 0.015 mm), the cathode active layer (battery
chemistry material, 0.135 mm), a separatory foil (polyethylene, 0.02 mm), the anode foil
support (Cu, 0.01 mm), the anode active layer (porous graphite, 0.08 mm) followed by a
separatory foil (polyethylene, 0.02 mm). This sequence was repeated until a final air volume
with a radius of 0.00955 mm was reached. Base plates and upper caps were not included.
Electrolytic gels or liquids were omitted. The second cell model consisted of the same
aluminum external can and inner air volume but the volume between was filled with a
homogenous material. This material was comprised of the same masses of each element
contained in the cathode and anode foils and active layers of the first representation in addition
to the separatory layers and can liner. In this manner both geometries contained the same
number of atoms of each element for the volume between the external can and inner air volume.
Table 3. Number of atoms produced for comparison of Type 1 and Type 2 cell geometries in
identical thermal neutron fluxes.

Isotope Type 2 Type 1 Ratio
BAI 89 84 1.06
8Be 14 15 0.933
Co 1681 1456 1.155
84Cu 249 236 1.055
%Cu 48 53 0.906
S6F 553 552 1.002
SMn 553 552 1.002
0N 1681 1456 1.155
BSi 89 84 1.06
Zn 48 53 0.906

Table 3. Comparison of Type 1 and Type 2 cell geometries in terms of induced activity on
exposure to identical neutron fluxes.

Elements used in both geometries were described using relevant isotopic compositions. For
this study, the concentric layer geometry was designated Type 1 and the homogenous
geometry as Type 2 (see Figure 1). The two geometries were tested for equivalency using flat
10 x 10 arrays of each geometry type using each of three chemistries. These arrays were
exposed to simulated neutron beams (100 n/cm?) incident normal to the top surface of the area
and at a 45° incident angle. The number of atoms generated in each array was then compared
(see Table 3). Due to the significantly increased computational overhead experienced in using
the Type 1 geometry and the good agreement between the two in terms of the response to
incident neutrons, the Type 2 geometry was selected as the base unit for further work.
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Figure 1. Schematics of Type 1 (left) and Type 2 (right) cell geometries.

The Type 2 geometry for a single cell was used to construct an array of 50 x 80 individual cells
arranged without offsets between cells on any dimension. This array was then used in all
subsequent simulations and analyses. Ancillary structures (casings, cooling, electrical etc.)
typically found in production EV battery systems were not included. EV batteries may be
present in a variety of configurations, but the single layer flat arrangement was selected as a
useful, easy to handle simulation model (see Figure 2).

Figure 2. Schematic of the 50 x 80 battery pack geometry.
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2.2 Simple Estimation of Induced Activities and Related Problems

For the estimation of the amount of an isotope that may be generated in an element due to
irradiation with neutrons, the following parameters are needed:

e The mass of the target element (m) in grams
The neutron energy (En) as either eV or MeV which determines cross-section
The neutron fluence (®) in n/cm? or an integrated flux over time ®=¢-¢, where ¢ is the
neutron flux in n/cm?%'s and ¢ is the irradiation time in seconds
The isotopic composition of the material being exposed
The cross-section (o) for the reaction at neutron energy En in barns 1072* cm?
The half-life (¢12) of the product isotope in seconds.

In this calculation, the number of nuclei in the target, N7 is determined using:
Nr= (m - N4)/A
where N, is Avogadros number and A4 is the molar mass (g/mol).

The reaction is then chosen and the relevant cross section, o, chosen from appropriate nuclear
data sources. The rate of the reaction can then be determined using:

R=¢ -0-Nr
The maximum activity attained can be determined by using:

Amax=R - (1—e7%)
where 4 is the decay constant and ¢ is the time for irradiation is seconds.
The activity at a certain time after irradiation ceases can be determined by:
A= Amax - =P
where #(p) is the time in seconds after exposure to the neutrons ceases.

These calculations can be modified to include targeted materials where many isotopes are
involved (in which case the activities are simply summed) and for threshold reactions where
only neutrons exceeding a certain energy will be included.

These types of calculations are often featured in various types of calculators and simple tools
but are vulnerable to a number of problems in dealing with practical examples. In particular,
the area exposed or the thickness of the samples being irradiated do not feature in the calculation
primarily because neutron fluences are treated as surface quantities in which there is an implicit
assumption that there is unform exposure of the samples front (or any) surface. As fluence is
area independent, typical calculations utilize :

D=¢ -t

which is normalized per unit area and the total number of reactions with the neutron’s scales
with the number of nuclei exposed to the neutrons. In this way the mass of the sample is already
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accounted for in the calculation and therefore volume. Calculations of these type however
assume full penetration of the sample by the neutrons with no significant attenuation of the
neutrons with depth. It is obviously therefore a problem if the sample is thick enough to
attenuate neutrons to any significant degree. If that is the case, it would then be necessary to
account for variations of the fluence with depth in the sample. Thickness can only be ignored
when the samples are either very thin or very small, where the sample materials are low atomic
number materials and where the energy of the neutrons is very high.

The use of the simple mathematical expressions as outlined in this section for estimation of
activation due to neutron fluxes is only moderately adequate in terms of accuracy due to the
range of assumptions necessary. Such calculations are acceptable in situations of low
complexity — one dimensional homogenous material with limited physics processes considered
and where energy resolution of the incident neutrons is approximate. For real world applications
involving relatively complex geometries and materials and where more is required than a simple
estimate, Monte Carlo applications offer significant benefits, the downside being the extensive
computational requirements.

3 Analytical functions compared with Geant4

Results of calculations using functions of the type as described in Section 2 are compared with
Geant4 simulations in Figure 3. The results are very similar to each other in all cases (Li, Co,
Mn, Cu), with, taking cobalt as an example, the ratio of atoms formed being 1.04 (foil of 0.5

mm) for the two methods.

Another means to compare the two approaches is to utilize neutron reactions in Co and Li.

Cobalt Lithium
Atomic weight A 58.933 6.941
Abundance (%) y 100 7.59
Cross-section (barn) o] 37.18 940
Density (g/cm?) p 8.834 0.534

Table 4. Nuclear data for cobalt and lithium

The ratio of °Co atoms to *H atoms formed in thermal neutron flux per unit mass is 0.0613.

This means that in a battery, the neutron reactions in lithium dominate over cobalt and other
atoms. However, if the comparison is made per unit volume, then the ratio is 1.015. Therefore,
in Geant4 simulations with targets of equal dimensions — foils and cubes — it can be expected
to produce about the same number of ®*Co and *H events (Figure 3). It is also interesting to
observe that in a small target of 1 cm® almost all thermal neutrons hitting the Li or Co target
will result in a nuclear reaction.

Irradiation of cobalt produces **™Co and ®°Co atoms and the former constitutes a very useful
measurement parameter. Due to the short half-life of 10.47 min, initially **™Co emits many
more photons than %°Co with a half-life of 5.27 y. Manganese is another useful material for
neutron studies such as these with a high cross section and high-energy photons (1810 keV,
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yield 26.9 %) which are useful from measurement point of view (due to low attenuation in
volumetric samples). Copper may also be useful to characterize the neutron flux from a neutron
generator, the Cu curve in Figure 3 being a straight line which means that a I mm foil with an
area of 1 cm? and a cube of 1 cm? should give **Cu atoms in a ratio of 1:10. The deviation of
the photon counts from the ratio of 0.1 refers to the attenuation in the cube and to a different
geometry (important when the source is near detector). This ratio is useful to check the
efficiency of the counting system.

The (n, y ) reaction in **Cu yields ®*Cu which decays by B+ resulting in two 511 keV photons
(yield 35.04 %, half-life12.7 h). Coincidence counting would give the activity without any
efficiency calibration. The challenge however may be the low activity of the samples.

Irradiation of Li, Co, Mn and Cu targets with area of area 1 cm2
in thermal neutron flux of 1e6 n/cm2 for 1 s
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Figure 3. Simulation of irradiation of target atoms in thermal neutron flux.

3.1 Distribution of neutron absorption events in small cubic volumes of Co, Mn and Cu

When a beam of neutrons penetrates a thin sample, the flux is attenuated exponentially. For a
volumetric sample the situation is slightly different, because the scattered neutrons can also
result in neutron absorption events. Nevertheless, the mean free path is the key variable to
estimate the attenuation of a neutron beam in material. In Co, Mn, and Cu the mean free paths
of thermal neutrons are 0.30 cm, 0.91 cm and 3.11 cm, respectively. Therefore, in a cube of 1
cm’® the neutron interactions take place near the surface upon which the neutrons are incident
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for cobalt whereas in copper the neutron interactions take place uniformly all over the cube.
The following is a quantitative appraisal of these phenomena. Cobalt, manganese and copper
cubes with a volume of 1cm?® were irradiated in a simulated thermal neutron flux. Figures 4, 5
and 6 show the distribution of atoms formed as a result of 1000 neutron absorption events. As
expected, the Co events take place near the incident surface whereas Mn and Cu events are
more evenly distributed throughout the volume. If such cubes are surrounded by polyethylene
(PE), the distribution of atoms produced by neutrons is more even. Figure 7 shows the case for
a Co cube surrounded with 3 cm PE. In front of the target, the PE functions as a radiation shield
scattering neutrons out from the beam. The other parts of the PE increase neutron-induced
events inside the cube making the interaction distribution more even.

Z Coordinate

10.4

Figure 4. Distribution of 1000 ®°Co atoms in a 1 cm® cobalt cube when irradiated in a thermal
neutron beam incident from the x direction.
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Figure 5. Distribution of 1000 **Mn atoms in a 1 cm® manganese cube when irradiated in a
Figure 6. Distribution of 1000 **Cu atoms in a 1 cm? copper cube when irradiated in a thermal
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Figure 7. Top view of distribution of 1000 *°Co atoms in a 1 cm? cube when irradiated in a
thermal neutron beam incident from the x direction. (Left) bare cube, (Right) cube surrounded
with 3 cm PE.

4 Geant4 compared with empirical data

Work was conducted to compare Geant4 results with a neutron activation analysis method for
measuring thermal neutron flux using indium monitor foils and sample activation. The
experimental setup consisted of a NeutronGate nJenni pumped neutron generator, in which
deuterium ions are accelerated onto an aluminum target, producing neutrons via the d(d,n)’He
fusion reaction with a nominal energy of approximately 2.5 MeV. The irradiation configuration
is shown in Fig. 8a. The neutron beam was thermalized by placing 60 mm of mineral oil
between the neutron source and the sample. In addition, the sample was surrounded by
moderating material to ensure efficient neutron slowing and to provide a nearly isotropic
thermal neutron field at the sample location. An indium monitor foil was used to measure the
thermal neutron flux and was positioned at the same location as the sample by taping it at the
interface between two PETG disks within the sample holder, see Fig. 8b. After irradiation, the
sample was transferred to the counting configuration shown in Fig. 8a (bottom). During
counting, a 2 mm thick PETG layer separated the sample and indium foil from the HPGe
detector endcap. The transfer from the irradiation position to the detector was performed by
directly placing the same sample holder over the detector endcap, requiring approximately 5—
10 seconds. This rapid transfer allowed the measurement of radionuclides with relatively short
half-lives without the need for a pneumatic rabbit system and replication of the same counting
geometry for all measurements. The experimental setup consisted of 10x10x10 mm? sample
cubes mounted on 3D-printed holders for consistent positioning during irradiation and counting
phases (see Figure 8). Neutron flux was determined through the '"*In (n,y) '®™In reaction,
monitoring the 1097 keV gamma peak, while sample activation was measured using the *Co
(n,y) ©*™Co reaction at 1332.49 keV. High-purity germanium (HPGe) detector efficiency was
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calibrated using !>’Eu sources and validated through Monte Carlo simulations. The measured
thermal neutron flux was estimated at 3.28%x10* n/(s-cm?). Key uncertainty sources included
neutron energy spectrum assumptions, detector efficiency calibration discrepancies, and
neutron generator performance limitations. -The sample holder was made from 3D-printed
PETG material ensuring reproducible positioning, the monitor foils being 10x25.4x0.0051 mm?
indium foils positioned alongside the sample cube and the sample materials were cobalt,
aluminum and copper 10x10x10 mm? cubes.

Neutron generated at this surface
50 mm disk

In foil is taped
n this interf;

Samplec

ube 1 cm3
pr——

Sample cube 5—*l—

2 Detector cap

|
|

N7

Vi

%

- AR Detect: hrystal

In foil taped on \Detector chrysta
this interf:

Figure 8a. Top: irradiation geometry. The sample and indium foil are surrounded by
moderator material, providing a relatively uniform thermal neutron flux from all directions.
Bottom: counting configuration. There is an approximate 7 mm gap between the HPGe
detector crystal and the front face of the sample.
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Figure 8b. Sample holder and positioning of indium foil.

The irradiation geometry consisted of the sample cube and indium foil mounted on the same
holder with an 80 mm polyethylene moderator surrounding and behind the sample and
continuous neutron beam irradiation. Between the neutron source and sample there was 60
mm of mineral oil that acting as the main moderator and the transfer time from irradiation
to counting: 20-60 seconds.

The thermal neutron flux was determined using the indium activation via the ''’In (n,y)
1émly reaction. The 1097 keV peak was chosen for thermal neutron flux monitoring.
Indium has a number of activation peaks; note that the In peak at 1293 keV has a competing
activation route with a 14 s half-life. For that reason, the 1097 keV peak was used. Indium
also has a peak at 336 keV that can be used to measure neutrons with energies >500 keV.

The following constants are used for all measurements:

- Indium foil mass: "feit = 9-42 % 1072 g

- Indium molar mass: Mm = 1.14 x 10? g/mol
- Avogadro's number: Na = 6.022 x 10 mol !
- In-115 abundance: Abru11s = 95.71%

- In-116m1 half-life: Th,ra = 3260 8
- Indium peak energy: Fin = 1097.00 keV
- 1097 keV peak intensity: {1m1007 = 58.5%
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