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ABSTRACT

With the status of nuclear proliferation around the world becoming more and
more complex, nuclear forensics methods are needed to restrain the unlawful usage of
nuclear devices. Lithium-ion batteries are present ubiquitously in consumer electronic
devices nowadays. More importantly, the materials inside the batteries have the potential
to be used as neutron detectors, just like the activation foils used in reactor experiments.
Therefore, in a nuclear weapon detonation incident, these lithium-ion batteries can serve
as sensors that are spatially distributed.

In order to validate the feasibility of such an approach, Monte Carlo N-Particle
(MCNP) models are built for various lithium-ion batteries, as well as neutron transport
from different fission nuclear weapons. To obtain the precise battery compositions for the
MCNP models, a destructive inductively coupled plasma mass spectrometry (ICP-MS)
analysis is utilized. The same battery types are irradiated in a series of reactor
experiments to validate the MCNP models and the methodology. The MCNP nuclear
weapon radiation transport simulations are used to mimic the nuclear detonation incident
to study the correlation between the nuclear reactions inside the batteries and the neutron
spectra. Subsequently, the irradiated battery activities are used in the SNL-SAND-IV
code to reconstruct the neutron spectrum for both the reactor experiments and the weapon
detonation simulations.

Based on this study, empirical data show that the lithium-ion batteries have the



potential to serve as widely distributed neutron detectors in this simulated environment to
(1) calculate the nuclear device yield, (2) differentiate between gun and implosion fission

weapons, and (3) reconstruct the neutron spectrum of the device.
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CHAPTER 1
INTRODUCTION

With the threats by radical ideological groups and continued proliferation around
the world, it is crucial to provide a deterrent to the use of nuclear weapons. Especially with
the growing development of nuclear power all around the world, the propagation of nuclear
materials raises people’s concerns, because some of those nuclear materials could be used
to manufacture a nuclear weapon. Even though countries such as the United States of
America and the People’s Republic of China which ratified the Treaty on
Non-Proliferation of Nuclear Weapons are reducing their stockpiles, other nations are
actively seeking to establish a nuclear arsenal. For example, by January 2016, North Korea
has already carried out four nuclear weapons tests [1]. In May 2015, they claimed that they
have the nuclear weapons that are capable of reaching the United States of America [2]. On
one hand, leaders from fifty-six countries and international organizations joined together at
the fourth Nuclear Security Summit 2016 hosted in Washington D.C. from March 31% to
April 1% to reinforce the commitment at the highest levels to securing nuclear materials [3].
On the other hand, the supreme leader of North Korea, Kim Jung Un, ordered his country
that their "nuclear warheads need to be ready for use at any time" in March 4™, 2016 [4]
and more nuclear weapon tests should be conducted [5].

To develop and deploy a nuclear weapon is not an easy task. This means that

multiple parties may participate in this process either purposely or unwittingly. Take the



terrorist organization Islamic State of Iraq and Syria (ISIS), which is actively seeking to
acquire nuclear weapons, as an example. A report says that they have seized nearly 88 Ibs
of nuclear materials used for scientific research at a university in Mosul, Iraq [6], which
could be used in developing nuclear weapons [7]. ISIS also claims that they are in a
position to buy a nuclear weapon from Pakistan [8]. Therefore, it is essential to develop
nuclear forensics methods that can pinpoint the source of a nuclear weapon.

Nuclear forensics are techniques that could determine the characteristics about the
nuclear weapon, such as the yield, type, neutron spectrum, and manufacture in a weapon
detonation incident. Therefore, adequate information could be provided for attribution to
all parties for illegal activities. Lithium-ion batteries are potential tools that can accomplish
these goals. This research originates the methods of using thin Li-ion batteries as widely
distributed detectors to determine the type, yield, as well as the neutron spectrum of a
nuclear device.

First in Chapter 2, background information about this research is presented.

Chapter 3 explains why Li-ion batteries are chosen as the detector in this research.
The detailed information about the batteries that have been used in this research are also
presented, including the preparation of the batteries for the inductively coupled plasma
mass spectrometry (ICP-MS) analysis as well as their results. After that, three-dimensional

MCNP computer models of these batteries are built and shown in this chapter as well.



In order to validate the approach of using irradiated batteries as sensors, multiple
batteries and foils are irradiated in four reactor experiments, as discussed in Chapter 4. The
MCNP models are also built to assess the experiments. The actual irradiated batteries are
analyzed using gamma spectroscopy. The induced activities of irradiated foils are first used
to reconstruct the reactor neutron spectra via the SNL-SAND-IV code. After that, the
research focused on reconstructing the reactor neutron spectra using the battery activities.
The results from foils and batteries are then compared to demonstrate the feasibility of
using battery as the neutron detector.

The nuclear weapons information that this research extracted are presented in
Chapter 5. MCNP Monte Carlo simulations are utilized to mimic a nuclear weapon
detonation incident in an open space in dry air. The simulated neutron spectra at different
distances from the point of detonation are plotted and compared for two different types of
fission weapons. By using the MCNP weapon denotation simulations, two equations to
calculate the yield for Little Boy and Fat Man type fission weapons are developed. The
MCNP simulated results and equation calculated results are plotted and compared in order
to examine the performance of the equations. After that, two different methods are
demonstrated to determine fission nuclear weapon type by irradiating Li-ion batteries in
the weapon neutron spectra using MCNP simulations. Lastly, these simulated irradiated

batteries are used to reconstruct the incident neutron spectra. The SNL-SAND-IV



reconstructed results are compared with the reference spectra as well to validate the
approach.

Lastly, Chapter 6 summarizes the current research work and proposes future works.



CHAPTER 2
BACKGROUND
This dissertation mainly focuses on using Li-ion batteries as a nuclear forensics
tool to determine the nuclear weapon characteristics from a detonation incident. Therefore,
in this chapter, basic information about nuclear forensics will be explained, as well as the
rationale for using Li-ion batteries as radiation detectors. The long existing method of
using activation foils as neutron detectors in reactor experiments, and studies pertaining to
a nuclear fuel criticality accident are also presented. The principles as well as background
information of post detonation analysis are also detailed in this chapter, including earlier
efforts to calculate the weapon yield, neutron transport from detonation, fluence
calculation from a point source, Monte Carlo methodology, gamma spectroscopy, and

activity measurement.

2.1 Nuclear Forensics

Forensic science is a discipline that investigate substances involving criminal and
civil laws by collecting, preserving, and analyzing scientific evidence [9]. Nuclear forensic
science, which is often referred to as nuclear forensics, is a sub-subject of forensic science.
It is defined as “the analysis of intercepted illicit nuclear or radioactive material and any
associated material to provide evidence for nuclear attribution” [10]. In a specific nuclear

weapon detonation incident, nuclear forensic methods could help officials to identify the



nuclear weapon characteristics, such as the yield, type and neutron spectrum, so that it
could provide scientific evidence for the nuclear weapon attribution. The capability of
nuclear forensics could also provide a deterrent to any individuals or groups who may
intend to use nuclear materials in an illegal or immoral way [11].

In order to conduct nuclear forensics analysis, samples need to be collected and
examined. Potential samples that could provide useful information includes radioactive
materials, radiation contaminated items, biological samples, and environmental or
geological samples [12]. This research chose to use irradiated Li-ion batteries as potential
samples to perform nuclear forensics analysis. The massive presence of Li-ion batteries in
consumer electronic devices assures the availability of samples at many locations, and a
variety of distances from the detonation point after a nuclear explosion. With the assist of
the advanced geography tools, such as the global positioning system (GPS), the
coordinates of the battery samples can be pinpointed on a map accurately for later analysis.

The detailed information and qualification of Li-ion batteries will be presented in Chapter

2.2 Lithium-ion Battery as Radiation Detector
Prior to this work, a few other efforts have been performed to study the possibility
of using Li-ion batteries as radiation detectors. Qiu et al. studied how the current of Li-ion

batteries changes when exposed under radiation. They found out that as soon as the



batteries are placed or removed from near the radiation source, the current of the batteries
changes instantaneously. They also discovered that the Li-ion batteries have different
sensitivities to different radiation sources. Specifically, when exposed to gamma rays with
a dose rate of 1.067 rad/h (reactor power 200 kW), the current increases ~40 pA through a
2.2 GQ resistor; whereas when irradiated in a 3.8x10° n/(cm?-s) thermal neutron flux under
the same reactor power, the current decreases ~5 pA [13].

Another research used cell phone (Li-ion) batteries as detectors to determine the
retrospective thermal neutron fluence in a reactor [14]. According to Dorrell’s research, the
estimated thermal neutron fluences using activated battery samples have an average
accuracy of 12%, compared to the actual fluences. He also found a highly linear
relationship between the induced ®°Co activity in the irradiated cell phone batteries and the
neutron fluence. This demonstrates that it is feasible to estimate thermal neutron fluence
using Li-ion batteries exposed to neutrons.

All these previous works provide support for the concept of using Li-ion batteries

as a nuclear forensics method after a nuclear weapon detonation incident.

2.3 Activation Foils
Long before this research studied whether Li-ion batteries can be used as neutron
detectors, the method of using activated foils to measure neutron spectra was already

well-established. Especially in nuclear reactor experiments, thin metal foils, such as Mg,



Al, Ti, Fe, Co, Ni, Cu, Zr, In, and Au, are typically utilized as detectors [15] [16]. Actually,
most of the commonly used materials in the method can be found in the Li-ion batteries as
well. Based on the activation foils methodology, the activity A(t) of a radionuclide in an
irradiated foil (as a function of the time t since starting the irradiation) can be calculated
using [17],

At)=ngo(l-e™) 1)
where n is the total number of target nuclei that produce that radionuclide; ¢ is the
steady-state neutron flux; ¢ is the microscopic capture (absorption) cross section of the
target nuclide; and 4 is the decay constant of the activation product. Usually, after the foil
has been irradiated, it will be analyzed using gamma spectroscopy and thereafter, the
activity can be calculated (details will be discussed later in section 2.5.5). Therefore, with
the activity, radionuclide properties, foil mass, and decay time since the exposure
terminated all known, the incident flux can be computed using the equation above.

In modern days, several computer based unfolding codes are available, such as
SAND II. The SAND Il code uses a computer automated iterative method to determine
the neutron flux spectra by using measurement from activation foils [18]. By inputting
the reaction types as well as the corresponding measured activities, SAND Il can
reconstruct the neutron spectrum. In this research, a beta version of updated

SNL-SAND-1V is used, which will be discussed in detail in Chapter 4.



2.4 JCO Criticality Accident

In 1999, at Tokai-mura, Japan, a criticality accident occurred at a JCO Co. Ltd
uranium conversion test plant. On September 30", the accident happened when two
workers (Mr. A and Mr. B) of the plant added more uranyl nitrate solution into a
precipitation vessel than the critical solution mass. Neutrons and gamma-rays were
generated uninterruptedly from the fission reactions for about nineteen hours before
criticality could be stopped. As a result, those two workers were killed because of the
deadly high amount of radiation dose. Another worker (Mr. C) who was working in the
room next door was not killed onsite, however, he was exposed to a serious dosage [19].

After the accident, comparable efforts were made to assess the neutron dose caused
by the accident. For example, by analyzing the victims’ bone, blood, vomit, and urine, the
amount of neutron doses that they were exposed to were calculated. Studies show that the
estimated dose are >20 GyEq, 8 GyEq, and 3 GyEq for Mr. A, Mr. B, and Mr. C,
respectively [20]. At the same time, the three victims’ human body organs, such as tissue,
hair, etc., as well as their personal items, such as belt buckle, coins found in the pocket,
watch and its battery, etc., were measured using gamma spectroscopy analysis. The gamma
spectrum detected from the watch battery, for example, showed that radionuclides such as
S1Cr, 54Mn, 58Co, 5°Fe, and °Co were present [20]. In another study, several 5-yen coin
samples collected after the accident from the nearby buildings were utilized to evaluate the

neutron dosage as well. The investigators found that the coins collected from different



locations can be used to estimate the neutron dose at the places where they were discovered
[21]. These researches encouraged us to use Li-ion batteries as widely spread detectors,
just like these coins, in a nuclear weapon denotation incident.

The study of this accident continued even more than two years later. Because of the
longer half-life of %°Co, spoons that had been irradiated by the accident were measured in
years 2000 and 2001 to compute the accident neutron fluence. The results were compared
with the earlier estimations using radionuclides that have shorter half-lives, such as >'Cr
and >°Fe and they showed good agreement [22]. Similarly in our research, in irradiated
Li-ion batteries, radionuclides such as ®°Co, which has a longer half-life (5.27 yr), as well
as °1Cr and *°Fe, which are short-lived (27.7 days and 44.5 days, respectively), are also
expected to be present. This means the suitable analysis time range of Li-ion batteries

could be relatively wide, which is a big advantage.

2.5 Post Detonation Analysis

In a case of a nuclear weapon detonation, post detonation analysis should start
within an hour to determine the nuclear weapon characteristics, as well as to help with
rescue plans [23]. Table 2-1 shows a proposed typical post detonation analysis timeline.
Usually, officials need to determine whether the explosion is from a nuclear device
relatively quick (within one hour) so that a correct first aid response plan can be carried out.
This can be done by, for example, measuring the radiation level in the environment to see if
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it is abnormally high. Once it is confirmed that the incident is from a nuclear weapon, post
detonation analyses should focus on classifying the characteristics of the nuclear weapon,
including its type, yield and spectrum, chemical and physical signature. This could take
days to weeks based on time needed to collect suitable samples, to prepare and perform the
sample analyses, as well as the decay rates of different radionuclides. Once this has been
done, it could take up to years to determine the attribution and assessment of further threat,
based on the availability of the nuclear device data library. This means international

cooperation and support is also important and desired in nuclear forensics.

Table 2-1 Timeline of Nuclear Forensics after Nuclear Weapon Detonation [23]

Timeline Goal Methods and Limitations
<1 hour D(_atermine if the detonation Could mea§ure t_he excess radiation
is from nuclear weapon level in a timely manner
Identify the signature Due to time needed to collect samples,
characteristics, chemical preparation for analyses, isotopes
Hours to weeks : . .
and physical properties of decay rates, and time needed for
the device performing analyses
Attribution and assessment

Hours to years Based upon availability of data bank

of further threat

2.5.1 Damage Zones

In order to better perform the post denotation analyses later, it is very important to
collect useful samples at reasonable distances. It is agreed by most experts that a 10 kiloton
(kt) yield nuclear weapon is a useful assumption for research and planning purposes [24].

Therefore, this research is based on 10 kt nuclear weapons. After denotation of a 10 kt
11



nuclear weapon, the surrounding area can be divided into three different zones as shown in

Figure 2-1:

1)

2)

3)

Severe Damage (SD) Zone: the SD zone has a radius smaller than 0.8 km (0.5
miles) from the point of detonation (ground zero). Inside the SD zone, most
things are expected to be destroyed by the blast of the explosion. Very few
people would survive and a very high level of radiation is anticipated as well.
Moderate Damage (MD) Zone: the MD zone ranges from 0.8 km (0.5 miles) to
1.6 km (1 mile). Inside the MD zone, most objects will not be totally damaged
by the blast and a significant amount of radiation is expected. Therefore, many
of the people inside MD zone will survive and will benefit most if urgent
medical treatment can be provided.

Light Damage (LD) Zone: the LD zone is the area that is more than 1.6 km (1
mile) away from the air zero. Limited physical damage is expected within this

range and the radiation level is lower compared to the MD and SD zones.

This research will mainly focus on the distance range of 0.8 km to 1.5 km (inside the MD

zone). Battery samples collected inside this zone are expected to be exposed to a high

enough neutron flux to induce measurable activities for later analysis, yet they would not

be overly physically damaged by the blast, nor be overly heated by the energy released

from the weapon detonation. For a weapon that has a yield other than 10 kt, the MD zone

distances will scale accordingly.
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Figure 2-1. Different damage zones after a 10 kiloton nuclear weapon detonation [24].

2.5.2 Brode Equation

Efforts have been made throughout history to calculate the yield of a nuclear
weapon. For example, in 1968, Brode related the weapon yield, neutron fluence, and
distance from ground zero of a nuclear weapon to a rough approximation as shown below

[25]:

22
frode @ = (210 k)Y exp( Al ) (2
r

2 2.38x10* g-cm/L

where @ is the neutron fluence in neutrons/cm?; Y is the weapon yield in kt; r is the distance

from the point of detonation in cm; and p is the air density (~1.1x1073 g/L). However,
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Brode did not specify the type of nuclear weapon that he used to obtain this equation, and
his antiquated equation only provides one significant digit. Since different types of nuclear
weapons have different properties and characteristics, this provided an impetus for this
research to develop separate equations for different weapon types with more significant

digits, which will be presented in Chapter 5.

2.5.3 Neutron Transport from Detonation

When a fission nuclear weapon detonates, the heavy nucleus, such as ?%U, fissions,
which releases a large amount of energy at the same time. The fission process also
produces fission neutrons. These neutrons have different energies which distribute as
shown in Figure 2-2. Note that the graph shows the neutron spectrum from 2%U fission
reactions as an example. However, for other types of fissions, the spectra are similar with

only slight changes. This spectrum is also called the Watt spectrum [26].
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Figure 2-2. The neutron spectrum from 23U fission reaction [27].

With the neutron source spectrum known, the uncollided fluence can be calculated

using this attenuated point source model:

d =

S ~exp(-2r) (3)

Arrr

where @ is the neutron fluence; S is the source function; r is the radial distance from the
source; and X is the macroscopic total cross section. By comparing Brode’s equation (Eq.
(2)) to the relation above, we recognize that Brode’s equation also used this attenuated
point source treatment with the presence of the air as the media. This is a reasonable
assumption because by comparing the size of the nuclear weapon to the distances of
interest (usually in kilometers), the weapon can be regarded as a point source. Therefore, in

this dissertation, all the weapon sources are treated as point sources.
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2.5.4 Monte Carlo Methodology

Monte Carlo methods are the many computational algorithms that are commonly
used in solving complicated probabilistic problems. They utilize random numbers to obtain
independent random samples from probability rules. They are mostly used to solve
problems involving optimization, numerical integration, and generating draws from a
probability distribution [28]. In order to make the Monte Carlo calculations more accurate,
large numbers of high quality random numbers are desired. So far, there are mainly three
different ways to get random numbers: 1) obtain samples from specially designed tables, 2)
observe the output of random physical processes, or 3) calculate by applying certain
mathematical algorithms [29]. The last method is generally used in today’s computer based
Monte Carlo calculations.

The Monte Carlo N-Particle (MCNP) transport code is a software package
commonly used worldwide to simulate nuclear processes. It is developed and maintained
by Los Alamos National Laboratory in New Mexico, USA. It is well designed to solve
complicated three-dimensional problems. It applies the Monte Carlo method to analyze the
transport of neutrons and gamma rays. It can also handle the coupled transport, as well as
electron transport [30]. This research mainly focuses on the transport of neutrons after a
nuclear weapon detonation.

Neutron transport studies the neutron movement and interactions with materials. It
usually considers a straight line between different collision points. When a neutron collides
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with another particle, it will be either 1) absorbed, or 2) scattered into another direction
with a new energy level. The MCNP code can be used to simulate this transport process.
The input to MCNP includes: the source location and characteristics, the geometry,
the material specification and corresponding cross section, tally or score type, etc. [31].
Figure 2-3 shows a simplified flowchart of how a Monte Carlo calculation works. It starts
from the source where large numbers of particles (usually more than a million) are
generated. Then, the particle track and history are computed, including its coordinates,
direction, energy, and time (if needed), according to the source. Next, the path length to the
next collision is selected using a random number. The geometry of the source, materials,
and detectors must also be defined in the computer input prior to running the simulation.
The cross sections of different materials need to be specified in the input as well. When a
simulation starts, if a particle crosses the boundary of two materials, it is tallied or scored as
part of the output calculation. However, if a particle goes through the outer boundary, then
this particle has escaped. When the particle makes a collision, the computer decides if the
particle is scattered or absorbed. If it is scattered, a new path (angle of scatter, direction,
energy, etc.) is assigned using random numbers. If it is absorbed, this particle is tallied and
the new source particle starts. Once all the particles have been processed, the program
stops. Otherwise, a new particle is generated from the source to repeat this procedure, until

all particles defined in the source term are used.
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Figure 2-3. Flowchart of a Monte Carlo calculation [32].

2.5.5 Gamma Spectroscopy

Gamma spectroscopy studies the energy spectra of gamma-ray sources

quantitatively. Once a nucleus has been irradiated to its excited state, it is possible for it to

go through different decay modes, such as: beta decay, proton emission, alpha decay,

fission, gamma ray emission, etc. In many cases, gamma ray emission is an important

decay mechanisms. Therefore, a vast number of the radioactive elements emit gamma rays

at different energy levels, as well as intensity, which can be measured by detectors. The

results can be analyzed and produce a gamma spectrum. By studying the gamma spectrum,

one can identify as well as quantify different radionuclides.

There are two general classes of radiation detectors: gas filled detectors, and solid

state detectors. They utilize the ionization by radiation of the gas and solid material,

respectively. Sodium iodide and germanium crystals are commonly used in solid state
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detectors [33]. In our research, high purity germanium (HPGe) detectors are employed to
measure the gamma spectra.
After the gamma spectrum has been measured by the detector, the activity (A) of

the sample can be calculated using:
A=— 4)

where C is the number of events detected by the detector in a period of time At, and ¢is the

efficiency of the detector [34]. The activity is defined as:

A ON _

=~ =N )

where N is the number of atoms of the radioactive nuclide, t is time, and 4 is the decay
constant [34]. In MCNP simulation, N can be tallied using the average cell flux tally (type

F4) function. Therefore, the activity can be calculated by multiplying the decay constant.
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CHAPTER 3
COMPOSITION AND MCNP MODELING OF LI-ION BATTERIES

Li-ion batteries are present extensively in consumer electronics nowadays. In fact,
research shows that Li-ion batteries account for 80% of the global battery market share and
the number is still growing [35]. They can be found inside the electronic devices, such as
cell phones, watches, laptops, music players, electronic car keys, that people carry with
them almost all the time. Also, with the development of the Li-ion battery technology, they
are available in different sizes and shapes. They can be as thin as a foil, or as big as a
building. Therefore, in the case of a nuclear weapon detonation incident, officials should
be able to collect abundant samples in different sizes from a variety of distances from the
detonation point for later forensic analyses. Also, materials such as Mg, Al, Fe, Co, Ni, Cu,
etc., that are commonly used in the activation foils method are present in the Li-ion
batteries as well. The half-lives of the radionuclides generated in the irradiated Li-ion
battery range from hours to years, which gives a wide time window to the officials for the
post detonation analyses. These facts provide justification for using Li-ion batteries as
widely spread detectors for nuclear forensic analyses. In this chapter, detailed information
about the Li-ion batteries being used in this research will be provided, as well as the
preparation and the results of the inductively coupled plasma mass spectrometry (ICP-MS)
in order to obtain the composition of the batteries. The MCNP battery models are also
presented in this chapter.
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3.1 Battery Samples Information

In this research, four different models of Li-ion batteries have been analyzed. Table
3-1 shows the detailed information about these batteries. The commonly used activation
foils are usually disk shaped with masses ranging from 0.03 to 0.28 g, whereas the batteries
are 1.4 to 100 times heavier. While the thickness of the MEC201 battery is within the
thickness range of the foils (0.05 to 0.76 mm), the other three batteries are 2.6 to 64 times

thicker compared to the foils.

Table 3-1 List of Batteries and Their Specifications.

Model No. Type Mass (g) Shape Dimensions (mm)
LIR2032 LiCoO; 2.35 Coin Cell DxH: 20.0x3.2
CR2032 LiMnO2 3.00 Coin Cell DxH: 20.0x3.2
ML-2020 LiMnO2 2.30 Coin Cell DxH: 20.1x2.0
MEC201 LiCoO> 0.400 Thin Foil LxWxH: 25.4%25.4x0.17

* D is diameter, H is height, L is Length, and W is width.

In order to obtain the accurate constituents of the Li-ion batteries, ICP-MS analysis
was performed on each battery type. In order to prepare for the ICP-MS analysis, each
battery was disassembled into parts. Each part was weighted by an electronic scale and
measured by caliper to obtain the dimensions. Then, each part was dissolved into acids and
the solution was used for ICP-MS analysis to acquire the mass (in ppm) of each chemical
element in each part. The general detection limit of ICP-MS ranges between 0.01 to

0.00001 ppb depending on the analyte [36]. For example, the ICP-MS results for a
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ML-2020 LiMnO; battery is shown as Table 3-2. Please note that only the elements with a
concentration larger than 1 ppm are listed here, although other elements of lower
concentration are also measured. This battery was disassembled into ten parts in total as
shown in Figure 3-1, except for the electrolyte. The electrolyte evaporates once the battery
is opened. Six out of the remaining nine parts were able to be dissolved into acids as shown
in Table 3-2. The rest of the parts are separator, gasket, and plastic cover, which are made
of organic compounds which are not measureable by ICP-MS. The ICP-MS results for the
remaining three batteries listed in Table 3-1 can be found in Appendix A.

The ICP-MS results show that some of the most commonly used activation foil
elements are also found in Li-ion batteries. Table 3-3 lists the weight percentage (wt%) of
those elements inside the Li-ion batteries of interest. Those elements add up to 54% to 98%
of the total weight of the four batteries we studied. Except for the MEC201 LiCoO; battery
where Cu and Ni comprise the majority of the battery mass, Fe is the most abundant
element (around 50%) in the other three batteries. Also, the mass fraction of a given
element varies from one battery type to another. For example, the LiCoO; based batteries
contain more Co compared to the LiMnO> based batteries; the LIR2032 and ML-2020 have
more Al than the other two batteries. This indicates that in different post detonation
analysis methods, certain types of Li-ion batteries may be more favorable compared to
other types. Therefore, it is desired to collect a large variety of battery samples in a real
nuclear weapon detonation incident to better assist latter post detonation analyses.
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Table 3-2 ICP-MS Results for a ML-2020 LiMnO_ Battery (in ppm)

Element Panasonic Positive Negative Metal Nega_tive PosiFive
Pellet Tab Tab Screen Casing Casing
MCNP
Cell No. 4 1 o ! 8 2
Mass 36 11 8 18 68 84
(mg)
Fe BDL 1083796.50 | 914942.32 | 241749.35 | 723988.89 | 815287.16
Cr BDL 269125.09 | 227349.07 | 61037.03 | 179927.42 | 186328.17
Mn 390000.00 | 14886.64 | 12344.82 | 13209.93 10062.45 2308.40
Al BDL 166.35 161.12 706880.08 424.34 131.62
@) 300000.00 BDL BDL BDL BDL BDL
Ni BDL 146948.22 | 121810.03 | 39812.12 92664.12 3051.70
F 180000.00 BDL BDL BDL BDL BDL
C 120000.00 BDL BDL BDL BDL BDL
Mo BDL 2735.35 2264.56 6954.11 1796.14 21276.68
Li BDL 3.54 2.88 39170.31 80.65 26.83
Cu BDL 4106.50 3386.14 850.51 3376.63 786.21
Co BDL 1872.32 1551.96 835.61 1624.71 252.64
\Y/ BDL 861.70 726.51 313.21 699.07 622.14
Sn BDL 3173.36 5956.95 23.79 87.28 18.34
P BDL 476.62 385.89 111.25 348.81 330.80
K BDL BDL BDL BDL BDL 462.08
S 1000.00 BDL BDL BDL BDL BDL
Cl 750.00 BDL BDL BDL BDL BDL
w BDL 201.89 165.79 101.74 319.76 13.67
Na BDL 146.98 164.59 146.89 48.54 138.74
Ge BDL 96.79 78.78 26.40 75.54 72.00
Ga BDL 38.29 31.83 64.18 28.04 23.34
As BDL 39.94 32.63 11.04 28.98 30.75
Sb BDL 13.99 11.62 3.14 12.48 4.47
Ta BDL 0.03 0.01 0.08 1.21 0.07
Au BDL 0.76 0.56 0.34 0.29 0.31

* BDL: Below Detection Limit.
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Table 3-3 Weight of Commonly Used Activation Foil Elements in Li-ion Batteries

Element | LIR2032 LiCoO> | CR2032 LiMnOz | ML-2020 LiMnO> | MEC201 LiCoO>
Mass (mQg) Mass (mQg) Mass (mg) Mass (mQg)
(Wt%) (Wt%) (Wt%) (wt%)
Al 64 1.0 120 0.41
(2.7%) (0.037%) (5.2%) (0.093%)
Ti 0.65 0.076 0.030 0.55
(0.027%) (0.003%) (0.001%) (0.13%)
Fe 1100 1500 1300 1.1
(46%) (53%) (59%) (0.25%)
Co 200 0.16 1.7 6.2
(8.7%) (0.006%) (0.074%) (1.4%)
Ni 150 28 89 130
(6.2%) (0.99%) (3.9%) (29%)
cu 180 0.22 3.5 300
(7.7%) (0.008%) (0.16%) (67%)
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3.2 Battery MCNP Models

MCNP models for each of the batteries listed in Table 3-1 were built in order to
perform later simulations. The input deck of the MCNP requires the definition of the
following information:

1) Cell: the cell defines the geometry of the model. It defines which surfaces form
each cell, as well as the material and its density in each cell.

2) Surface: the shape, whether it is a plane, cylinder, sphere, etc., and the
coordinates of each surface is defined here.

3) Material: the detailed constituents of each material needs to be identified here.
The weight or mole fraction, as well as the cross section information, of each
nuclide inside the material needs to be defined. The cross section information
can be chosen from the built-in library according to the appropriate conditions
such as temperature, the maximum incident neutron energy, source library, and
evaluation date.

4) Source: all the information about the source needs to be specified here,
including the geometry and the location of the source, the type, direction, and
number of the particles that the sources emits, as well as the spectrum of the
source.

5) Tally: the type and the location of the desired tally is defined here. For example,
a F4 tally measures the flux inside a certain cell, or a F2 tally detects flux on a
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particular surface, etc. Multiple tallies of different types can be used, as there is
no limitation of the number of the tallies that can be used.
During the preparation of the ICP-MS analysis, the geometry information of each battery is
obtained. With the help of the ICP-MS, the detailed material information is also available.
Therefore, MCNP battery models are able to be built. For example, Figure 3-2 shows the
MCNP geometry of the ML-2020 LiMnO- battery presented in Section 3.1. The numbers

in the figure represent each battery component, as well as the cell number in MCNP.

Figure 3-2. MCNP geometry of the ML-2020 LiMnO- battery.
Annotations in the diagram: 1 is the positive tab; 2 is the positive casing; 3 is the gasket;
4 is the Panasonic Pellet; 5 is the electrolyte; 6 is the separator; 7 is the metal screen; 8 is
the negative casing; 9 is the negative tab; and 10 is the plastic cover. Material 100 is air.
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The MEC201 is a foil like thin LiCoO. battery. The battery thickness is only 0.17
mm. The geometry of this battery is fairly simple. It was assembled as one thin green
square sheet and one thin silver square sheet stacked together. The MCNP model for this

battery is shown as Figure 3-3.

Figure 3-3. MCNP geometry of the MEC201 LiCoO battery.
Annotations in the diagram: 1 is the silver side; and 2 is the green side.

The MCNP model for the CR2032 LiMnO; battery is shown as Figure 3-4. The
CR2032 is also a coin cell sized battery. It was disassembled into nine parts as shown in the
diagram. However, please note that there is a ring (cell number 2) around the MnO: (cell

number 3) which is too thin to be seen in the figure.
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Figure 3-4. MCNP geometry of the CR2032 LiMnO:: battery.
Annotations in the diagram: 1 is the positive casing; 3 is the MnOg; 4 is the electrolyte; 5
is the separator; 6 is the lithium metal; 7 is the negative casing; and 8 is the gasket.

The geometry of the LIR2032 LiCoO- battery is a little challenging to construct
because some of battery components, such as aluminum and copper foils, are wound
together tightly. At first, all the elements from ICP-MS results were mixed together as a
single whole homogeneous part. However, in order to minimize the difference between the
MCNP simulation and later reactor experiments, a more accurate model was desired.
Eventually, a “pie piece” heterogeneous model for the winding parts was used as a
reasonable alternative scheme. The “pie piece” design kept the ability to build the
geometry in a timely manner for the post detonation analysis, while maximally restoring
the neutron self-shielding effect within the battery. Also, based upon the comparison of
MCNP simulation results with the reactor experiment results from Chapter 4, the “pie
piece” model is finally selected for use for this LIR2032 battery, as shown in Figure 3-5.
The battery was disassembled into ten parts. Also note that not all parts can be seen in the
figure because some parts, such as the aluminum foil (cell numbers 2) and the cobalt foil #1
(cell numbers 7), are too small to be seen in the diagrams.

With all the MCNP battery models built, they are ready to be used in later

simulations. All that needed is to add the correct source information into the MCNP input
28



deck, for example the source of the reactor experiments, or the nuclear weapons, which

will be presented in Chapters 4 and 5, respectively.

Figure 3-5. MCNP geometry of the LIR2032 LiCoO; battery.
Annotations in the diagram: 1 is the positive electrode; 3 is LiCo + cellulose and cobalt
foil #2; 4 is the separator; 5 is the cathode; 6 is copper foil; 8 is the electrolyte; 9 is the
negative electrode; and 10 is the gasket. Material 12 is air.
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CHAPTER 4
REACTOR EXPERIMENTS

Since it is impractical to conduct a real nuclear weapon detonation for this research,
several reactor experiments were performed in order to evaluate whether the activated
batteries could be used as neutron detectors for post detonation analysis. This chapter
presents detailed information about the reactor experiments. MCNP models with the
reactor sources and the Li-ion batteries are also built to simulate the experiments. Lastly,
the SNL-SAND-1V code is introduced and used to reconstruct the reactor spectrum using

the activity of the irradiated batteries.

4.1 Battery Irradiation Experiments

Because it is unrealistic to perform experiments under a real nuclear weapon
explosion situation, four reactor experiments were carried out. Two of the experiments
were performed at the Oregon State University (OSU) TRIGA Reactor, while the
remaining two tests were at the University of Massachusetts Lowell (UMass) Fast Neutron
Irradiator (FNI). The OSU TRIGA Reactor is a water-cooled, pool-type research reactor
that uses uranium/zirconium hydride fuel elements in a circular grid array. The reactor is
capable of operating at a maximum steady state power of 1.1 MW and can also be pulsed
up to a peak power of about 2000 MW [37]. The neutron facility at UMass is a 1-Megawatt
research reactor producing thermal neutrons for radio-activation purposes and for digital
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neutron radiography. Fast neutrons for atomic displacement research are produced by both

the reactor and the 5.5 MV Pulsed van-de-Graaff accelerator [38]. The detailed

information about the four experiments are listed in Table 4-1. During the experiments, the

temperature of the samples are not expected to increase dramatically because of the

relatively short irradiation period. Furthermore, for the OSU experiments, the TRIGA

reactor is a pool-type water-cooled reactor, hence the moderator-coolant temperature is

below 100°C.
Table 4-1 Description of Four Reactor Experiments
. Experi- - Maximum Neutron Flux [n/(cm?s)] | Irradiation
Location ment Facility Thermal | Epithermal Fast Time
TRIGA
o 1 | a0 | 9.96x10% | 223x10° | 251x108 |
. +1.95x10%? | +8.11x10%2 | +4.75x10"?
Irradiation
Oregon Tube
State TRIGA
University Reactor
No. 2 | Pneumatic 1.73x10% | 5.91x10'? | 5.37x10%? 30 sec
' Transfer | #3.03x10%2 | +2.03x10? | +9.52x10™
Tube
(Rabbit)
Fast
University | No.1 | Neutron | 4.85x10° | 2.45x10'! | 1.83x10 | 1200 sec
of Mass- Irradiator
achusetts Fast
Lowell No.2 | Neutron | 4.85x10° | 2.45x10™ | 1.83x10'! | 1235 sec
Irradiator
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The four different types of Li-ion batteries presented in Chapter 3 were used as
samples during the four reactor experiments, as shown in Table 4-2. In particular, during
the first experiment at OSU, two LIR2032 LiCoO; and two CR2032 LiMnO; battery
samples were irradiated in an in-core irradiation tube for 27 minutes, while the reactor was
operated at 10 KW power level and generated a thermal neutron fluence of approximately
10 n/cm?. Later, in the second OSU experiments, those same models of (un-exposed)
batteries were irradiated. This time, the reactor was operating at full power (1.1 MW), and
the battery samples were put in a pneumatic transfer tube (rabbit) and exposed to the
radiation for 30 seconds, to obtain the similar fluence level of 10* n/cm?, individually. In
the first experiment performed at UMass, two ML-2020 LiMnO, and two MEC201
LiCoO: batteries were irradiated for 1200 seconds in the FNI. Two each of the LIR2032
LiCoO; and CR2032 LiMnO; battery types used in the OSU experiments were irradiated
during the second UMass experiment for 1235 seconds. Because of safety considerations,
all battery samples were fully discharged before being irradiated. Since the research is
focused on neutrons, which are neutral, the charge status of the batteries should not affect
the result. The detailed information about those four battery types can be found in Table
3-1.

Besides those batteries irradiated during the two UMass experiments, ten foils were
also activated in each UMass experiment. The materials and the detailed specifications of
the foils are listed in Table 4-3. All those foils are disk-shaped, with a diameter of 12.7 mm.
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By comparing the weight and the thickness of the foils to the specifications of the batteries

listed in Table 3-1, we find that the mass and size of the MEC201 battery are similar to that

of the foils. However, the remaining three batteries are 8.2 to 100 times heavier, and 2.6 to

64 times thicker than the foils.

Table 4-2 Battery Model / Foils and Quantity Irradiated in Each Experiment

First OSU Second OSU First UMass | Second UMass
Experiment Experiment Experiment Experiment
LIR2032
LiCoO> 2 L NIA 2
CR2032
LiMnO> 2 L NIA 2
ML-2020
LiMnOs N/A N/A 2 N/A
MEC201
LiCoO, N/A N/A 2 N/A
Foils N/A N/A 10 10

Table 4-3 List of Foils Irradiated in UMass Experiments and Their Specifications

Material Thickness (mm) Mass (mg)
In 0.13 127
Au 0.051 125
Cu 0.13 142
Ti 0.25 140
Ni 0.25 283
Fe 0.13 138
Mg 0.13 318
Al 0.76 250
\% 0.051 48.0
Zr 0.13 111
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After each experiment, gamma spectroscopy analysis was performed for each of
the batteries. High purity germanium (HPGe) detectors were used to measure the gamma
spectra of the batteries after one to three days post irradiation. These time delays are chosen
to lower the activity level of the batteries so that they are safer for the scientists to handle.
This also mimics the expected time delay between the nuclear weapon explosion and the
collection and measurement of the samples in a real detonation incident. As an example,
Figure 4-1 shows the gamma ray spectra of a CR2032 LiMnO; battery obtained 1 day and
3 days after the first OSU reactor experiment. The day 1 spectrum shows that Na-24,
Cr-51, Mn-56, and Fe-59 were clearly identified. The other peaks are caused by
measurements effects such as X-rays, annihilation radiation, escape peaks and sum peaks.
By comparing the two spectra we can see that after 3 days, the activity level is reduced
significantly because of the decay of the shorter lived radionuclides. In the day 3 spectrum,
radionuclides such as Mn-54, Co-58, Co-60, M0-99 and W-187 were identified, while they
were not readily distinguishable the first day. This means that for some battery types that
produce radionuclides with longer half-lives, such as LiCoO; batteries that yield Co-60
with a 5.27 year half-life, a slightly longer delay could reveal more radioisotopes.
Therefore, in an actual deployment, multiple measurements with different time delays may
be needed to obtain complete information. The gamma spectra of other batteries exposed in

the OSU and UMass experiments can be found in Appendix B.
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Figure 4-1. Gamma ray spectra of a CR2032 LiMnO: battery obtained 1 day and 3 days
after the first OSU reactor experiment in the 10* n/cm? fluence, counting time of 1 hour.

[39] to identify and quantify the activities. For example,

After obtaining the gamma spectra, an ASU researcher used the software PeakEasy

Table 4-4 shows the induced activities measured for a MEC201 LiCoO; and a

ML-2020 LiMnO: battery that were irradiated during the first UMass experiment using

the gamma spectra measured 1 day after the exposure. From the table we can see that for

the MEC201 battery, Cu-64 and As-76 are the most dominate radionuclides, whereas

W-187, M0-99, and Cr-51 have a higher activity in the ML-2020 battery. The measured

induced activities for the other batteries and experiments can be found in Appendix C.
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Table 4-4 Induced Activities for Batteries Exposed in the First UMass Experiment

Radionuclides MEC201 LiCoO; ML-2020 LiMnO;
Activity (Bq) Activity (Bq)

Au-198 2.03x10° 3.11x10°
Co-58 1.16x10? 5.92x10*
Co-60 5.14x10* 1.02x10!
Cu-64 4.14x10° N/A
As-76 4.77x102 N/A
Cr-51 N/A 4.40x102
Fe-59 N/A 1.76x10!
Mn-54 N/A 1.39x10!
Mo-99 N/A 1.55x10°
Na-24 N/A 1.56x10?
Nb-92m N/A 1.76x10°
Sb-122 N/A 3.67x10*
Sh-124 N/A 5.25x10°

Sn-117m N/A 7.36x1071
W-187 N/A 1.69x10°

4.2 MCNP Modeling of Battery Reactor Irradiation

With the MCNP battery models already built, as presented in Section 3.2, the
reactor experiments are simulated in MCNP, using the reactor source spectra. The reactor
source spectra were obtained from literature review [40] [41]. In the MCNP model, the
neutron source was designed as an inward spherical distribution with a radius of 27.35 cm.
The spherical distribution was chosen because it best reflects the reactor experiment
irradiation environment, which neutrons travel from all directions to the samples. The
radius was chosen to be 27.35 cm because it would fit all the battery samples inside, while

leaving some space around. First, a point flux (F5) tally was placed in the center of the
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sphere to verify the simulated flux. Then, using the experiment flux ¢#1, initial simulated
flux ¢z, and the initial simulation source weight wgtz, the proper source weight wgtiis

calculated using:

LY
$ Wt

(6)
This calculated source weight wgt, will be used in later MCNP simulations.

In order to ensure most of the ten MCNP statistics pass and to obtain a higher
accuracy during the simulation, 300 million or more particle histories were used. With the
help of the gamma spectra measured from the experiments, specific reactions were tallied
using cell flux (F4) tallies. For example, Table 4-5 presents the MCNP simulation results
of the LIR2032 LiCoO; battery during the second OSU experiment and corresponding
activation product half-lives. Based on the (simulated) induced activities, reactions such as
2IAl(n,y)2BAl, Mn(n,y)*®Mn, and %3Cu(n,y)®*Cu are the most dominate for this type of
battery. However, radionuclides such as Al and *Mn have a short half-life, less than 0.5
days as shown in the table. Therefore, judging from both induced activity and half-life

standpoints, reactions such as *°Cr(n,y)°'Cr, *®Fe(n,y)**Fe and >*Co(n,y)*°Co are more

favorable for the LIR2032 LiCoO; battery.

37



Table 4-5 MCNP Simulation Results of the LIR2032 LiCoO; Battery in the Second OSU

Experiment
Reaction Product Half-life | Total Number of Induced Activity
(day) Reactions (Bg)
SCr(n,y)°'Cr 27.7 3.38x101 9.80x10*
8Ni(n,p)*®Co 70.9 4.07x10° 4.61x10?
8Ni(n,y)*°Ni 2.77x107 5.75x10 1.66x10!
8Fe(n,y)>Fe 445 6.09x10° 1.10x103
%5Fe(n,p)**Mn 0.107 4.76x108 3.55x10*
%4Fe(n,p)**Mn 312 1.18x10° 3.04x10?
18\W(n,y)B'w 1.00 7.70x108 6.20x10°
%Mo(n,y)*Mo 2.75 7.95x10’ 2.32x10?
SMn(n,y)**Mn 0.107 2.60x101 1.94x107
2IAI(n,y) Al 0.00156 5.65x10° 2.91x10’
21 Al(n,0)**Na 0.625 4.41x10° 5.67x10*
9Co(n,y)*°Co 1930 4,53x10"2 1.89%x10*
¥Co(n,a)**Mn 0.107 5.03x10° 3.76x10?
%Co(n,p)*°Fe 445 5.49x10’ 9.90x10°
23Na(n,y)**Na 0.625 1.30x10° 1.67x10*
83Cu(n,y)®Cu 0.529 5.91x10 8.96x10°

4.3 Reactor Spectra Reconstruction

After the reactor experiments, the induced activity results obtained from the gamma
spectroscopy analyses were then used to reconstruct the reactor neutron spectra to examine
whether irradiated Li-ion batteries could be used for reconstruction. In this research, a
pre-release (beta) version of the SNL-SAND-IV code was utilized to fulfill this task.
SNL-SAND-1V is an unfolding tool that uses an iterative perturbation method to
reconstruct a “best fit” neutron flux spectrum for a set of activation foils [42] [43]. The

inputs to SNL-SAND-1V are the foil materials and reaction types, the measured activities
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of each product (in units of Bq per target nucleus), and an initial (guess) spectrum form.
Since SNL-SAND-1V was originally designed for foils, and the use of activation foils is a
well-established methodology, as presented in Section 2.3, the irradiated foils during the
UMass reactor experiments were first used to reconstruct the reference spectra. After that,
irradiated Li-ion batteries were used for reconstruction and the result is compared to the

reference spectra from the activation foils.

4.3.1 Reactor Spectra Reconstruction using Foil Results

During the two UMass reactor experiments, ten foils (as shown in Table 4-3) were
irradiated each time and generated thirteen reactions that produced radionuclides with
significant activities. Ten out of those thirteen reactions and their measured activities were
utilized in the SNL-SAND-1V input deck because of the availability of their cross sections
in the SNL-SAND-1V library (cstape). The relation between the activity and the irradiation
time is shown as Figure 4-2. According to the exposure duration of the foils in the
experiments as well as the half-lives of the foil materials, most foil activities were not
saturated after the exposure. Therefore, the “time integrated” option was used in
SNL-SAND-1V simulations; it is designed for the situation when the saturation activities
are not reached at the end of the irradiation. SNL-SAND-IV terminates its iterative
solution process when the measured-to-calculated activities become stable (to within less
than one percent change per iteration). A best solution for both experiments was achieved
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after 68 and 17 iterations for the first and second experiments, respectively, and the overall

standard deviation of measured activities is less than 10% in both cases. Table 4-6 shows

the output results for those two reconstructions.

Activity

Saturation Activity

5 9%
T or9 ~ 985% 9%
94%
! | l I l ! ! "
0 1 2 3 4 5 6 7

Irradiation Time (Half-lives)
Figure 4-2. Relationship between the activity level and the irradiation time.

The reconstructed spectra from SNL-SAND-IV using activated foils for both

UMass experiments are plotted in Figure 4-3. The two reconstructed spectra agree with

each other and are almost identical. There is only some slight deviation at the higher energy

range above 1 MeV. Therefore, these foils reconstructed results will be used as the

reference reactor spectra to evaluate the performance of the reconstruction using Li-ion

batteries for the same experiment.
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Table 4-6 SNL-SAND-IV Output for Foils in UMass Experiments

Experiment 1 Experiment 2
Foil . iati . iati
OI. Calculated Activity Deviation Calculated Activity Deviation
Reaction (Bg/nucleus) from (Bg/nucleus) from
g Measured g Measured
8Ni(n,p) 9.47x1072° -5.63% 1.71x1071° —22.8%
2Mg(n,p) 1.30x10°%° ~7.95% 1.42x10°%° -5.43%
27A1(n,a) 7.53x10% 6.52% 7.54x10% 1.04%
4Ti(n,p) 7.59%x10 % 3.05% 9.56x10 % —0.369%
“Ti(n,p) 6.44x1019 3.84% 7.67x10°1 16.77%
BTi(n,p) 1.34x10% 1.22% 1.22x10% 3.56%
%4Fe(n,p) 1.07x10% -0.617% 2.53x10%° 8.99%
%8Fe(n,y) 4.49x10°19 —0.185% 5.99x10°1° —0.608%
3Cu(n,y) 3.13x10°16 -0.134% 2.51x10716 —0.604%
¥7Au(n,y) 4.32x10°16 -0.118% 4.04x10716 —0.559%
Overall 4.26% 10.1%
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Figure 4-3. SNL-SAND-IV reconstructed source neutron spectrum comparison of the two
experiments using ten activated foils at the UMass FNI facility.
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4.3.2 First UMass Reactor Experiment Spectra Reconstruction using Battery Results

With the reference reactor spectra using activated foils available, irradiated Li-ion
batteries in the two UMass experiments were then used for spectra reconstruction. During
the first UMass experiment, the MEC201 LiCoO; and the ML-2020 LiMnO> were
activated and their measured activities are first used to reconstruct the source spectrum.
They are chosen because of their thinner thickness (as shown in Table 3-1) in order to
minimize the uncertainty that might occur due to the self-shielding effect in thicker
batteries. Five and eight reactions as well as the measured activities of each product were
utilized in the SNL-SAND-IV input deck for the MEC201 and ML-2020, respectively.
Table 4-7 shows the SNL-SAND-1V output results for these two batteries. The output
shows that the measured and calculated activities are within 0.01% in both cases. These
deviations are actually smaller than those of the foils, but there were 1.25 to 2 times more
reactions to be convolved in the case of the foils. This implies that the more reactions in the
input, the more difficult for the code to converge to a best fit to match all the reactions.
Another reason may be that more reactions in the input will introduce more activity
counting error to the reconstruction process, which will in turn result in a larger deviation.
Also noteworthy is that the activities (Bg/nucleus) are similar for the foils and battery
constituents.

The reason these reactions were selected is because of the quantifiable activation
products after irradiation, as well as the availability of the SNL-SAND-IV cross section
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library. For instance, the cross section of all five reactions for the MEC201 battery are

present in the library; however, for the ML-2020 battery, two reactions, ">As(n,y) and

187W(n,y), that provided significant activities are not available in the cross section library.

Therefore, those reactions were omitted in the present work.

Table 4-7 SNL-SAND-1V Output for Batteries from the First UMass Experiment

MEC201 LiCoO> ML-2020 LiMnO;
Reaction | Calculated Activity Deviation Calculated Activity Deviation
(Bg/nucleus) from (Bg/nucleus) from
Measured Measured
23Na(n, y) n/a n/a 2.69x10°Y 0.00%
*¥Fe(n, o) n/a n/a 5.89x10°2 0.01%
%4Fe(n,p) n/a n/a 1.67x10%° 0.00%
8Fe(n, v) n/a n/a 4.38x10718 0.00%
*8Ni(n,p) 1.29x10°° 0.01% n/a n/a
Co(n,y) 8.09x107° 0.00% 6.01x107° 0.00%
%Co(n,p) n/a n/a 4.37x1072 —-0.02%
83Cu(n,0) 7.17x107%° 0.01% n/a n/a
3Cu(n,y) 2.14x10°%° 0.00% n/a n/a
%Mo(n, v) n/a n/a 5.11x10°Y 0.00%
¥7Au(n,y) 4.47x1076 0.00% 1.72x107% 0.00%

The SNL-SAND-1V code was originally designed to reconstruct source spectrum

using activated isotopes from single reaction sources, such as those used in activation foils.

However, when reconstructing using batteries, some radionuclides are produced from

multiple reactions. This is a challenge for using the SNL-SAND-IV code to reconstruct

spectrum from batteries since its input uses the activity per target nuclide. For example,

when measuring the irradiated MEC201 battery, we can only obtain the overall ©Co
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activity of 51.4 Bg. However, both 53Cu(n,a) and *°Co(n, y) reactions produce %°Co. To
overcome this problem and obtain the activity from each reaction source for a radionuclide,
MCNP simulations were used to determine the fraction of reactions from each original
isotope. For the example above, MCNP simulation indicates that 3Cu(n,a) only
contributes 0.003% of the overall °Co activity. The rest of the ®°Co is produced by the
%9Co(n, y) reaction, which is no surprise since (n, y) reactions are usually the most dominate
reaction because of the larger cross-section compared to other reaction types and typically
(n, y) reactions do not have a reaction threshold energy. Therefore, with the help of MCNP
simulation, one could attribute the overall activity of a radionuclide to each individual
reaction.

In the real utilization of this method, multiple types of battery samples would be
collected and studied for the same nuclear weapon incident. Because both of the MEC201
and ML-2020 batteries were irradiated during the first UMass experiment at the same time,
the combined results of those two batteries were used to reconstruct the reactor source
spectrum as well. Table 4-7 shows that there are two reactions, *Co(n, y) and *’Au(n, y),
that appeared in both batteries. Therefore, the activities of the same product and the mass of
the same target material were added together for the combined simulation. The reactions
that only occurred in one battery were kept the same. At first, all eleven reactions were
used in this combined simulation. The reconstructed result showed a 12% overall
difference between the measured activities and the calculated results. In order to obtain a
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result with a smaller difference, *Ni(n, p) and 5*Cu(n, «) reactions were removed from this
combined simulation and a total of 9 reactions were finally used. The SNL-SAND-1V
output results are listed as Table 4-8. Even though the code took more iterations to
converge, the overall deviations in the measured-to-calculated activities were decreased to

less than 0.01%.

Table 4-8 SNL-SAND-1V Output for the Combined MEC201 and ML-2020 Batteries
from the First UMass Experiment

Reaction MEC201 LiCoO; and ML-2020 LiMnO, Combined
Calculated Activity (Bg/nucleus) Deviation form Measured
23Na(n, y) 2.69x10°Y 0.00%
Fe(n, a) 5.89x1072 0.02%
4Fe(n,p) 1.67x10% 0.00%
Fe(n, v) 4.38x10718 0.00%
S¥Co(n,y) 7.65x1071° 0.00%
%Co(n,p) 4.37x1072 —0.02%
3Cu(n,y) 2.14x10716 0.00%
%Mo(n, y) 5.11x10°Y 0.00%
¥7Au(n,y) 8.09x10716 0.00%

Thereafter, the reconstructed source spectra using SNL-SAND-IV for both
individual batteries, as well as the combined model, were plotted together with the
reference spectrum reconstructed from foils for comparison, as shown in Figure 4-4. The
plot shows that the reconstructed spectra using Li-ion batteries has similar behavior and
trend as the reference spectrum reconstructed using foils. Specifically for the MEC201
battery, the reconstruction results almost overlay the reference spectrum for energy lower
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than 1 MeV. Quantitatively speaking, the normalized root mean square errors compared to
the reference spectrum are 7.1%, 9.3% and 8.9%, for the MEC201, ML-2020 and the
combined batteries, respectively. A reason that might lead to the difference is the accuracy
of the activity measurement. Generally, larger activity results in a higher counting rate,
which provides a more precise activity measurement. However, the majority of the
radionuclide activity levels of the experiment-exposed batteries are in the range of 107 to
1072 uCi, which is relatively low, which might cause a larger relative error. This means in a
real nuclear weapon detonation incident, a simple hand held radiation detector should
quickly check the emission rates from the battery samples, in order to help the researchers

determine which samples (those with higher activity level) to analyze first.
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Figure 4-4. SNL-SAND-IV reconstruction of source neutron spectrum using foils and

batteries in the first experiment at UMass.
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Since the ML-2020 is about twelve time thicker than the MEC201 battery, the
neutron self-shielding effect might lead the ML-2020 battery to having the larger
difference. By looking closely at the spectrum reconstructed using the ML-2020, it better
matches with the reference spectrum in the higher energy range (> 3x10~° MeV), while it
exhibits a positive bias within the lower energy range (< 3x10~* MeV). Consideration was
given as to whether this difference might be due to the ML-2020 being thicker compared to
the MEC201 battery. Hence, more fast neutrons are slowed down to thermal neutron range,
which leads to more neutrons in the lower energy range. Because of this possibility of
self-shielding, MCNP simulations were performed to study the degree to which the battery
itself perturbs the neutron flux at the measurement location. The results show that the
difference is negligible. For instance, simulations with and without the MEC201 battery
present at a certain location show less than 0.01% difference in neutron fluxes.

Further investigation was made to determine the cause of the bigger difference.
Eventually, it was observed that if the 8Fe(n,y) and 2Na(n,y) reactions are omitted from
the SNL-SAND-1V reconstruction for the ML-2020, as well as the combined battery, the
reconstruction results are very close to the foils reference spectrum, as shown in Figure
4-5. The likely reason including the 2Na(n,y) reaction in the reconstruction leads to a
bigger error is that the two gamma-ray peaks of ?*Na are located at 1368.45 keV and
2754.03 keV, and the efficiency of the Ge detector is only calibrated from 122 keV to 1332
keV. Therefore, the measured activity for **Na may be inaccurate. The peaks of 5°Fe were
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also examined. The two peaks are located at 1099.33 keV and 1291.70 keV, which are
close to the highest energy calibration point. Similarly, the ®°Co peaks are also located
nearby at 1173.23 keV and 1332.55keV, and ®°Co does not introduce a large error when
included in the reconstruction model. Another interesting, but noteworthy fact is that the
%8Fe(n,y) and 22Na(n,y) reactions are two out of four reactions that alternative cross sections
have been added in SNL-SAND-IV cross section library for evaluation purpose---it is

unknown whether this means that these reactions have also given other users issues.
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Figure 4-5. SNL-SAND-IV reconstruction of source neutron spectrum using foils and
batteries in the first experiment at UMass without considering %Fe(n,y) and ZNa(n,y)
reactions in the ML-2020 and the combined batteries.

The above analyses and reconstructed results show that Li-ion batteries are capable

of reconstructing the neutron source spectrum.
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4.3.3 Second UMass Reactor Experiment Spectra Reconstruction using Battery Results
As listed is Table 4-2, the CR2032 LiMnO; and LIR2032 LiCoO; batteries were
exposed in the second UMass experiment. Therefore, these two batteries were then used to
reconstruct the UMass spectrum, just like using MEC201 and ML-2020 batteries in the
first UMass experiment in Section 4.3.2. There are 3 reactions and 6 reactions that were
used in SNL-SAND-IV reconstruction for the CR2032 and LIR2032, respectively. The

reactions and the SNL-SAND-1V results are listed in Table 4-9.

Table 4-9 SNL-SAND-1V Output for Batteries from the Second UMass Experiment

CR2032 LiMnO, LIR2032 LiCo0O:;
Reaction | Calculated Activity Deviation Calculated Activity Deviation
(Bg/nucleus) from (Bg/nucleus) from

Measured Measured
23Na(n, y) 3.19x10°18 0.00% 4.91x10718 0.00%
8Fe(n, v) 8.21x10718 0.00% 1.25x10°Y 0.00%
%8Ni(n,p) 3.68x107% 0.00% 2.48x1071 0.00%
%Co(n,y) n/a n/a 4.52x107%9 0.00%
83Cu(n,y) n/a n/a 1.67x10°° 0.00%
%Mo(n, v) n/a n/a 4.26x10°% 0.00%

The reconstructed spectra are plotted in Figure 4-6, together with the reconstructed
second UMass experiment reference spectrum using ten foils. Overall, both reconstructed
spectra match with the foil reconstructed result. The CR2032 battery results exhibit a little
higher deviation at higher energy, which may be caused by the lack of reconstruction

reactions (only three) in the SNL-SAND-IV input. Quantitatively speaking, the normalized
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RMS error for the CR2032 and LIR2032 compared to the ten foils reconstructed reference
spectrum is 9.6% and 13%, respectively. The fact that both *®Fe(n,y) and ZNa(n,y)
reactions are used in both reconstructions is another reason for this difference, as discussed

in Section 4.3.2.
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Figure 4-6. SNL-SAND-IV reconstruction of source neutron spectrum using foils and
batteries in the second experiment at UMass.

Another noteworthy point is that neither the reconstructed spectrum from CR2032
nor from LIR2032 has the characteristic of a trough between energy level from 10~®to 107°
MeV, as the foil reconstructed spectrum does. This trough behavior is also found in the
reconstructed results for the first UMass experiment using both foils and batteries, as
shown in Figure 4-4. Efforts were made to understand what causes this behavior. By
comparing the reactions that have been used in all reconstruction cases (Table 4-6 to Table

4-9), we found out that the **’ Au(n,y) reaction was utilized in all other reconstruction cases,
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expect for the CR2032 and LIR2032 cases. By examining the cross section of ¥’ Au(n,y),
as shown in Figure 4-7, we found out that there is a resonant peak between energy level
from 10 to 10° MeV. This is likely the cause of the trough characteristic in the
reconstructed results, (1) since the energy range matches, and (2) because of this peak in
the 197 Au(n,y) cross section, the reconstruction process forms a trough in the flux spectrum
in order to offset the resonant peak. This confirms that the reactions used in

SNL-SAND-1V input and their cross sections will have an impact of the reconstructed

spectrum.
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Figure 4-7. 1 Au(n,y) cross section [44].

During the second OSU experiment and the second UMass experiment, an iPod

shuffle music player and an additional iPod shuffle rechargeable Li-polymer battery were
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also irradiated each time. In order to minimize the induced activity of the casing, an Al
casing edition of the iPod was chosen, instead of stainless steel casing. Table 4-10 and
Table 4-11 shows the induced activities for the iPod (with battery) and the iPod battery
alone measured 1 day after the exposure to the second OSU and the second UMass
experiments, respectively. It shows that the iPod has a higher activity level compared with
the iPod battery alone, which is expected since the iPod has more elements in the case and
other electronic components. This also explains why there are three radionuclides that are
only detected in the iPod. Future work should study on the feasibility of using Li-polymer

battery type, as well as the battery inside the consumer electronics.

4.3.4 Summary

Overall, by comparing the reconstructed spectra using the activation foils and the
irradiated Li-ion batteries in both UMass reactor experiments, we have shown that the
Li-ion batteries are capable of reconstructing the source spectrum using the
SNL-SAND-IV code.

Valuable lessons were learned from these experiments too, especially from our first
two experiments conducted at OSU. For example, to reduce costs, no team member was
send to OSU to observe the experiments processes. Therefore, when performing the post
irradiation analyses, there are some missing pieces of details about the experiments. With
that lesson learned, during the latter two experiments, our colleagues actually went to
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UMass and participated in the whole process. Therefore, we were able to obtain more
detailed information about those experiments. Another lesson learned is that we should
have irradiated foils during the OSU experiments too, just as the UMass experiments, so
that more accurate information about the reactor operation condition, such as source
neutron spectrum and flux level, could be calculated using the activation foils methodology

and compared with the reconstructed results.

Table 4-10 Induced Activities for iPod and iPod Battery Exposed in the Second OSU

Experiment
. . iPod iPod Battery
Radionuclides Activity (Bq) Activity (Bq)
As-76 8.97x10° 6.97x10?
Au-198 3.58x10° 9.05x10°
Co-58 2.71x10° 4.18x10?
Co-60 5.48x10% 5.93x10%
Cr-51 1.49x10° N/A
Cu-64 2.83%107 9.90x10°
Fe-59 2.45%10° N/A
Ga-72 2.30x10* 1.12x10°
La-140 1.51x10! N/A
Mn-56 9.23x107 8.16x10°
Mo-99 8.91x10° N/A
Na-24 9.85x10% 5.56x10°
Sh-122 1.66x10° N/A
Sn-117m 3.59%x10? N/A
Ta-182 2.33%x10% N/A
Tc-99m 5.56x10% N/A
W-187 1.18x10° N/A
Zn-65 1.87x10° N/A
Zn-69m 2.56x10* N/A
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Table 4-11 Induced Activities for iPod and iPod Battery Exposed in the Second UMass

Experiment
. . iPod iPod Battery
Radionuclides Activity (Bq) Activity (Bq)
As-76 3.30%x10? 5.51x10!
Au-198 6.33x10° 5.59x102
Co-58 9.88x10! 4.44x10*
Co-60 3.66x10? 8.51x10?
Cu-64 1.37x10° 1.54x10°
Ga-72 9.07x10? 1.04x10?
Mn-56 3.85x10° 1.52x10%
Na-24 1.92x10° 2.80%10?
Ta-182 6.03x10? N/A
W-187 2.86x10° N/A
Zn-69m 5.07x10? N/A
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CHAPTER 5
NUCLEAR WEAPON CHARACTERISTICS DETERMINATION
In this chapter, background information about the nuclear weapons that are used in
this research is first introduced. After that, MCNP models are used to simulate the nuclear
weapon spectra transport. Then, the equations to calculate the weapon yield will be
obtained, followed by two methods to determine the nuclear device type. Lastly, the

weapon spectra will be reconstructed using the SNL-SAND-IV code.

5.1 Nuclear Weapon Background

There are mainly two basic types of nuclear weapons: fission and fusion. The
fission nuclear weapons produce their explosive energy from nuclear fission reactions,
whereas the fusion nuclear devices derive the energy from fusion reactions and are
generally referred to as thermonuclear weapons [45]. In the fission nuclear weapons, fissile
material, such as enriched uranium or plutonium, is assembled into a supercritical mass,
which is the quantity needed to start an exponentially growing nuclear chain fission
reaction. Based on how the reaction is triggered, there are two basic types of designs: gun
type and implosion type. The gun-type device is initiated by shooting a piece of subcritical
material (enriched uranium) into another to form the critical mass by conventional
chemical explosion, whereas the implosion type weapon is started by compressing the
subcritical material (plutonium) sphere core to many times its original density to reach the
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criticality via chemical explosives using explosive lenses [46]. Diagrams of the gun-type

and implosion-type nuclear weapon designs are shown as Figure 5-1.

Conventional Sub-critical pieces of
chemical explosive uranium-235 combined

i

Gun-type assembly method

Plutonium core
compressed

Implosion assembly method

High-explosive
lenses

Figure 5-1. Diagrams of gun-type and implosion-type fission nuclear weapon designs.
[47]

We perceive that in the case of a nuclear weapon incident, a fission weapon is
presently more likely to be detonated compared with a thermonuclear device, because to
manufacture a thermonuclear requires much greater technical demands. Using South
Africa as an example: according to the report to the South African President F. W. de Klerk

in November 1989, J. W. de Villiers and Waldo Stumpf stated that the South African Arms
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Corporation (Armscor) had six gun-type nuclear devices stored, and Armscor was studying
the feasibility of implosion-type nuclear weapons [48]. About three years later on March
24,1993, President de Klerk announced in parliament that South Africa had built six
gun-type nuclear weapons and then dismantled them. He also emphasized that South
Africa had neither developed thermonuclear bombs nor carried out a test in the South
Atlantic [48]. Therefore, our research mainly focuses on Li-ion batteries exposed to fission

weapon neutrons.

5.2 Nuclear Weapon Spectra Modeling

In our research, two different types of 10 kt (kiloton) nuclear weapons were
studied, in particular, the World War 1l era Little Boy and Fat Man type devices. Little Boy
was a 2%U gun-type nuclear weapon, that was dropped at Hiroshima Japan on August 6,
1945, whereas Fat Man was a 2**Pu implosion device detonated at Nagasaki three days
later. These are the only two nuclear weapons that have been used in a war [49]. Their
source spectra were taken from literature [50] and transported by MCNP. In particular, as
depicted in Figure 5-2, each weapon source was placed in the center of the MCNP model as
a point source in open space in dry air. Then, spherical surfaces were made with radii from
200 m to 2.5 km from the source. Thereafter, the neutron spectra at those distances from
the weapon detonation point were obtained using F2 surface tallies. The results are then
plotted for comparison. For instance, Figure 5-3 shows the neutron spectrum from a 10 kt
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Little Boy type device at different distances from the detonation point. The plot shows that
from 800 to 1500 m, the total fluence decreases, however, the shape of the spectra are
visually indistinguishable. Similarly, as shown in Figure 5-4, the spectra of a Fat Man type

weapon behave in the same way from 800 to 1500 m, except at a lower fluence level

compared to Little Boy.

2.5 km

0.8 km

Figure 5-2. MCNP simulation geometry to obtain the nuclear weapon neutron spectra
from 0.2 to 2.5 km away from the source.
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Figure 5-3. MCNP simulated neutron spectra from a 10 kt Little Boy type device at
distances of 200 m and 800 to 1500 m from the detonation point.
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Figure 5-4. MCNP simulated neutron spectra from a 10 kt Fat Man type device at
distances of 200 m and 800 to 1500 m from the detonation point.
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As discussed in Section 2.5.1, this research mainly focuses on distances of 800 to

1500 m, because for a 10 kt nuclear weapon explosion, this range is considered as the
moderate damage (MD) zone. Figure 5-5 shows the comparison of the neutron spectra
from 10 kt Little Boy style and Fat Man type devices at 1000 m away from the detonation
point as an example. From the plot we can see that at energy levels lower than 1 MeV, the
two spectra have similar trends, except the Fat Man type device has a lower fluence level.
This is because the neutron spectrum from Little Boy is harder (i.e., of higher energy) than
that of Fat Man at the point of detonation. As stated by Whalen, Fat Man employed “tons of
high explosives” that moderated the output neutron spectrum significantly [51]. Hence, for
the same 10 kt size, the Fat Man type device has a lower fluence level at such distances

compared to the Little Boy device.
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Figure 5-5. MCNP simulated neutron spectra comparison from 10 kt Little Boy and Fat

Man type devices at 1000 m from the detonation point.
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5.3 Nuclear Weapon Yield Calculation

In Section 2.5.2, we introduced an equation provided by Brode about half century
ago to estimate the relation among the neutron fluence, yield, and distance from a nuclear
weapon explosion. The equation did not specify the type of nuclear device and only
provided one significant digit. As seen in Section 5.2, the neutron spectral characteristics
are unique for different types of nuclear weapon devices. By comparing the calculated total
fluence results at different distances from the detonation point using Brode’s equation and
the MCNP simulated results for Little Boy and Fat Man type devices, we found that
difference exists, as shown in Figure 5-6. Therefore, it is necessary to develop a specific
equation for each nuclear weapon type, in particular, a 2°U gun-type nuclear weapon
(Little Boy type) and a 2**Pu implosion device (Fat Man type). By using the MCNP
simulation results, two formulae, shown as Egs. (7) and (8), were developed for the Little
Boy (LB) and Fat Man (FM) type devices respectively, to provide a more accurate relation

for each weapon type.

23
5. o 5:42x107 Wkt )Y exp( —pr j ™

re 1.79 x10* g-cm/L
21 _
M (4.6ox102 vkt )Y o0 pr ®)
r 2.57 x10" g-cm/L
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Figure 5-6. Comparison of Brode equation calculated and MCNP computed total fluence
for 10 kt Little Boy and Fat Man type devices.

In the MD zone (800 to 1500 m range), the calculated results using Egs. (7) and (8)
agree with the MCNP simulated results, with less than 5% differences. The results are
plotted and compared in Figure 5-7. From the plot we can see that the fitted equation
calculated fluence matches well with the MCNP simulation results. It also shows that
outside the MD zone, the MCNP simulated fluence starts to diverge from the fitted
equations. This indicates that for the different distance ranges, unique equations might be
needed to provide more accurate results. Also, it is worth mentioning that the FM equation
has a similar slope as the Brode’s equation as can be seen from the plot. Actually, in our
early effort, we used the source spectra for Little Boy and Fat Man from earlier references

[51] [52], which lead to the same exponential slope of 2.38x10* g-cm/L for the Fat Man
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type equation and Brode’s relation [53]. This implies that his equation may have originated

from an implosion type nuclear weapon device, like Fat Man.
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Figure 5-7. Comparison of Brode equation calculated and MCNP computed total fluence
for 10 kt Little Boy and Fat Man type devices along with fits to the MCNP results.

In a similar fashion, we have developed empirical relations between the number of
reactions and yield by using MCNP simulations. For instance, for the CR2032 LiMnO>
battery presented in Chapters 3 and 4, **Mn is the dominant radionuclide, and the number
of ®Mn(n,y) reactions were first obtained with the help of MCNP simulations for the range

of 800 to 1500 m from the detonation point. Then, the number of reactions were fitted to an
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equation as a function of weapon yield and distance. For example, the number of >*Mn(n,y)

reactions (rxn) as a function of distance for the two fission devices are

21 2
LB R:(5.97><1O r>§n cm /kt)Y exp /Zr )
r 1.73x10"g-cm/L
19 v .~ 2 _
EM - R:(2.63><10 r>§n cm /kt)Y exp ;:r (10)
r 2.59x10"g-cm/L

In the equations above, the air density p and the distance of the battery sample from the
detonation point r will be known in a case of a weapon detonation. Thus, there are only two
unknowns in the equation, the number of reactions R and the weapon yield Y. The number
of reactions can be determined using R = A(0)/4, where A(0) is the initial activity and 4 is
the decay constant. Therefore, R in the above equations can be calculated using the
measured activities that are time corrected to the detonation instant. Hence, with the R
already computed, the weapon yield Y can be solved by using the corresponding equation

above.

5.4 Nuclear Weapon Spectra in Humid Air

The impact of humidity in air on the weapon spectrum is also studied. It is
noteworthy that air density actually decreases with an increase in the humidity. In other
words, the moist air is less dense than dry air at the same temperature. This is because
water vapor contains one oxygen atom and two hydrogen atoms, and has an atomic mass of

18 atomic units. Whereas air is mainly composed of nitrogen and oxygen, which have an
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atomic mass of 28 and 32, respectively. Therefore, at the same temperature, the humid air
has more water vapor, which replaces the heavier air. Thus, the humid air is less dense than
the dry air.

Similar to what has been done in Section 5.2 for dry air, MCNP simulations were
performed to obtain the weapon neutron spectra at different distances with 20%, 40%,
60%, 80%, and 100% humidity in air. The air density, weight percentage (wt%) of water in
air [54], and the MCNP input material fraction are listed in Table 5-1. The density of humid

air (p) in g/lcm? is calculated using an empirical relation [55]:

273.15 5 B -0.3783 p,

p=1.2929 x107° x !
T 1.013 x10

(11)

where T is temperature in Kelvin, B is barometric pressure in Pa, p, is partial vapor

pressure in Pa. The total fluence from 800 m to 1500 m for each humidity level are plotted
as Figure 5-8, along with the Brode equation calculated fluence. The plot shows that with
the increase in humidity from 0% to 100%, the total fluence decreases for both Little Boy
and Fat Man. This is because the water vapor in the humid air moderates the neutrons more
due to the presence of hydrogen. With the increase of the humidity, more water vapor is in

the air. Thus, more neutrons are being moderated.
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Table 5-1 Density, Water Vapor Weight Percentage in Air, and MCNP Input Material
Fraction for Different Humidity Levels

Humidity 0% 20% 40% 60% 80% 100%
Density (g/cm®) | 0.001225 | 0.001224 | 0.001222 | 0.001221 | 0.001219 | 0.001218
wit% (Water/Air) 0 0.002140 | 0.004280 | 0.006420 | 0.008560 | 0.01070
MCNP N 0.7556 0.7540 0.7524 0.7508 0.7492 0.7476
Input @) 0.2315 0.2329 0.2343 0.2357 0.2371 0.2385
Material Ar 0.01289 | 0.01286 | 0.01283 | 0.01281 | 0.01278 | 0.01275
Fraction H 0 0.0002 0.0005 0.0007 0.0010 0.0012
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Figure 5-8. Comparison of Brode equation calculated and MCNP computed total fluence
for 10 kt Little Boy and Fat Man type devices in dry air, 20%, 40%, 60%, 80%, and 100%
humidity in air.

A special S(a,B) treatment of thermal neutron scattering is available in MCNP
when hydrogen is in the molecular compound of water [31]. With the introduction of water

vapor to model humid air, the S(a,f3) cross section option for hydrogen was used in an
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MCNP simulation for the 100% humidity cases of Little Boy and Fat Man to study the
impact. The total fluence results from 800 to 1500 m are shown in Table 5-2. The results
show that the impact from not employing the special hydrogen scattering is small. In
particular, the average error for not using S(a.,[3) cross section is —0.31% for the Little Boy

type weapon, and —0.24% for the Fat Man type device.

Table 5-2 Total Fluence with and without S(a,) Cross Section for Hydrogen in 100%
Humidity for Little Boy and Fat Man Type Weapons at Different Distances

Fluence (n/cmz) 800m | 900 m | 1000 m | 1100 m | 1200 m | 1300 m | 1400 m | 1500 m

Without | 1.947 | 7.302 | 2.840 | 1.144 | 4757 | 2.036 | 8.956 | 4.024
Little | S(o,p) | x10'? | x10* | x10™ | x10* | x10%° | x10%° | x10° | x10°

Boy | Using | 1.954 | 7.328 | 2.850 | 1.147 | 4771 | 2.042 | 8979 | 4.034
S(a,p) | x10¥ | x10* | x10%! | x10% | x10%° | =101 | x10° | x10°

Without | 1.015 | 5039 | 2526 | 1.271 | 6.427 | 3.259 | 1.669 | 8581
Fat | S(af) | x10M | x10%° | x10%0 | x10%° | x10° | x10° | x10° | x108

Man | Using | 1.017 | 5.050 | 2532 | 1.274 | 6.442 | 3.270 | 1673 | 8597
S(a,p) | x10M | x10% | x10%° | x10% | x10° | x10° | x10° | x108

5.5 Nuclear Weapon Type Determination

In Section 5.3, equations are developed to calculate the weapon yield for Little Boy
and Fat Man type devices. However, in order to use the correct equation for the calculation,
the nuclear weapon type must be determined first. This section presents two different

methods to fulfill this goal.
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5.5.1 Ratio Method

One approach to distinguish the fission weapon type is using the induced activity
ratio of different radionuclides from the measurements in the post detonation analysis. For
example, for the LiMnO; batteries, ratios of **Fe/>!Cr, and >1Cr/®°Co can be utilized [56].
The neutron fluence resulting from a nuclear weapon detonation is a function of energy
(E), distance (r), and yield (Y), i.e., ® = ®(E,r,Y). Egs. (7) and (8) from Section 5.3 indicate
that the fluence is directly proportional to the weapon yield. However, when weapon yield
changes, it only alters the total number of neutrons. The relative fluence at a particular
distance remains the same. That is to say, at a specific location, when yield changes, it only
changes the magnitude of the neutron spectrum. The shape of the spectrum ¢(E) remains
the same, so that ® = ®(E). When using this ratio method to determine the fission device
type, the activities of the radionuclides are measured from the same battery. Therefore, the

induced activity A of each radionuclide can be calculated using,
A= j Y(E)®(E) dE =B j >(E) p(E) dE (11)

where B is the fluence amplitude that can be factored out from the energy spectral shape
function ¢(E). Consequently, the amplitude B can be canceled when calculating the

activity ratio of two radionuclides, as shown in

A JZ.(E) o(E) dE

A [2,(E) p(E)dE 4
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In the equation above, the cross sections X(E) are constant for each reaction. At the same
time, the fluence energy function ¢(E) at the point of interest does not change. Therefore,
no matter what the device yield is, the activity ratio Ai/A> remains the same. For example,
Table 5-3 shows the activity ratios of selected radionuclides of CR2032 LiMnO: battery, 1

km from detonation point for Little Boy and Fat Man type devices.

Table 5-3 Activity Ratios of Selected Radionuclides at 1 km from Detonation Point from
CR2032 LiMnO; Battery

Ratio Little Boy Ratio | Fat Man Ratio | Percentage Difference
YFe/**Mn 0.00101 0.00108 7.1%
YFe/**Na 0.159 0.170 7.0%
FefiCr 0.0460 0.0532 14.6%
YFe/®Co 220 235 6.5%
Mn/*Na 157 157 0.1%
SSMn/siCr 45 49 7.5%
%Mn/%°Co 217,500 216,400 0.5%
24Na/°lCr 0.290 0.313 7.6%
24Na/%°Co 1390 1380 0.4%
S1Cr/%°Co 4780 4410 8.1%

To evaluate which ratios are valuable for distinguishing the fission weapon type,
the difference between the activity ratios for the same two radionuclides for the Little Boy
and Fat Man type device was first examined. The ratios with the largest separation were
considered most useful because they may be the least likely to be washed out by statistical
error in counting. For example, the initial activity ratios of **Fe/>!Cr at 1 km from the Little
Boy and Fat Man type device detonation point are 0.0460 and 0.0532 (14.6% difference),
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respectively. This makes *°Fe/>'Cr appear to be the most useful ratio for this battery in
determining the type of fission weapon. For the same reason, the next most useful ratio is
S1Cr/%°Co with an 8.1% difference.

Next, the behavior of the ratios over time was also studied. The >°Fe/>!Cr activity
ratios for Little Boy and Fat Man type devices were plotted for the first five days after
detonation, as shown in Figure 5-9. Because of the sufficiently long half-lives of **Fe and
*1Cr, the activity ratio remains roughly constant as expected. It is noteworthy that most of
the 5Cr and *°Fe are originated in the steel casing of the battery, and the majority of the
batteries made for personal uses nowadays have a steel casing, although the alloy may be
different between batteries. Therefore, even though the results shown here are for a

CR2032 LiMnO:; battery, these results are extensible to other battery types.
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Figure 5-9. >°Fe/>!Cr activity ratio for 10 kt Little Boy and Fat Man type devices as a
function of time 1 km from the detonation point.
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In similar fashion, the manner in which the activity ratio changes with distance was
also studied. For example, Figure 5-10 shows the *Na/>'Cr ratios as a function of distance.
As can be seen, the ratios exhibit a nearly constant trend. This means that the 2*Na/>'Cr
ratio does not change significantly with the distance and can be used over a wide range of
distances to distinguish the weapon type. However, not all of the ratios could provide
sufficient separation between Little Boy and Fat Man devices. For example, with the
S5Mn/?*Na, 2*Na/*°Co, and **Mn/®°Co ratios, the ratio percentage difference is < 0.5%, as

shown in Table 5-3. Therefore, they will have error bars that overlap, unlike those shown in

Figure 5-10.
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Figure 5-10. 2*Na/°'Cr activity ratio for 10 kt Little Boy and Fat Man type devices as a
function of distance one day after exposure.
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Therefore, by using the activity ratios of two radionuclides, it is feasible to
determine whether a detonation is from a gun-type device or an implosion weapon. These

activity ratios do vary as a function of distance.

5.5.2 Slope Method

Another approach to discriminate the fission weapon type is to use the measured
activity of a specific radionuclide produced by one reaction within multiple battery
samples collected at different locations. For example, Figure 5-11 shows the MCNP
simulated induced number of **Mn(n,y) reactions in the CR2032 LiMnO; battery from
Little Boy and Fat Man type devices in the MD zone, together with the fitted results using
Egs. (9) and (10) presented in Section 5.3. The plot demonstrates that the number of
>>Mn(n,y) reactions from the Little Boy type device decreases faster compared with Fat
Man type when distance increases. This result is consistent with Egs. (9) and (10) which
indicate that the slopes for the number of reactions from Little Boy and Fat Man type
weapons should be different. This is because the total number of reactions Ra is a function

of total flux ¢r and macroscopic cross section Za,
G
R,=¢ Z,=D 4(E),(E) (13)
i=1

where the G multigroup cross sections Xi(E) and fluxes #(E) are functions of energy E.

Because the energy source spectrum is different for the Little Boy and Fat Man type
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weapons, the distance-propagated fluxes are different, which leads to the different number
of reactions. In particular, the number of >*Mn(n,y) reactions from the Little Boy type
device decreases by a factor of 500 from 800 m to 1500 m, meanwhile, the Fat Man type
weapon reduces by a factor of 96.6. It is also noteworthy that, as presented in Figure 5-11,
the number of >*Mn(n,y) reactions per gram of Mn has a similar slope over distance as the
total fluence for Little Boy type device (i.e., factor of 500 decrease). Similarly, for the Fat
Man style weapon, the number of *Mn(n,y) reactions per gram of Mn and the total fluence

both reduce at the same rate (a factor of 96.6) from 800 m to 1500 m.
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Figure 5-11. Comparison of the total number of **Mn(n,y) reactions as computed by

MCNP (symbols), the fitted equation (lines), and the total fluence as a function of distance
from 800 to 1500 m for 10 kt Little Boy and Fat Man type devices.
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In the real utilization of this approach in a case of nuclear detonation, with the
assistance of the advanced technologies available today, the explosion time, location and
the battery samples collection places can be accurately pinpointed. This indicates that the
type of fission weapon can be distinguished using this method. Researchers could collect
multiple battery samples at different distances, measure the *®Mn activities for each
battery, and calculate the slope over distances from the detonation point. By comparing the
computed slope with those of Figure 5-11, one could determine whether the nuclear
detonation is from a gun-type weapon, or an implosion device.

The slope method has also been studied under different humidity levels (20%, 40%,
60%, 80%, and 100%) to ascertain how humidity impacts the results of this study. The
induced number of ®*Mn(n,y) reactions in the CR2032 LiMnO battery from Little Boy and
Fat Man type devices are simulated in MCNP under each humidity level, and the slope of
the number of >*Mn(n,y) reactions from 800 m to 1500 m are calculated. The results are
plotted in Figure 5-12. The plot shows that despite the humidity level, the slope of the
number of >*Mn(n,y) reactions from 800 m to 1500 m ranges from 500 to 591 for Little Boy
and 96.6 to 118 for Fat Man. More importantly, the slope of the Little Boy is always 501%
to 518% larger than the Fat Man cases. Therefore, the slope method can be used under a

humid air situation to distinguish the Little Boy type device from the Fat Man type weapon.
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Figure 5-12. Comparison of the slope of the number of >**Mn(n,y) reactions from 800 m to
1500 m for 10 kt Little Boy and Fat Man type devices in dry, 20%, 40%, 60%, 80%, and
100% humid air.

With the weapon type determined using either of the two methods described above;
one can select the corresponding equation presented in Section 5.3 and the weapon yield

can be calculated accordingly.

5.6 Nuclear Weapon Spectra Reconstruction

In Chapter 4, the SNL-SAND-IV code was used to reconstruct the reactor source
spectra using foils and batteries. This section will focus on reconstructing nuclear weapon
spectra using Li-ion batteries. Unlike reactor experiments, it is impractical to conduct a
nuclear weapon denotation experiment to collect irradiated battery samples. Therefore,
MCNP was used to simulate such events. Similar to the MCNP reactor simulations

presented in Section 4.2, here, the battery samples were subjected in MCNP to 10 kt Little
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Boy and Fat Man type nuclear weapon explosions 1 km away in dry air. Then, the
simulated battery activities were used as input to reconstruct the weapon spectra at 1 km
away from the detonation point using SNL-SAND-1V. As the exposure duration during a
nuclear weapon detonation is relatively short, Eq. (1) is no longer suitable to calculate the

activity. Instead, since the fluence ® is an impulse function, Eq. (14) should be used,

AD=n0)4 oye™ (14)
where 1 and 2 represent the target and activated product, respectively, and t is the time

since detonation. The derivations of Egs. (1) and (14) can be found in Appendix D.

5.6.1 Weapon Spectra Reconstruction with Ultrathin Battery

Since the MEC 201 battery matches very well with the foils reconstructed results
for the reactor experiments, it is first used for nuclear weapon spectra reconstructions. The
same five reactions, as shown in Table 4-7, used to reconstruct the UMass experiment
spectrum were utilized in this reconstruction as well. At first, the battery is subjected to the
neutrons transported in the MCNP simulation for a 10 kt Fat Man type weapon detonation,
1 km away in dry air. Then, the simulated activities for those five reactions were used as
input to the SNL-SAND-1V code, along with the Fat Man reference spectrum, for
reconstruction. After that, in order to further examine how sensitive the SNL-SAND-IV
results are to the initial input spectrum, the input spectrum was changed to a Little Boy type

reference spectrum, while keeping the activities the same. It is noteworthy that the neutron
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spectra obtained from MCNP simulation output are in the units of n/(cm?), whereas the
input and output spectra of SNL-SAND-IV are in the form of n/(cm>MeV), that is,
differential spectra. Therefore, MCNP simulated spectrum results need to be transferred
into per MeV values before being used for reconstruction and comparison; this is readily
accomplished by dividing the n/cm? values by the energy bin width. The reconstructed
results for both cases are plotted as Figure 5-13, along with the MCNP simulated spectra
for Little Boy and Fat Man type devices, 1 km away. The graph shows that both
reconstruction results converge to the Fat Man spectrum at 1 km, no matter which initial
reference spectra were used. In particular, the calculated total neutron fluences are
4.0x10%°, 3.9x10%, and 3.6x10° n/(cm?), for the reference Fat Man spectrum, and
reconstructions using Fat Man and Little Boy as the initial spectrum, respectively. In other
words, the differences between the reference and the reconstructed spectra using Fat Man
and Little Boy type weapon as initial guesses are 2.5% and 11%, respectively. This
indicates that the initial input spectrum does not have to be perfect to obtain the correct
result. The plot shows that the reconstructed spectra effectively overlay the MCNP
estimated reference spectrum, which means that the thin MEC201 battery can be used to

effectively reconstruct the weapon spectrum.
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Figure 5-13. Neutron spectrum from SNL-SAND-IV reconstruction of Fat Man type
weapon from MEC201 battery using the MCNP simulated activities but different initial
spectra, with a comparison to the MCNP estimated reference weapon spectra for 10 kt
Little Boy and Fat Man type devices at 1 km.

The same effort was make to reconstruct the Little Boy type device spectrum using
the MEC201 battery as well. This time, the battery is subjected to the neutrons transported
in the MCNP simulation for a 10 kt Little Boy type weapon detonation, 1 km away in dry
air. Again, both a 10 kt Little Boy and a Fat Man type weapon spectra at 1 km were used as
the initial spectral input, and the results are shown as Figure 5-14. Unsurprisingly, both
reconstructed spectra match well with the reference spectrum of the Little Boy type device.
Actually, in real practice, the correct weapon type should have already been determined by
using the methods presented in Section 5.4. Hence, the correct input spectrum can be used

at the beginning to minimize the error and achieve the best reconstruction result. In this
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case, the calculated total neutron fluences for the reference Little Boy type spectrum and
reconstruction using correct Little Boy type device as the initial input spectrum are
5.8x10 and 5.7x10% n/(cm?), respectively. That is only a 0.49% difference. This further

confirms that the thin batteries can be used to reconstruct the weapon spectrum.
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Figure 5-14. Neutron spectrum from SNL-SAND-IV reconstruction of Little Boy type

device from MEC201 battery using the MCNP simulated activities but different initial

spectra, with a comparison to the MCNP estimated reference weapon spectra for 10 kt
Little Boy and Fat Man type weapons at 1 km.

5.6.2 Weapon Spectra Reconstruction with Thin Battery

Next, the thicker ML-2020 battery used in the reactor experiment spectrum
reconstruction is also used to reconstruct the weapon spectrum as well. In similar fashion
as above, the ML-2020 battery is first used to reconstruct the Little Boy type weapon

spectrum, and the result is shown in Figure 5-15. As expected, the reconstructed spectra
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converge to the Little Boy type reference spectrum regardless of the initial input. Even
though there is some oscillation at the higher energy, one can easily distinguish that the

reconstructed spectrum matches the Little Boy type device, instead of a Fat Man weapon.
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Figure 5-15. Neutron spectrum from SNL-SAND-IV reconstruction of Little Boy type

device from ML-2020 battery using the MCNP simulated activities but different initial

spectra, with a comparison to the MCNP estimated reference weapon spectra for 10 kt
Little Boy and Fat Man type weapons at 1 km.

Then, ML-2020 battery is also used to reconstruct the Fat Man type device
spectrum. The result is shown as Figure 5-16. Unsurprisingly, the reconstructed spectra
converge to the Fat Man type reference spectrum no matter what the initial input spectrum
is. Similar to the Little Boy spectrum reconstruction results using ML-2020, the trend,
shape, and magnitude of the reconstructed spectra are very similar to the reference

spectrum, except some oscillations at higher energies. The ML-2020 battery used 11
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reactions for reconstruction, while the thinner MEC201 battery used only 5 reactions. Just
like in Figure 4-3 where 10 foil reactions were used to reconstruct the reactor spectrum,
these additional reactions lead to the introduction of the additional fitting features
(deviations). However, it does not impair the ability to discriminate the Little Boy versus

Fat Man type weapon.
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Figure 5-16. Neutron spectrum from SNL-SAND-IV reconstruction of Fat Man type
device from ML-2020 battery using the MCNP simulated activities but different initial
spectra, with a comparison to the MCNP estimated reference weapon spectra for 10 kt

Little Boy and Fat Man type weapons at 1 km.
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5.6.3 Weapon Spectra Reconstruction with Combined Battery
In the real utilization of this approach, multiple battery samples will be exposed to
the same incident spectrum and collected for analysis. Therefore, the activities of both

MEC201 and ML-2020 batteries are combined together to reconstruct the neutron
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spectrum, just like for the reactor spectrum reconstruction in Section 4.3.2. The two
batteries have 12 unique reactions in total, and they are all used in the reconstructions.
First, the activities from the MCNP Little Boy 1 km simulation were utilized. Similar to the
reconstruction using a single battery, both Little Boy and Fat Man spectra were used as
SNL-SAND-1V input initial spectrum. The overall SNL-SAND-1V calculated activities are
within 1.6% of the MCNP simulated activities for both cases. The reconstructed results are
shown as Figure 5-17. The reconstructed results look similar to the results using the thicker
ML-2020 battery alone. Regardless of the input spectrum, the results match with the Little
Boy spectrum. There are oscillations at higher energy range, however, not enough to blur

the judgement of Little Boy versus Fat Man spectrum.
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Figure 5-17. Neutron spectrum from SNL-SAND-1V reconstruction of Little Boy type
device from MEC201 and ML-2020 combined battery using the MCNP simulated
activities but different initial spectra, with a comparison to the MCNP estimated reference
weapon spectra for 10 kt Little Boy and Fat Man type weapons at 1 km.
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Similarly, the MCNP simulated results of the Fat Man case for the combined
battery are also used to reconstruct the neutron spectrum, using both Little Boy and Fat
Man spectra at 1 km as SNL-SAND-1V input. This time, the overall SNL-SAND-IV
calculated activities are within 0.2% of the MCNP simulated results. The reconstructed
spectra are shown as Figure 5-18. As expected, both cases converge to Fat Man spectrum,
and the reconstructed spectra have similar characteristics as the ML-2020 results. The
reason that the combined battery results are more like the results using the ML-2020 alone
might be that out of the 12 reactions of the combined battery, ML-2020 has 11 of them,
whereas MEC201 has only 5. Thus, the ML-2020 battery is more dominate in the

combined battery.
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Figure 5-18. Neutron spectrum from SNL-SAND-IV reconstruction of Fat Man type
device from MEC201 and ML-2020 combined battery using the MCNP simulated
activities but different initial spectra, with a comparison to the MCNP estimated reference
weapon spectra for 10 kt Little Boy and Fat Man type weapons at 1 km.
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5.6.4 Weapon Spectra Reconstruction with Battery Next to a Water Cube

Next, efforts were made to study how the person carrying the battery will impact
the reconstruction results. Since the majority of the human body is water, to simplify the
simulation, a water cube is placed next to the battery to serve as a human phantom. The
water cube is 70 cm x 40 cm x 20 cm to mimic the torso of an adult. First, this water cube
is placed right next to the battery in the MCNP battery model of Section 3.2. Then, the
battery plus water cube model is exposed to the MCNP weapon simulation model, shown

as Figure 5-19, as discussed in Section 5.5.1.

*Note: Not to scale. Battery is actually much smaller.

Figure 5-19. MCNP simulation model of battery exposed in weapon spectrum with water
cube.

Similar to the reconstruction effort introduced in Section 5.5.1, the MEC201

LiCoO; battery with the water cube was first used to reconstruct the weapon spectrum at 1
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km. The results are shown in Figure 5-20 and Figure 5-21, respectively, for the Little Boy
and Fat Man devices. The plots show that even with the water cube placed next to the
battery, the reconstructed result almost overlay with the result without the water cube, as

well as the correct reference spectrum.
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Figure 5-20. Neutron spectrum from SNL-SAND-IV reconstruction of Little Boy type
device from MEC201 battery using the MCNP simulated activities with and without
water cube, with a comparison to the MCNP estimated reference weapon spectra for 10 kt
Little Boy and Fat Man type weapons at 1 km.
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Figure 5-21. Neutron spectrum from SNL-SAND-IV reconstruction of Fat Man type
device from MEC201 battery using the MCNP simulated activities with and without
water cube, with a comparison to the MCNP estimated reference weapon spectra for 10 kt
Little Boy and Fat Man type weapons at 1 km.

Next, similar to Section 5.5.2, the ML-2020 LiMnO: battery is used to further valid
this simulation with a water cube. The results are shown as Figure 5-22 and Figure 5-23 for
Little Boy and Fat Man devices, respectively. As expected, the reconstructed result with
the water cube matches well with the spectrum reconstructed without the water cube, as
well as the reference spectrum. This further substantiates that even with a water cube next
to the battery, the Li-ion batteries are capable of reconstructing the correct weapon
spectrum. In the real utilization, this means that even if the battery sample is placed next to
a human, it can still be used to correctly reconstruct the incident weapon spectrum and

distinguish the Little Boy type weapon from the Fat Man type device.
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Figure 5-22. Neutron spectrum from SNL-SAND-IV reconstruction of Little Boy type
device from ML-2020 battery using the MCNP simulated activities with and without
water cube, with a comparison to the MCNP estimated reference weapon spectra for 10 kt
Little Boy and Fat Man type weapons at 1 km.
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Figure 5-23. Neutron spectrum from SNL-SAND-IV reconstruction of Fat Man type
device from ML-2020 battery using the MCNP simulated activities with and without
water cube, with a comparison to the MCNP estimated reference weapon spectra for 10 kt

Little Boy and Fat Man type weapons at 1 km.
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5.7 Summary

Overall, the results presented in this chapter demonstrate that, in a case of a nuclear
weapon detonation incident in an open area, the irradiated Li-ion batteries are capable of
being analyzed to calculate the nuclear weapon yield, determine the device type, and

reconstruct the weapon spectrum.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

This research utilizes thin Li-ion batteries as widely spread sensors for nuclear
forensics. In particular, by performing post detonation analyses using irradiated Li-ion
batteries after a nuclear weapon explosion, the yield, type, and the spectrum of the device
can be determined.

For decades, people have been studying different ways of performing nuclear
forensics. With the large deployment of consumer electronics nowadays, the Li-ion
batteries are chosen in this study because the desired samples can be collected in many
locations after a nuclear weapon detonation. Detailed information about representative
Li-ion batteries was introduced in Chapter 3. The battery samples were first disassembled
and analyzed using ICP-MS to obtain the accurate geometry and mass for each chemical
element. Then, with above information available, MCNP models were built for those
battery samples.

In order to validate the method, in Chapter 4, four reactor experiments were
performed to irradiate the batteries. The experiments were simulated using MCNP
models as well. The reactor source spectrum was first validated using the activation foils
through SNL-SAND-IV reconstruction. Then, the irradiated battery activities were used
to reconstruct the experiment spectrum, and the results are compared with the foils
reconstructed reference. The results shows that the thin batteries are able to reconstruct
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the reactor spectrum, just like the activation foils methodology, especially by using the
ultrathin battery.

Next, in Chapter 5, basic information about nuclear weapons was provided. The
only two nuclear weapons that have been detonated in war, Little Boy and Fat Man, were
chosen for this study. Because it is unpractical to conduct a real nuclear weapon
detonation for experimentation, the source spectra of those two weapon types were
obtained from literature, and the incident neutron spectra at different distances from the
detonation point are simulated using MCNP. Subsequently, two equations that relate the
total neutron fluence and weapon yield were developed for Little Boy type and Fat Man
style weapons in the MD zone (800 to 1500 m from detonation point for a 10 kt device).
The Li-ion batteries were then subjected to those neutron spectra in MCNP simulations.
Thereafter, two equations that relate the weapon yield to the number of reactions as a
function of distance were also developed for each weapon type.

Two different methods to determine the type of nuclear weapon were presented as
well. One approach uses the induced activity ratio of different radionuclides from the
measurements in the post detonation analysis to distinguish the fission weapon type. The
other approach utilizes the measured activity of a specific radionuclide produced by one
reaction within multiple battery samples collected at different locations to discriminate the
fission weapon type. Both methods provide the ability to determine the type of the nuclear
weapon.
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Lastly, the Li-ion batteries were used to reconstruct the weapon neutron spectrum
using SNL-SAND-1V, in a similar approach as for the reactor spectrum reconstruction.
The battery reconstructed results were compared with the MCNP simulated reference
spectra. The result shows that the irradiated Li-ion batteries are capable of reconstructing
the nuclear weapon spectrum.

In conclusion, in the case of a real nuclear weapon detonation incident, irradiated
battery samples in the MD zone can be collected for post detonation analyses. By using
either the slope method or the ratio method presented in this research, one can determine
whether the weapon is a gun-type or an implosion-type device. Then, by using the
corresponding equations developed in this study, the weapon yield can be calculated.
Lastly, by utilizing the irradiated battery activities, the incident neutron spectrum can be
reconstructed using SNL-SAND-IV. The most desirable battery type for determining each
of the nuclear weapon characteristics is listed as Table 6-1 based on the batteries
investigated in this research. In a real nuclear weapon detonation incident, the best battery
samples could be separated out from all batteries collected, depending on what
characteristic(s) are to be determined. In other words, this research indicates that Li-ion
batteries can be used as neutron detectors to determine the yield, type, and the spectrum of

nuclear weapon devices.
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Table 6-1 Best Battery Choice to Determine Different Nuclear Weapon Features

Unknown Best Battery
Yield Mn Based
Device Type Ratio Method Steel Casing
Slope Method Mn Based
Spectrum High Activity, Thin

There are future works that can be done to further improve the methodology. As
mentioned in Section 4.3.2, the "*As(n,y) and ¥’W(n,y) reactions are not available in the
SNL-SAND-IV cross section library, and those reactions were omitted in the present work.
Therefore, it is desirable to expand the SNL-SAND-1V cross section library to include
these and other reactions that may be of importance in Li-ion batteries. It would be
desirable to find out why including %®Ni(n, p) and 83Cu(n, o) reactions in reconstructing the
UMass reactor spectrum using the combined MEC201 and ML-2020 batteries leads to a
12% overall difference, too. In the same section, because 2*Na has gamma ray peaks that
are located outside of the calibrated Ge detector range, including the 2Na(n,y) reaction in
the spectrum reconstruction led to a large error. Hence, a better calibrated gamma ray
detector should be used to measure the activities of activated battery samples in the future.
The next battery type that might be studied is Li-polymer, as it is used more and more in
consumer electronics. Also, it will be nice to model all the batteries inside an electronic
device, such as a cell phone or music player, in the future work. Just like the iPod and iPod

Li-polymer battery exposed during the second UMass experiment, if the stainless steel
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casing edition iPod is used, people may be able to determine the nuclear weapon type using
the 5°Fe/>ICr activity ratio method, without taking the battery out to measure.

A lesson learned during this research is that it is very beneficial to have at least one
colleague to present during the reactor experiments. During the two OSU experiments, no
team members were sent there in order to reduce the cost. When analyzing the irradiated
battery samples after the experiments, there are always some missing pieces of
information. Another lesson learned from the two OSU experiments is that foils should
have also been irradiated so that activation analysis could be performed to obtain accurate
information about the reactor, such that the reconstructed reactor spectrum using
SNL-SAND-1V could be readily compared. With these lessons learned, the latter two
UMass experiments irradiated ten foils along with the batteries each time, and were
actually performed by one of our colleagues in Boston, which provided more detailed
information to support the research. Also, it is highly desirable to have a “battery material
library” in which the accurate constituency of each battery type are listed. This could
eliminate the time required and the errors introduced during (1) disassembling the battery
in preparation for ICP-MS analysis, and (2) performing the ICP-MS analysis. By having a
more accurate battery constituency, the MCNP battery models are more precise, which will

reduce the error of the post detonation analysis as a result.
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APPENDIX A

ICP-MS RESULTS FOR LI-ION BATTERIES
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A.1l. LIR2032 LiCoO. Battery

TOT

LiCoO2 . . .
.. . . Square | Aluminum LiCo+ Negative
Element Positive | Foil--Shiny ngl 49 Foil Cellulose Copper Carbon Ele?:tro de
Electrode
Mass (mg) 900 9 7 366 117 98 146 706
Fe 893719.35 | 4884.79 4275.31 520.84 347.67 BDL 217.50 | 875353.41
Cr 297385.49 183.53 105.75 8.48 84.74 30.21 51.55 | 265549.99
Co 2357.24 263.38 185512.31 | 576556.81 | 2246.82 45.35 351.37 2221.47
Cu 3603.35 220.46 654.47 2234.36 9144.20 | 1756920.18 | 26716.06 | 2247.72
Ni 123262.92 108.45 199.62 51.92 42.92 77.62 35.56 | 114559.93
0] 0.00 0.00 0.00 313052.00 0.00 0.00 0.00 0.00
P 522.04 10948.26 9018.18 4130.82 19454.17 971.60 10986.50 | 461.22
Al 4034.83 | 1027527.03 | 841214.91 | 140993.39 BDL BDL BDL BDL
C 0.00 0.00 132318.80 0.00 0.00 0.00 32497.50 0.00
Li 106.20 3072.83 20906.85 | 52599.11 7890.87 278.30 5772.12 77.08
Mn 11090.77 41.45 66.35 110.03 5.58 16.21 6.21 12463.62
Na BLQ 271.07 337.62 353.28 535.43 BDL 352.38 BLQ
Mo 2343.54 19.14 11.67 1.39 2.10 14.31 6.45 761.18
\Y/ 1264.11 129.16 196.69 26.83 2.65 2.84 4.53 1155.02
K 205.54 224.70 814.71 160.30 158.76 214.53 187.80 125.09
Ti BLQ 198.98 391.32 731.75 77.87 15.95 89.23 BLQ
Zn 21.93 677.25 834.41 41.85 123.85 338.46 104.06 22.73
W 163.93 3.50 2.66 0.69 0.67 0.26 0.63 65.21
Nb 54.33 0.65 0.46 0.10 0.29 BLQ 0.46 30.75
Mg BDL 1340.26 1970.70 BLQ BDL BDL BDL BDL




c0T

LiCoO2

. . . Square | Aluminum LiCo+ Negative
Element Positive | Foil--Shiny ngl 49 Foil Cellulose Copper Carbon Ele?:tro de
Electrode

Ce 0.05 2.61 1.37 0.28 1.08 0.05 2.64 0.04
Ba BLQ 0.78 1.27 1.31 0.90 0.37 2.21 BDL
La 0.04 2.13 0.75 0.15 0.79 0.04 1.65 0.03
Cd 3.80 BLQ BLQ BDL BDL BLQ BLQ 1.18
Nd BLQ 0.78 0.27 0.08 0.42 BLQ 1.01 BDL
Pb-208 0.13 9.14 5.91 1.32 0.26 0.10 0.35 1.03
Sr BDL BLQ 0.23 0.31 0.33 BLQ 0.82 BDL
Pb-207 BLQ 8.89 5.79 1.31 0.26 BLQ 0.34 1.01




A.2. CR2032 LiMnO, Battery

Element Panasonic | Positive Negative Metal Negative _
Pellet Tab Tab Screen Electrode Casing
Mass (mg) 21 1129 101 847 687

Fe BDL 1083796.50 | 914942.32 | 241749.35 723988.89
Cr BDL 269125.09 | 227349.07 | 61037.03 179927.42
Mn 390000.00 | 14886.64 | 12344.82 | 13209.93 10062.45
Al BDL 166.35 161.12 | 706880.08 424.34
o) 300000.00 BDL BDL BDL BDL
Ni BDL 146948.22 | 121810.03 | 39812.12 92664.12

F 180000.00 BDL BDL BDL BDL

C 120000.00 BDL BDL BDL BDL
Mo BDL 2735.35 2264.56 6954.11 1796.14
Li BDL 3.54 2.88 39170.31 80.65
Cu BDL 4106.50 3386.14 850.51 3376.63
Co BDL 1872.32 1551.96 835.61 1624.71
\Y/ BDL 861.70 726.51 313.21 699.07
Sn BDL 3173.36 5956.95 23.79 87.28

P BDL 476.62 385.89 111.25 348.81
K BDL BDL BDL BDL BDL

S 1000.00 BDL BDL BDL BDL
Cl 750.00 BDL BDL BDL BDL
W BDL 201.89 165.79 101.74 319.76
Na BDL 146.98 164.59 146.89 48.54
Ge BDL 96.79 78.78 26.40 75.54
Ga BDL 38.29 31.83 64.18 28.04
As BDL 39.94 32.63 11.04 28.98
Zn BDL 22.85 245.78 21.14 11.02
Ca BDL 53.77 73.26 37.62 BDL
Ru BDL 28.90 27.75 1.35 24.12
Ti BDL 4.88 3.52 129.42 8.62
Cd BDL 3.27 2.68 8.45 2.13
Sb BDL 13.99 11.62 3.14 12.48
Hg BDL 6.51 4.97 2.93 8.70
Mg BDL 5.79 5.24 3.72 2.53
Pb BDL 0.60 0.48 5.97 0.11
Rb BDL 1.62 1.50 0.19 1.21
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Element Panasonic Positive Negative Metal Negative _
Pellet Tab Tab Screen Electrode Casing
Re BDL 0.36 0.30 1.07 0.31
Zr BDL 1.38 0.76 3.41 0.27
Ba BDL 0.31 0.33 3.88 0.21
Ta BDL 0.03 0.01 0.08 1.21
Au BDL 0.76 0.56 0.34 0.29
Rh BDL 0.36 0.33 0.04 0.34
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A.3. MEC201 LiCoO; Battery

Note:

BDL: Below Detection Limit; BLQ: Below the Limit of Quantitation. BDL means that
the quantity is lower than the minimum detection limit; whereas BLQ means that the

Element | Silver Side | Green Side
Mass (mg) 279 161

Cu 565713.15 | 759614.10
Ni 423967.11 | 81555.58
Co 23247.38 67.02
Mn 13220.61 1.37
Li 9347.88 5321.55
Fe 4003.12 40.16
Ti 2057.70 2.76

P 1451.76 443.86
Al 1445.85 122.36
Cr 295.74 67.99
Na 122.85 121.96
Zn 189.85 12.86
Mg 76.35 3.44
Ca 41.93 41.17
Sn 25.80 2.15
Mo 24.21 2.95
Pb 22.26 0.51
Pd 11.14 15.77
Se 19.89 BDL
As 10.13 0.53
K BDL 14.75
Rh 5.06 7.12
Ge 4.46 4.32
Au 1.04 6.37
Sh 4,51 0.06
Vv 2.77 0.11
W 2.64 0.17
Ru 1.06 0.35
Te 1.14 BDL

mass is so small that it cannot be quantified.
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APPENDIX B

GAMMA SPECTRA OF BATTERIES EXPOSED IN EXPERIMENTS
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Figure B-1. Gamma ray spectra of a LIR2032 LiCoO; battery obtained 1 day and 3 days
after the first OSU reactor experiment.
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Figure B-2. Gamma ray spectra of a LIR2032 LiCoO- battery obtained 1 day and 2 days

after the second OSU reactor experiment.
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Figure B-3. Gamma ray spectra of a CR2032 LiMnO; battery obtained 1 day and 2 days
after the second OSU reactor experiment.
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Figure B-4. Gamma ray spectrum of a MEC201 LiCoO; battery obtained 1 day after the

first UMass reactor experiment.
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Figure B-6. Gamma ray spectra of a LIR2032 LiCoO- battery obtained 1 day after the

second UMass reactor experiment.
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Figure B-7. Gamma ray spectra of a CR2032 LiMnO; battery obtained 1 day after the

second UMass reactor experiment.
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APPENDIX C

INDUCED ACTIVITIES FOR BATTERIES EXPOSED IN EXPERIMENTS
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C.1. Induced Activities for Batteries Exposed in the First OSU Experiment

) ) LIR2032 LiCoO, | CR2032 LiMnO>
Radionuclides
Activity (Bq) Activity (Bq)
Mn-56 1.04E+07 4.95E+08
Fe-59 6.45E+02 9.63E+02
Co-60 1.56E+04 4.75E+02
Cu-64 2.80E+06 2.42E+05

C.2. Induced Activities for Batteries Exposed in the Second OSU Experiment

i i LIR2032 LiCoO, | CR2032 LiMnO:
Radionuclides
Activity (Bq) Activity (Bq)

Mn-56 2.08E+07 5.18E+08
Fe-59 9.44E+02 9.84E+02
Co-60 3.00E+04 3.50E+01
Co-58 8.77E+02 1.70E+02
Na-24 9.32E+03 2.83E+03
Ga-72 2.91E+03 1.49E+03
W-187 1.51E+04 3.53E+02
Cu-64 5.29E+06 1.53E+04
Cr-51 6.85E+04 2.84E+04
As-76 2.23E+03 1.64E+03

K-40 1.20E+03 1.49E+03
Mo-99 7.96E+02 5.18E+01
Sh-122 4.03E+02 1.59E+02
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C.3. Induced Activities for Batteries Exposed in the Second UMass Experiment

. . LIR2032 LiCoO, | CR2032 LiMnO2
Radionuclides
Activity (Bq) Activity (Bq)

As-76 1.47E+03 7.22E+02
Co-58 2.53E+02 3.31E+01
Co-60 9.44E+02 4.55E+00
Cr-51 7.88E+02 8.84E+02
Cu-64 1.97E+05 N/A
Fe-59 4.14E+01 3.67E+01
Ga-72 1.82E+03 1.01E+03
Mn-54 1.98E+01 3.42E+01
Mo-99 1.30E+02 N/A
Na-24 3.02E+02 5.40E+01
W-187 4.37E+02 3.77E+02
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APPENDIX D

ACTIVITY EQUATIONS DERIVATION
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This Appendix shows the derivation of the activity equations for constant neutron
flux and impulse neutron flux conditions. The general differential equation in both cases
is:

dn,
FT n1(0)P(t)ag — nz(t) 4,
where
n, = the number of activation product nuclei,
n, = the number of target nuclei,
®(t) = the neutron flux,

o} =the microscopic absorption cross section of the target nuclide, and

A, =the decay constant of the activation product.

(1) For constant neutron flux during irradiation:

P(t) =¢
Then, perform the Laplace transform and get:
n,(0)pag
sy(5) = 1p(0) = ———— — ny(s)2,
Since n,(0) = 0, therefore,
n,(s) = n1(0)pog
2 s(s + 4y)
Next, inverse the Laplace transformation to obtain:
0 1
n,(6) = "“Aﬂ (1 - et
2
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where t is the time since that irradiation starts.
Hence, the activity Ax(t) is

Ay (1) £ Ayn,y(8) = 1y (0)gpog (1 — e~2)

(2) For an impulse neutron flux:
(1) = o6(t)
where §(t) is the Dirac delta function. Therefore,
n;

d
T n;(0)Po8(t)ag — na ()2,

Then, perform a Laplace transform and obtain:
sn2(s) — 1(0) = n1(0)Po(Dag — nz(s)A,

Since n,(0) = 0, therefore,

n1(0)q’00§

na(s) = s+,

Next, take the inverse Laplace transformation to get:
ny(8) = 1y (0)Poage 2"
where t is the time since the irradiation occurred.
Hence, the activity Ax(t) is,

Ay () £ 2,n,(8) = ny(0)A,Ppoge~ 2t
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