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exposed to radiation. These objects can be analyzed some time after exposure and the
results can be used to aid in calculating radiation fields and doses received by individuals.
Items that make good fortuitous dosimeters are those that are consistent in their
manufacture and are carried by a large percentage of the population. Some materials are
more suitable than others for retrospective dosimetry, depending upon their sensitivity,
signal retention (i.e. fading), and the type of radiation to which they respond. The
effectiveness and sensitivity of lithium-ion (Li-ion) mobile telephone batteries as
fortuitous neutron dosimeters is investigated in this research. Neutron fluences are
estimated based upon the activation products formed in batteries during exposure. In the
past, objects such as keys and coins were used for retrospective neutron dosimetry.

Mobile phone batteries were chosen as possible candidates for dosimeters because of
their widespread use by the general population and the observation that most users carry
these objects on or near the torso.
Lithium-ion mobile-phone batteries were irradiated with neutrons in beam port
#4 of the Oregon State University TRIGA® reactor and subsequently analyzed using
gamma spectroscopy in order to identify activation products formed, and to determine
the linearity of their response to several neutron fluences. Batteries exposed to thermal
neutron fluencies ranging from 2.8x108 n·cm-2 to 3.4x1010 n·cm-2 generated 60Co count
rates ranging from 0.022 (±4.5%) cps to 2.890 (±0.6%) cps. Cobalt emerged as an
element commonly found in Li-ion battery cathodes as a candidate for neutron activation
analysis months to years following their irradiation. This is due to the relatively high
cobalt content by weight found in these batteries and its 5.27 year half-life. Thermal
neutron fluences were estimated with accuracy ranging from 2% to 23% of actual
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highly linear with fluence (R2=0.995).
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Retrospective Thermal Neutron Fluence Determination
Using Lithium-Ion Mobile Telephone Batteries
Chapter 1 - Introduction
There exists a need to characterize a neutron field in several scenarios, in order to
understand the source term and to aid in dose calculations, if necessary. Particularly
important characteristics of neutron fields of interest to dose calculations include the
energy spectrum and the fluence (the total number of neutrons which passed through a
unit area) at a given location. Criticality accidents and nuclear weapons detonations
generate neutron fields, the energy spectra of which contain neutrons ranging from the
thermal to fast regions. The neutron fluence at locations around these events depends
upon the distance from the source, the magnitude of the initial release, the shielding
materials between the source and the location of interest, and the density and humidity of
the air. Because all of these factors come into play when calculating an individual’s
neutron dose, the dose one person receives may be orders of magnitude greater or
smaller than that of another individual only a few meters away. The most accurate
neutron dose estimates for a person are, therefore, those that are obtained by considering
their unique circumstances at the time that the exposure occurs.
Obtaining a neutron dose estimate for an individual following an event, such as a
criticality accident or nuclear weapons detonation, is carried out by combining
information gleaned from biological dosimetry, knowledge of the source (estimated from
computer simulations and in-situ measurements performed after the fact), and the
analysis of items worn, carried, or near the individual at the time of exposure.
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Current methods of biological dosimetry, such as examining sodium activation in
the bloodstream or sulfur activation in hair, must be undertaken relatively quickly in order
to obtain useful data. For example, in the case of sodium activation, the 15-hour half-life
of sodium-24 restricts the window in which the data can be acquired. Analysis of hair
samples to quantify the phosphorus-32, that results from fast neutron activation of sulfur,
becomes more difficult if the person was contaminated in addition to being exposed. The
determination of chromosomal aberrations in human blood lymphocytes, the most
precise method of biological dosimetry, is also time sensitive and must be performed in a
specialized laboratory. It would not be practical in many cases to quickly perform these
analyses on hundreds of individuals following a mass exposure.
Less sensitive in many cases to these time constraints, are techniques which
involve the search for neutron activation products formed in materials near the victim,
and preferably utilize objects found on their person. Radiosensitive items that a victim
was carrying at the time of exposure, which can aid in the dose calculation, are so-called
“fortuitous dosimeters”. Suitable fortuitous dosimeters are those that are consistent in
their manufacture and carried by a large percentage of the population. Coins and keys
have been used for this purpose, as have rings, watches and contact lens solution.
This research examines the suitability of lithium-ion (Li-ion) mobile phone
batteries as fortuitous thermal neutron activation detectors, to aid in the characterization
of neutron fields.
According to the International Telecommunication Union, there are currently
over five billion mobile cellular subscriptions worldwide.

If there is promise for

components of these devices to yield data for dosimetric calculations, nearly every
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individual member of the public carrying a mobile phone would, in essence, already be
carrying a neutron activation detector.
Li-ion batteries are ubiquitous in portable electronic devices such as mobile
telephones, laptop computers, digital cameras, and mp3 players. Since many users carry
mobile devices near the hips or torso, neutron fluences incident upon these items can be
approximately equal to those upon the whole body in events which involve isotropic
releases of neutrons at a distance. The metals inside the batteries can become activated
by neutrons, and the resultant radioactivity can later be used to back-calculate the fluence
through the battery, and approximately, that to which the victim was exposed. The
batteries cannot be used directly as dosimeters, because their sensitivity to neutrons at
energies of biological importance is low. Their usefulness lies in their contribution to an
overall understanding of the neutron energy spectrum being examined.
In the current study, Li-ion mobile phone batteries were irradiated with thermal
neutrons in a beam port of the Oregon State University TRIGA® reactor. The activation
products and their activity as a result of the bombardments for various neutron fluences
were assessed using gamma spectroscopy. The feasibility of using this technique for the
retrospective determination of thermal neutron fluence at a point following a criticality
accident or nuclear detonation is discussed.
The benefits of using a Li-ion battery carried by an individual to characterize the
thermal neutron fluence at their location are:
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1. The battery is likely to have been on or near the victim’s torso at the moment of
exposure, so the fluence at the battery can be assumed to be representative of the
flux at the torso;
2. There is no need to perform a chemical separation to analyze the battery,
although one could be performed. The battery can be counted intact on gamma
spectroscopy equipment for an estimate of the neutron fluence incident upon it, if
initial masses of its constituent elements are known, or if the thermal neutron
response of the battery model has been previously characterized;
3. Long-lived activation products in some Li-ion battery models should remain
detectable for years following exposure, so there would not be a constricted
timeframe during which analysis would have to be done in order to calculate the
thermal neutron fluence. Repeat counts could also be taken to verify results; and
4. Many batteries collected from an area following an exposure of several individuals
could be used to verify results of Monte Carlo simulations of an incident.
The objectives of this research are:
•

Identify chemical elements commonly found within Li-ion batteries which are
candidates for thermal neutron activation;

•

Determine the linearity of radionuclide production in these elements with respect
to neutron fluence, and the upper and lower bounds for fluences for which this
technique could be used; and

•

Investigate how accurately thermal neutron fluences can be retrospectively
estimated by quantifying these isotopes following exposure.
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Chapter 2 - Dosimetry
Dose assessment is an important facet of emergency response to an accidental or
malevolent radiological incident. While in most scenarios, doses due to gamma ray
exposure would be the primary concern, in certain cases, neutron exposures would need
to be considered. Besides nuclear weapons detonations, accidental exposures involving
neutron radiography facilities and criticality accidents can deliver significant neutron
doses to individuals. A criticality accident, or power excursion, is an unintentional chain
reaction of fissile material. Such accidents release copious quantities of neutron radiation.
According to a review of criticality accidents prepared by the Los Alamos National
Laboratory (McLaughlin et al. 2000), fission yields in criticality accidents ranged from
3·1015 fissions to 1.2·1020 fissions. On average, between two and three neutrons are
liberated in each fission event (L’Annunziata 2007). While federal regulations require that
nuclear accident dosimetry be provided to individuals who work at installations
possessing a critical mass of material (NRC 1998), individuals up to hundreds of meters
from such a facility could receive a dose from a criticality accident.
Depending upon the severity of the dose an individual receives, medical
interventions may or may not be implemented (Hall 2006). Triage following an event in
which radiation or radioactive materials are involved is a multi-stage process, portions of
which are carried out over the course of several days. When performing triage, traumatic
injuries take precedence in situations that involve both trauma and radiation exposure or
contamination. The standard method of performing first dose assessments on victims of
radiological incidents is by observing prodromal (initial) clinical signs and symptoms of
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radiation exposure, which may manifest themselves within a few hours of acute exposure.
These symptoms include nausea, vomiting, diarrhea, and erythmea (reddening of the
skin). Symptoms are typically not seen in patients who received uniform whole body
doses of less than 1 Gy (Hall 2006).
In addition to observing prodromal effects, one method currently employed
involves the direct measurement of external radioactive emissions on the clothing and
bodies of exposed persons. This technique is an important tool to assist with triage
decisions following a nuclear accident or bomb detonation, as portable probes can be
used to easily detect many isotopes. Major benefits of this method are that it is fast, and
can therefore be performed on a relatively large number of persons following an event
within a short period of time, and that it is an invaluable aid to the decontamination of
victims, which assists in the reduction of their whole-body dose. However, depending
upon the nature of the radiation to which the victim was exposed, their dose, due to the
external contamination detected by these methods, may represent only a small fraction of
their total dose (Turteltaub et al. 2005).

For example, it is possible for an individual who

was exposed to significant quantities of gamma or neutron radiation to have little or no
detectable external contamination on their skin or clothing. This would be the case if the
person were exposed to an unshielded gamma irradiator source, or high neutron fluence
from a radiography beam. In reality, depending upon the specifics of the scenario, one or
more methods of dosimetry are employed to estimate an individual’s dose. These include
biological dosimetry, in-situ measurements, and the use of fortuitous dosimeters. If the
person was wearing a dosimeter at the time of exposure, one or more of these methods
may or may not be used to corroborate the dose suggested by their dosimeter.
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2.1 Biological Dosimetry
Biological dosimetry, or biodosimetry, seeks to quantify changes in the human
body that have been induced by radiation for dose assessment purposes. Biodosimetry
includes the observation of clinical signs and symptoms as an indicator of radiation dose,
but also encompasses dozens of other more accurate techniques (Rojas-Palma et al.
2009).
Methods for calculating an individual’s dose following both accidental and clinical
exposures using these biological changes have been well documented, and are most
suitable for situations in which individuals are exposed to penetrating whole-body
radiation. The most accurate of these techniques are those that examine chromosome
aberrations and Electron Paramagnetic Resonance (EPR) biodosimetry (AFRRI 2010).
In particular, metaphase spread dicentric assay is extremely useful as a measure of dose,
since dicentric chromosome aberration is a hallmark of ionizing radiation but is otherwise
rare. The dicentric assay is ISO standardized (Rojas-Palma et al. 2009).
EPR measurements of bones and tooth enamel have yielded accurate dose
estimates following radiation accidents, but safe, portable, in-vivo methods have not yet
been successfully demonstrated for this technique (Turteltaub et al. 2005).
Hair and fingernail samples can be analyzed to determine dose, and procedures
have been developed to calculate neutron dose from induced sodium activity in the
blood. Naturally occurring sulfur-32 in hair becomes activated to phosphorus-32, which
has a 14-day half-life, through an (n,p) reaction with fast neutrons. Similarly, sodium-23
in the bloodstream activates to sodium-24 (T1/2 ~ 15 hr) with thermal neutrons (Hankins
1980).
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Calculating an individual’s total dose is not a straightforward task, but several
extant techniques used in tandem may enable a fairly accurate determination of a person’s
dose to be elucidated (Rojas-Palma et al. 2009). Characterizing the radiation field is the
most important component of a dose calculation. This characterization is done by
combining the results of Monte Carlo radiation transport codes, (which are outside of the
scope of this research), with measurements made in-situ around the event site and even
by analyzing items carried by individuals.
2.2 In-Situ Measurements
An important piece of information that is needed to perform a neutron dose
calculation is the characterization of the neutron field at the individual’s location at the
time of exposure. This information can be obtained, in part, by analyzing materials and
objects at that location that have remained in place since the incident and have retained
changes indicative of the exposure since that time. One well-studied case illustrates the
value of this technique (Muramatsu 2001).

Criticality Accident at Tokai-mura, Japan, 30 September 1999. A multiple
excursion criticality accident occurred at a fuel fabrication plant operated by JCO Ltd. in
Tokai-mura Japan on 30 September 1999. Processes were underway at the facility to
prepare 16.8 kg of enriched uranium, as uranyl nitrate solution, to be shipped offsite to be
converted into reactor fuel.

To comply with criticality controls, the solution was

produced in batches of 2.4 kg uranium each. However, on the day of the accident, three
workers poured all seven batches of the solution into a precipitation tank. This was not
the usual procedure, as the precipitation tank had an unfavorable geometry for the
prevention of criticality. The solution reached criticality and underwent multiple power
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excursions over the next twenty hours (Mclaughlin 2000). A short-term evacuation radius
of 350 m was established around the facility.

Two of the workers died from the

exposure.
Items in the vicinity of the building where the accident occurred have been used
to determine the fluence of neutrons around the facility and in nearby residential areas.
The total yield of the accident has been estimated at about 2.5 x 1018 fissions. Gasparro
(2004) measured 60Co activity in spoons taken from the area and used the data to estimate
the thermal neutron fluences at various locations around the site.

Cobalt-60 was

detectable in some of the samples located more than 400 meters beyond the criticality site
two years after the incident. There was no neutron monitoring equipment installed at the
site, as the plant was designed to operate under non-critical conditions. The spoons
selected for this research were presumed to have been at the same location when
collected as they were when exposed, because they were taken from homes which had
been evacuated immediately following the event. This incident marked the first time that
a process criticality accident has resulted in measureable exposures to members of the
public. Fortunately, 90% of the 200 residents evacuated received doses under 5 mSv, and
none received more than 25 mSv (Mclaughlin 2000).
2.3 Fortuitous Dosimeters
The analysis of radiosensitive items carried by an individual at the time of
exposure can aid in the calculation of the dose that he or she received. Changes within
these items, caused by and proportional to the radiation exposure, can be quantified using
various laboratory techniques.
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Bachelor and Friese (2008) have investigated techniques that assess activation
products formed during exposure to neutron radiation found in personal goods such as
gold rings, belt buckles, coins, watch components, contact lens solution, AA batteries,
and keys. Their methods employed gamma spectroscopy for the purpose of prompt
survivor dose assessment following a nuclear detonation.
EPR spectrometry has been used in the investigation of the dose response of
certain plastics, in the hopes that objects such as buttons, eyeglasses, details of underwear,
and mobile phone components could be used for retrospective dosimetry following a
radiation accident (Trompier et al. 2010, Sholom and Chumak 2010).
Retrospective dosimetry using glass from wristwatches and mobile phone display
windows has been investigated by Bassinet et al. (2010). The same team also attempted
to develop methods for retrospective dosimetry using electronic components such as
resistors, capacitors, integrated circuits, and transistors found on the circuit boards of
personal electronic devices, such as mobile phones and mp3 players. One historical
example of the use of fortuitous dosimeters is the Wood River Criticality (Mclaughlin
2000).

Criticality Accident at Wood River Junction, Rhode Island, 24 July 1964.
The United Nuclear Fuels recovery plant in Wood River Junction, Rhode Island was a
chemical plant in which workers recovered highly enriched uranium from fuel element
scrap material. This material arrived at the plant in the form of uranyl nitrate solution,
which was purified and concentrated on site by solvent extraction. On 24 July 1964, an
operator at the facility mistakenly poured the contents of a bottle containing a high
concentration of uranium (256 g U/l) into a larger makeup vessel which contained a
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sodium carbonate solution that was being agitated by a stirrer. The system went critical
as the operator was pouring the solution. A flash of light was seen and some of the
solution splashed out of the vessel. The operator ran to an emergency building, but had
already received a high dose, and died 49 hours later. Two other workers at the plant
were also exposed during smaller excursions which occurred in part due to their efforts to
drain the vessel. This incident involved more than one criticality, with a total energy
release equivalent to 1.3 x 1017 (±20%) fissions.
Activated silver in coins and chromium in the stainless steel of a watch case were
used to aid in dose calculations for the workers. Dose estimates from thermal neutron
activation measurements were in accord with those made using blood sodium activation
data. Health physicists took a number of factors into account when using this data,
including: distance, geometry, reflection, and shielding (Shapiro 1965).

This case

illustrates how the analysis of fortuitous dosimeters following an accident can validate
doses estimated using other methods.
2.4 Atomic Bomb Survivor Dosimetry
Reliable radiation dose estimates are important for the analysis of carcinogenic
and genetic risk among Japanese atomic bomb survivors (ABS). Results of mortality and
cancer incidence studies on the ABS cohort have formed the basis of much of the
radiation protection guidelines set forth by various national and international entities.
Since 1948, a joint U.S.-Japan research organization known as the Radiation Effects
Research Foundation (RERF) has investigated various radiation effects in the survivors
and their offspring. Several methods have been employed by RERF and other research
groups to characterize the radiation dosimetry for the atomic bombs in Nagasaki and
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Hiroshima. Risk analyses for ABS were previously based upon the Tentative 1965 Doses
(or T65D estimates), then the Dosimetry System 1986 (DS86), and are currently based
upon the Dosimetry System 2002 (DS02). Dose estimates in DS02 were calculated by
combining the results of in-situ measurements from the bombing sites and Monte Carlo
radiation transport codes (RERF 2005).
Close to the hypocenter (the point on the ground directly beneath the explosion),
the neutron dose is greater than the gamma-ray dose received by an individual. With
increasing distance, the neutron dose decreases faster than the gamma-ray dose and
ultimately becomes negligible in comparison.

Within the distances where biological

effects are expected, the neutron contribution to the total radiation dose is significant
primarily for smaller weapons of low-energy yield.
Even though the neutron component of the total dose is expected to be small for
many victims of a criticality accident or nuclear detonation, determining its value is still of
interest. The dose-distance relationship for neutrons is evident in DS02 findings for
Hiroshima:
“At 2,500 m, neutrons contribute less than 0.01 mGy to the 12.6 mGy of
total FIA (Free in air) kerma, whereas at 1,000 m, neutrons comprise
5.6% (250 mGy of the 4,480 mGy) of the total FIA kerma. Thus, while
gamma rays clearly constitute the preponderance of the FIA tissue kerma
in Hiroshima, there is a numerically significant contribution to FIA tissue
kerma from neutrons, especially at ground distances within 1,500 m. As
the neutron kerma falls off rapidly with distance from the bomb, the FIA
tissue kerma producing survivor dose comes to be dominated by the
gamma kerma it generates.” (RERF 2005)
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and for Nagasaki:
“At distances of 1,500 m or more from the hypocenter, neutrons are a
negligible part of the total Nagasaki kerma, whereas prompt neutrons
from the Hiroshima bomb still contribute as much as two percent to the
total FIA tissue kerma.” (RERF 2005)
Following the use of the two atomic bombs in Japan, efforts have been made to
calculate the neutron dose received by individual survivors. Neutron activation analysis is
one of the methods used to determine the neutron fluence at a point due to the
detonation of a nuclear weapon, and these fluences aid in the calculation of doses to
exposed persons. Studies of neutron activation of cobalt have been an important part of
the dosimetry calculations for survivors of Hiroshima and Nagasaki. DS02 reported that
there are over 104 measurements of cobalt activation in 43 samples from 35 sites in
Hiroshima. Over 32 measurements of cobalt activation in 24 samples from 24 sites in
Nagasaki have been made. These samples include items such as roof tiles, rocks, steel
plates from bridges, and iron and steel samples from buildings such as steel reinforcing
rods embedded in concrete, pipes, handrails, and guttering. Cobalt activation was also
measured in iron rings taken from the roofs of buildings, which were unshielded in the
line-of-sight direction to the explosion. Some of the cobalt samples obtained from
Hiroshima and Nagasaki were analyzed by performing a chemical separation before
counting, while others underwent non-destructive measurements at Pacific Northwest
National Lab (RERF 2005).
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Chapter 3 - Neutrons
3.1 About Neutrons
The neutron is a subatomic particle with a mass of 1.0086649160 ± 0.0000000004 u,
which is slightly more massive than a proton. It has no net electric charge. Baumann
(1988) determined that the upper limit for the charge of the neutron is (−0.4 ± 1.1) ×
10−21 e. Outside of a nucleus, the neutron is unstable and has a mean lifetime of 885.7 ±
0.8 s, decaying via beta decay to a proton (Nakamura 2010). Its discovery in 1932 by
James Chadwick earned him the 1935 Nobel Prize in physics. Although a small, but
measurable, background neutron flux (typically on the order of 10-3 n·cm-2·s-1) is present
at the surface of the earth, free neutrons are not encountered as often as gamma
radiation.
Examples of neutron sources include (Byrne 1994, Knoll 2000):
•

Isotopes which undergo spontaneous fission. This is the primary source of
terrestrial neutron radiation;

•

Solar flares.

Because of their short mean lifetime, it is assumed that

extraterrestrial neutrons, which arrive at the earth, originated from the sun.
Periods of high solar activity release energetic neutrons, most of which decay as
they make their way to the earth or are absorbed by the atmosphere;
•

Mixed-material radioisotope sources, containing either a gamma emitter enclosed
in a target of beryllium or deuterium oxide, or an alpha emitter and a low-Z
material, such as an Americium-Beryllium (AmBe) source;

•

Spallation, a process in which heavy metal atoms are bombarded with protons;
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•

Neutrons produced by the interaction of high energy cosmic rays with the
atmosphere;

•

Nuclear fusion; and

•

Nuclear fission (including nuclear reactors, weapons detonations and criticality
accidents—the sources most pertinent to this research).

3.2 Interactions of Neutrons with Matter
Because they carry no electric charge, neutrons are more penetrating than alpha,
beta, and in some cases, gamma radiation. Photons interact with atoms primarily with
atomic electrons. In contrast, neutron interactions occur with the nuclei of atoms (Hall
2006). In a small minority of instances, neutron-electron interactions do occur, but
because of the low probability of these events, they can be ignored when considering the
effects of neutrons on materials. Unlike a charged particle, as a neutron approaches a
nucleus, it does not have to go through a Coulomb barrier, so the probability of nuclear
interaction is higher for neutrons than for charged particles. There are several types of
neutron interactions with matter, which can be divided into two simplified categories:
scattering and absorption (Turner 2007).
Scattering reactions are of two types, elastic and inelastic. In both types, an
incident neutron is absorbed by a nucleus, which then decays by emitting a neutron.
While the total energy and momentum must be conserved in these events, kinetic energy
is only conserved in elastic scattering, because the residual nucleus is left in the ground
state. In the case of inelastic scattering, however, recoil nuclei are elevated to an excited
state, then quickly de-excite, emitting a gamma ray in the process.
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Absorption reactions include nuclear fission, resonance absorption, and thermal
absorption. The absorption of thermal neutrons by atomic nuclei is the principle behind
neutron activation detectors, and is the interaction with which this study is primarily
concerned.
3.3 Neutron Cross Sections and Temperature
A measure of the probability of the interaction of a neutron with a nuclide is
called the cross section and is a function of the neutron energy. This cross section is
described as the probability of interaction per nucleus (σ, the microscopic cross section).
When multiplied by the number of nuclei per unit volume, the macroscopic cross section
(Σ) is used. One can think of the cross section as a target area presented to the neutron
by the nucleus. Cross sections are measured in barns per atom, where one barn is 10-24
square centimeters.

Cross section data for many reactions are tabulated, including

scattering, absorption, (n,p), (n,2n), and (n,α).

The higher the cross section, the more

likely the reaction is to occur at the given energy.
Neutrons are described by their kinetic energy as having a temperature ranging
from cold, to thermal, to epithermal, to fast. All neutrons released in reactions are
initially fast neutrons, and cool down as they undergo scattering reactions with matter.
This research is concerned primarily with thermal neutrons—those that are in thermal
equilibrium with the surrounding moderator. In this case, the moderator is air at room
temperature (20° C). Neutron energies are determined by the energy distribution of the
moderator atoms. In an effort to avoid complexities which would arise from obtaining a
detailed estimate of the distribution of nuclear velocities in the moderator, the neutron
energies are assumed to follow the Maxwell distribution with the temperature of the
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moderator (Beckurts and Wirtz 1964, Duderstadt and Hamilton 1976). Neutron
interaction cross sections have been tabulated for this case and are called thermal neutron
cross sections. Neutrons in thermal equilibrium with a moderator at room temperature
have a velocity of 2200 meters per second, and a corresponding energy of 0.0253 eV. The
most probable velocity of thermal neutrons, from the Maxwell-Boltzmann distribution, is
calculated by:
−23 𝐽 � ∗ 293 𝐾
2𝑘𝑇 �2 �1.38065 ∗ 10
𝐾
𝑣𝑝 = �
=
≈ 2200 𝑚/𝑠
𝑚
1.674927 ∗ 10−27 𝑘𝑔

where k is the Boltzmann constant.
And the energy of a thermal neutron is:

𝐸=

1
1
𝑚 2
1 𝑒𝑉
𝑚𝑣 2 = (1.674927 ∗ 10−27 𝑘𝑔) �2200 � ∗
2
2
𝑠
1.602177 ∗ 10−19 𝐽
≈ 0.0253 𝑒𝑉

Isotopes with absorption cross sections that vary inversely through the thermal region of
the spectrum (1/v absorbers) have average cross sections that are smaller by a factor of
√𝜋⁄2 than those given for neutrons with a velocity of 2200 m·s-1 (Beckurts and Wirtz
1964). The implications of this correction are described further in section 3.6.
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3.4 Characteristics of Neutron Spectra Produced by Weapons and Criticality
Accidents
The neutrons detected by the analysis of activation products in Li-ion batteries
described in this research are those at thermal energies. In the event of a criticality
accident or nuclear weapons detonation, the neutrons released would have a wide range
of energies, but would initially be in the fast region of the spectrum. As they undergo
scattering reactions with atoms in the air and in other materials around the site of the
incident, the neutrons slow down until they reach thermal energies and are absorbed.
The proportion of thermal to fast neutrons remains constant at increasing distances. This
is because as they undergo scattering reactions away from their source, thermal neutrons
that are lost to absorption are replaced by fast neutrons which become thermalized. This
condition is known as an “equilibrium spectrum” (Glasstone 1962).

Nuclear Weapon Detonation. Nearly all of the neutrons released in a nuclear
explosion are released either in the fission or fusion process. All of the fusion neutrons
and over 99 percent of the fission neutrons are produced in an instant, mostly within less
than a millionth of a second of the initiation of the explosion. With thermalized neutrons
traveling at over two kilometers per second, and more energetic neutrons much faster,
nearly all of the neutrons are received within a second of the explosion at distances where
they represent a health hazard to a person.

The neutron fluence is approximately

proportional to the yield (Holmes-Siedle 2002).
Depending upon its yield, the detonation of a nuclear weapon would release
dangerous quantities of initial radiation to those within one mile of ground zero. For
example, a 1 kiloton (kT) air burst could deliver a combined neutron and gamma dose of
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9.1 rems to an individual at one mile, whereas a 100 kT air burst could deliver up to 1100
rems (Glasstone 1962). However, individuals in close enough proximity to the blast to
suffer lethal radiation exposure would likely perish from other effects of the blast.
Individuals shielded by buildings and other structures may not be as protected from initial
radiations as one may assume. There are methods by which radiation can be reflected off
of the atmosphere and deliver high enough doses to humans to produce non-stochastic
effects. This atmospherically reflected radiation is referred to as skyshine, and can occur
with both neutrons and gamma rays. Members of the public receive small neutron doses
due to skyshine as a result of particle accelerator operations. There is some concern
(Shultis 2000) that neutrons released in the fusion process could become a skyshine
hazard if fusion power becomes a reality. Neutrons can also be reflected off of the
ground, buildings, and other surfaces before ultimately arriving at an individual.

Criticality Accident.

Although dangerous levels of neutron radiation are

released in criticality accidents, such a release is orders of magnitude lower than that of a
weapons detonation. This is because only a small amount of material fissions in a
criticality accident, whereas a fission weapon is designed to remain in a critical state long
enough to produce high heat and blast effects.

Although in a real-world scenario it

would not be the case, due to design, shielding and albedo (scattering) effects, in this
research both a criticality and nuclear explosion are approximated as isotropic neutron
sources.

Characteristics of an Isotropic Neutron Field. There is a reduction in the
neutron flux with distance from a neutron release due to geometric attenuation (i.e., the
neutrons are spread over a larger area) and to the removal of some of the neutrons by

20
capture reactions. If we assume there is an isotropic release of neutrons at a point P
(Figure 3-1), the number of neutrons passing through a square centimeter on a concentric
sphere at a distance r from point P due solely to geometric attenuation is:
𝑆𝑝

where Sp is the number of particles in the release.

Φ = 4𝜋𝑟 2

Taking into account the effect of a homogeneous attenuating medium (such as air), for a
given neutron energy, the fluence is given by:
Φ=

𝑆𝑝 𝑅

4𝜋𝑟 2

𝑒 −𝜇𝑟

where R is the appropriate detector response function at the
distance r, and μ is the total interaction coefficient in the medium.

Far from a source of fast neutrons, the neutrons which remain in the fast region
of the spectrum are assumed to be moving directly away from the source (Shultis 2000).
The thermal component of the spectrum can be estimated from the fast component, due
to the equilibrium spectrum condition discussed in section 3.4.

Figure 3-1: Only a fraction of the neutrons originating at point P reach a target area A.
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3.5 Effects of Thermal Neutrons on Tissue
Fast neutrons ultimately cause more ionization, and are, therefore, more
damaging, to tissue than slower neutrons. As fast neutrons undergo elastic and inelastic
scattering reactions in soft tissue, gamma rays, recoil protons, and alpha particles are set
in motion and go on to cause cell damage. In The Effects of Nuclear Weapons (Glasstone
1962), the authors note that:
“From a study of the energy spectrum of the neutrons in the initial
nuclear radiation [from an atomic weapon], it has been found that slow
(low-energy) neutrons, with energies less than about 1 eV, contribute no
more than 2 percent of the total neutron dose received at distances of
biological interest. In fact, some 75 percent of the dose is derived from
those fast neutrons having energies above 0.75 MeV. In the majority of
significant situations, therefore, it appears that as a first approximation the
slow neutrons can be neglected in estimating the total radiation hazard.
This simplification is further justified by the fact that the absorbed dose
per neutron increases with neutron energy.”
This is in agreement with fluences per unit dose equivalent for various neutron energies
listed in 10 CFR 20, and adapted in Figure 3-2. In general, the more energetic the
neutrons, the fewer are needed to deliver the same dose.

The RERF also emphasized

this fact in their DS02 report, stating that neutrons of higher energy contribute directly to
the neutron dose, while thermal neutrons do not and are also heavily influenced by local
effects such as moisture (humidity) in the air (RERF 2005).
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Neutron Energy (MeV)
Figure 3-2: Fluence rates for monoenergetic neutrons that correspond to a dose
equivalent rate of 1 rem·hr-1 (From 10 CFR 20).
Thermal neutrons incident on tissue transfer energy only if they are absorbed,
because they are already at thermal energies. Many elastic and inelastic reactions have
already occurred. Two absorption reactions are of special importance in tissue: the (n,p)
reaction with nitrogen, which produces recoil protons, and the (n,γ) reaction with
hydrogen, which yields 2.225 MeV gamma rays. Although the effects of thermal neutrons
on the victim are small in comparison to those of the fast neutrons and gamma rays, the
determination of the thermal neutron fluence is an important part of dose calculations,
because in addition to the fluence, the energy spectrum of the neutrons must be known.
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3.6 Detection of Neutrons
Neutrons are electrically neutral and because of this do not produce ionization or
excitation directly in matter. They can be counted either by scattering from charged or
uncharged particles and recording the recoils, or by generating nuclear reactions whose
products are detected. There are several types of neutron detectors. Many fast neutron
detectors include a layer of moderating material which slows down the neutrons by elastic
scattering to an energy level that renders them detectable to a slow neutron counter.
Bonner spheres and BF3 tubes are examples of such detectors.

Scintillators, 3He

proportional counters, and ion chambers are also used to detect fast neutrons. Bubble
detectors have been designed with a neutron response which is proportional to neutron
dose equivalent.
For slow neutrons with energies less than about 0.1 keV, recoiling particles are
not energetic enough to be easily detected in conventional apparatus, and only activation
detectors have any value.

Types of Thermal Neutron Detectors.

Thermoluminescent dosimeters

(TLDs) are commonly used to monitor both gamma and neutron radiation exposure to
personnel.

Lithium fluoride TLDs record neutron exposure indirectly by trapping

energetic electrons excited by the (n,α) reaction in 6Li. This reaction is sensitive to
neutrons at thermal energies. Boron is commonly used in thermal neutron detectors
because of the large cross section of the 10B(n,α) reaction. Some proportional counters
and scintillators are designed to incorporate boron and take advantage of this fact.

Activation Detectors. The detection and measurement of neutrons of various
energies has been investigated extensively using methods based upon the fact that certain
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elements become radioactive as a result of the capture of neutrons.

The level of

radioactivity of these elements following exposure is related to the integrated flux of
neutrons incident upon them. This integrated flux, known as fluence, is the product of
flux and time, expressed as neutrons per square centimeter. This technique of neutron
flux estimation is referred to as “activation detection”, and the elements or materials used
are known as “activation detectors.” Activation detectors are passive detectors, meaning
that they do not produce an electronic pulse which can be used to indicate that a neutron
has been detected. They are analyzed using other methods such as gamma spectroscopy,
discussed in the following chapter.

Calculation of the Thermal Neutron Flux. The neutron flux, Φ through an
activation detector can be determined by quantifying its activity and solving the following
equation for Φ. At the instant when the irradiation has been terminated (t=0), the
activity of the sample is given by:

Where

𝐴0 =

√𝜋
�� 2 � 𝜎� 𝑚𝜂Φ𝛼𝑆
𝑤

A0=

the number of disintegrations per second of the element in the sample at t=0
(when irradiation stops),

σ=

cross section for the reaction, cm2,

m=

mass of the target element, grams,

η=

Avogadro’s number, 6.023 x 1023 atoms·mole-1,

Φ=

neutron flux, neutrons·cm-2·s-1,

α=

fraction of the target isotope in the sample (isotopic abundance)

25
S=

half-life for the reaction, and
w=

ln 2

saturation factor, 1-e-λt, where 𝜆 = 𝑇 , t is the irradiation time, and T1/2 is the
1�
2

atomic weight of the element.

t and T1/2 must be in the same units (Duggan 1987). The factor of √𝜋⁄2 accounts for

the fact that the energies of thermal neutrons, just like the medium, will have a
distribution.

In this case, the average cross section over this distribution is √𝜋⁄2

multiplied by the cross section calculated for neutrons at 2200 m·s-1.

Activation detectors are typically designed such that the elements in their
construction are those which have an appreciable probability of undergoing a neutron
capture reaction only when the energy of the incident neutrons exceed a particular
“threshold” value. Several activation detectors of varying thresholds can thus be used in
coincidence to characterize the neutron energy spectrum being examined. The neutron
capture cross section for an isotope is highest at low neutron energies, so activation
detectors are usually used to measure thermal neutrons. Thin metal foils or wires are
typically used as activation detectors because they are less likely than a bulky material to
perturb the neutron flux being measured. Such geometric considerations are important to
avoid self-shielding effects in the material which cause gradients in the neutron field being
measured.

Knoll (2000) describes the factors to be considered when choosing an

activation detector:
1. “The shape of the cross section: Materials should be chosen that
respond to neutron energies for which their cross section is high. For
example, radiative capture or (n, γ) reactions have the largest cross
sections at or near thermal energies.
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2. Magnitude of the cross section: The greatest sensitivity is obtained by
selecting materials with high activation cross sections.
3. Decay constant of the induced activity: The half-life of the induced
activity should be neither too short nor too long. Short half-lives
require the foil to be counted with little delay following exposure, and
long half-lives require long irradiation times in order to approach
saturation.
4. Purity and interfering activities: High purity of the foil material is
required to avoid interference from other neutron induced reactions.
Interfering activities with short half-lives, however, can be eliminated
by waiting some time before beginning the counting period and do
not pose a practical problem.
5. Nature of the induced activity: The decay method of the product
nuclei produced in the activation reactions normally involves the
emission of either gamma rays or beta particles. Gamma counting is
preferred because the penetrating nature of the radiation minimizes
the effects of self-absorption within the sample. In addition, it is
easier to discern the energy spectrum of gamma emissions than beta
particles.
6. Physical properties: Because of the inherent difficulties in using liquids
and gasses, almost all activation detectors consist of metal foils or
wires. Some of the best metals for activation detection of neutrons
have activation cross sections that vary approximately as 1/ν, where ν
is the neutron velocity.”
Commonly used foils are gold, iron, copper, cobalt, manganese, nickel, aluminum,
indium, zirconium, dysprosium, and vanadium (Knoll 2000). Manganese-55,

197

Au, and

59

Co are particularly useful for neutron activation because they are mononuclidic and their

cross sections have been carefully quantified (Byrne 1994).

The neutron activation of

materials that obey the 1/v law, and are of a suitable geometry, is proportional to the flux
incident upon them. The spectral distribution of the neutrons need not be known to
obtain the neutron density when using foils of these materials. In other words, through
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the thermal region of energies, the reaction rate of a 1/v-absorber with neutrons is energy
independent.
Many models of mobile phone batteries contain aluminum, nickel, copper, and
lithium-cobalt oxide (Nazri 2004), some of which may be suitable neutron activation
detectors. The materials and methods used to test this hypothesis are described next.
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Chapter 4 – Materials and Methods
The suitability of Li-ion mobile phone batteries as neutron activation detectors
was examined directly in this research by exposing popular battery models to neutrons
using the Oregon State University TRIGA® reactor and analyzing the samples following
exposure using gamma spectroscopy.
4.1 Lithium-Ion Batteries
There are two types of batteries: primary and secondary. Primary batteries are
disposable, and the chemical reactions that supply their current are irreversible.
Secondary batteries employ chemical reactions that are reversible and are able to be
recharged. For environmental and economic reasons, rechargeable batteries have become
the standard for use in portable electronic devices. Commonly used secondary batteries
are nickel-cadmium (Ni-Cd), nickel-metal hydride (Ni-MH), and Li-ion. The batteries
used in mobile phones are, for the most part, secondary batteries of these types. Li-ion
batteries have emerged as the most popular choice among the three, due to their higher
energy density and operating voltage, lower self discharge rate, and longer cycle life
(Linden 1995). While a variety of chemical reactions are employed in Li-ion battery
design, depending upon the manufacturer and model, cells that use a lithium-cobalt oxide
cathode are currently the most utilized (Linden 1995, Nazri 2004). For this reason,
batteries examined in this research are of the lithium-cobalt oxide type.
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Lithium-Ion Battery Components
In these types of Li-ion cells, the anode consists of a layer of graphite on a thin
copper foil current collector, and the cathode consists of lithium-cobalt-oxide (LiCoO2)
on a thin aluminum foil current collector. A polyethylene membrane acts as a separator
and a hydrocarbon electrolyte allows lithium ions to move from the anode to the cathode
and vice versa. Photographs of these components are given in the Appendix. The
cathode, separator, and anode layers are folded several times over so that the entire
assembly will fit into the familiar rectangular package in which such batteries are available.
This geometric configuration allows for a large anode/cathode contact surface area to fit
into the thin metal and plastic housing. Flat, rectangular batteries of this type are referred
to as prismatic batteries. Figure 4-1 depicts typical prismatic Li-ion battery construction.
In this research, the Nokia BL-6C and BL-5C (Figure 4-2) Li-ion prismatic
batteries were chosen for the characterization of their thermal neutron response. These
are very popular battery models and are used in dozens of different models of mobile
phones. They are good representatives of the types of batteries commonly installed in
mobile phones around the world, with regard to both geometry and chemistry. The
components of a disassembled BL-5C battery and their masses are listed in Table 4-1.
Omitted from the table is the electrolyte, which quickly evaporated after disassembly.
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Figure 4-1: Li-ion prismatic battery construction.

Figure 4-2: Nokia BL-5C Li-ion prismatic battery.
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Table 4-1: Nokia BL-5C components.
Component
Lithium-Cobalt Oxide and Aluminum Cathode
Graphite and Copper Anode
Cellulose Separator
Casing/Other Components

Mass, grams
(uncertainty in last digit)
8.02(0)
5.51(0)
1.39(4)
4.45(1)

4.2 Oregon State University TRIGA® Reactor
The Oregon State University TRIGA® Mark II Research Reactor (OSTR) is a
swimming pool type, water-cooled reactor. In September 2008, the fuel was switched
from high-enriched uranium to low-enriched uranium/zirconium fuel elements as part of
the Reduced Enrichment for Research and Test Reactors (RERTR) program (Keller and
Reese 2009). The core of the reactor is surrounded by both a graphite ring, which
reflects neutrons back into the core, and a concrete bioshield, which provides both
shielding and structural support. The reactor is licensed by the U.S. Nuclear Regulatory
Commission (NRC) to operate at maximum steady state power of 1.1 MW and is capable
of producing a 3000 MW pulse. There are four horizontal beam ports, which penetrate
the concrete bioshield and reactor tank and that allow neutron and gamma radiation to
stream from the core. A cross sectional view of the OSTR and beam ports is shown in
Figure 4-3.

32

Figure 4-3: Horizontal section of the OSU TRIGA reactor and PGNAA facility
(Courtesy of Joshua Robinson).
4.3 Beam Port #4 and the PGNAA Facility
Beam port # 4 is a radial piercing beam port which penetrates through the
concrete bioshield, the reactor pool, and the graphite reflector and terminates at the outer
edge of the reactor core. Because this beam port has a direct line-of-sight to the core of
the reactor, it has a very high flux of gamma rays, fast neutrons, and thermal neutrons.
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A collimator has been installed in beam port #4, which contains lead and boral rings and
serves to allow only neutrons traveling parallel to the collimator to continue through its
length. Bismuth and sapphire filters are also installed in the collimator to reduce the
gamma and fast neutron components of the beam. At the sample location, the beam is
approximately 2.04 cm in diameter.
A prompt gamma neutron activation analysis (PGNAA) facility has been installed
adjacent to the collimator for nondestructive elemental analysis of materials through
neutron capture interactions. Using gold foils after the switch to low enriched fuel, the
thermal flux for the facility was measured to be 2.81·107 ± 5·105 n·cm-2·s-1 with a
cadmium ratio of approximately 106±3 (Robinson 2009). The PGNAA facility is used to
detect trace elements contained in samples and takes advantage of the fact that following
neutron capture, resultant excited nuclei emit gamma rays of discrete energy almost
immediately. These decays typically take place within 10-12 s (Shultis 2000), which is why
a detector is installed adjacent to the sample chamber for real-time analysis. In addition
to the prompt gamma rays that enable users of the PGNAA facility to perform these
tests, some of the nuclei excited by neutron capture reactions emit delayed gamma rays,
from seconds to years later. For practical reasons, the real-time detector was not used in
these trials. It is the residual radioactivity in exposed batteries weeks or longer after
irradiation that is the most valuable for using them to estimate neutron fluence after a
radiological event.
In this research, the collimated beam of thermal neutrons in the PGNAA
apparatus was used for irradiating the Li-ion batteries. Irradiations of several durations
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were undertaken in order to characterize the response of the materials in the batteries to
neutron fluences of various magnitudes.
4.4 Battery Irradiation Trials
Seven Li-ion mobile phone batteries were irradiated in these trials in order to
determine both the linearity of their response to thermal neutron radiation and the major
activation products formed as a result of the bombardment. Samples were cleaned with
alcohol, encased in plastic, and irradiated in the PGNAA facility of the OSTR using the
same geometry for each trial. Dates and durations of sample irradiations are given in
Table 4-2.
Table 4-2: Irradiation dates and times.
Trial
#
1

BatteryNokia Model
BL-5C

2

BL-5C

3

BL-6C

4

BL-6C

5

BL-6C

6
7

BL-6C
BL-6C

Irradiation Date & Time
February 14, 2011 from 10:2010:40 a.m.
March 30, 2011 from 10:0010:05 a.m.
May 3, 2011 from 10:00-10:05
a.m.
May 3, 2011 from 10:07-10:09
a.m.
May 3, 2011 from 10:11-10:13
a.m.
May 3, 2011 at 10:15 a.m.
May 3, 2011 at 10:17 a.m.

Irradiation Duration
(seconds)
1200
316
294
119
120
10
10

4.5 Gamma Spectroscopy
Gamma spectroscopy is the analysis of sources which emit gamma ray photons,
for the purpose of determining the radionuclides present in the source. Benefits of using
gamma spectroscopy over other methods to analyze samples are that it is non-destructive,
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the energy of the emitted radiation can be determined, and in many cases the sample can
be counted intact. Since certain radioactive elements emit gamma rays of characteristic
energies, it is possible to ascertain which elements are in a sample, and at the same time,
the activity of the element in the sample. According to Idaho National Laboratory, there
are over 200,000 gamma-ray spectrometers in use in academic and industrial facilities as
of 2005.

Gamma spectroscopy is a widely used technique, with applications in

environmental science, health physics, mineralogy, homeland security, anthropology,
materials science, nuclear medicine, geology, and forensics (INL 2011). Germanium
semiconductor detectors and inorganic scintillators, such as sodium iodide, are the two
detector types most often used to perform gamma spectroscopy. While sodium iodide
detectors have excellent efficiency, their resolution is poor compared to that of
germanium detectors. For this reason, germanium detectors are the detector type of
choice for situations in which the separation of closely spaced peaks in a spectrum is
necessary for the analysis of the sample (Knoll 2000, Martin 2006).
Detectors used for gamma spectroscopy must be well shielded in order to reduce
the influence of background radiation. Background sources include natural radiation
emanating from materials in the detector, support structures, and shielding surrounding
the detector. Other contributors to the background are radiation from terrestrial sources,
building materials, the air around the detector, and cosmic radiation. Low-background
lead bricks on all six sides of the detector used in this research reduced the quantity of
background gamma-ray radiation which reached the detector, and improved the signal-tonoise ratio.
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4.5.1 Equipment Used
The following equipment was used to perform the gamma spectroscopy on the
irradiated samples. An Ortec DSPEC digital multichannel analyzer (MCA) acquired the
spectra from a 70% relative efficiency Canberra GC7020 high-purity germanium (HPGe)
detector.

The specifications of the HPGe are given in Table 4-3. A PC running

GammaVision version 6.07 was used to analyze the spectra.
Table 4-3: Canberra GC7020 coaxial HPGe specifications.
Resolution and Efficiency (with amp time constant of 6µs)
57
60
Isotope
Co
Co
Energy (keV)
122
1332
FWHM (keV)
0.99
1.97
FWTM (keV)
1.84
3.65
Peak/Compton
----73.4
Relative Efficiency
----70.7
FW .02 Max
2.69
5.02
Physical and Electrical Characteristics
Geometry
Closed-end coaxial
Diameter
72.5 mm
Length
68 mm
Distance from window
5 mm
Depletion voltage
(+) 2200 VDC
Recommended bias voltage
(+) 4500 VDC
Leakage current at recommended bias
0.01 nA
Preamplifier test point voltage at
(-) 1.04 VDC
recommended voltage
Capacitance at recommended bias
~25 pF
4.5.2 Acquisition of Gamma-Ray Spectra
Counts of 180-minute duration were taken for batteries irradiated in trials #1-5.
Due to the lower activity of batteries #6 and #7, twelve-hour counts were taken for these
batteries in order to obtain good counting statistics. The same counting geometry was
used during the counts for all seven samples. In all counts, the battery was placed in a
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plastic bag and situated in the center of the HPGe detector (Figure 4-4). A 24-hour
count was also obtained of the natural background radiation present.

Figure 4-4: Counting geometry.
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Chapter 5 – Results and Discussion
5.1 Activation Products in Lithium-Ion Batteries
A number of the elements found inside typical Li-ion mobile phone batteries are
candidates for activation in a neutron field.

Among these, most of the activation

products are short-lived, decaying within a matter of seconds or minutes, and thus
difficult to detect unless the battery is analyzed very soon after irradiation. Radionuclides
with half-lives long enough to permit their detection days or even years following thermal
neutron bombardment are those that are the most useful for our analyses. The metals
that comprise most of the mass of the batteries, their thermal neutron cross sections, and
the products of their activation are listed in Table 5-1.
Table 5-1: Isotopes of interest in Li-ion batteries.
Isotope
(natural
abundance)
Al-27 (1)
Cu-63 (0.6917)
Cu-65 (0.3083)

Thermal
neutron cross
section (barns)
0.231
4.5
2.17

Activation
product

Half-life of
product

Al-28
Cu-64
Cu-66

2.24 min
12.7 h
5.12 min

Gamma ray(s)
(keV), [yield]

1779 [1]
1345 [0.776]
1039 [1]
1173[99.97];
Co-59 (1)
37.18
Co-60
5.27 y
1332 [99.99]
Li-6 (0.075)*
940
H-3 (tritium)
12.33 y
n/a, 18.59 keV beta
Li-7 (0.925)
0.0454
Li-8
838 ms
n/a, 12963 keV beta
*All reactions in the above table are (n,γ) with the exception of the 6Li(n,α)3H reaction.
In this study, neutron activation of the elements that should be in the batteries is

the main focus. Radionuclides resulting from the activation of impurities in the batteries
are not analyzed further, since none were observed in significant quantities in the gammaray spectra capture several days after irradiation.
It was found that four days after irradiation, the only activation product in the
batteries that had enough remaining activity to permit straightforward neutron fluence
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estimation was

60

Co. For this reason, gamma spectroscopy results focus on counts

obtained specifically for that nuclide. Figure 5-1 is a screen capture of the spectrum
acquired of the battery irradiated in trial #1, 68 days post exposure. Cobalt-60 peaks
(1173 keV and 1332 keV) are seen in the center, and the sum peak at 2505 keV on the far
right. Very similar spectra were captured for the batteries irradiated in trials #2 through
#7 (Figures 5-2 to 5-7, respectively). Due to the much lower activity of 60Co in batteries
#6 and #7, the sum peak is much less pronounced in these spectra.
Thermal neutron fluences through the batteries were estimated using the 60Co
count rates in the 1173 keV and 1332 kev peaks (Table 5-2). For each estimate, the count
rate vs. fluence was plotted for all data points, with the exception of the observation in
question. The count rate of the remaining sample was then interpolated on a linear fit to
this data. Thermal neutron fluence through the sample was estimated from determining
where on this line the corresponding count rate for each 60Co peak falls. For example, the
fluence through battery #2 was estimated by interpolating its 60Co count rate on the line
created using the count rates of battery #1 and batteries #3 through #7.
This method of statistical analysis is known as leave-one-out cross-validation
(LOOCV). It is a special case of k-fold cross validation, where k is equal to the number
of points in the data. LOOCV is easiest to perform on small data sets, such as the one
obtained in this study, which consists of seven points (Refaeilzadeh 2011). The slopes of
the linear fits used to estimate the fluences through each sample are given in Table 5-3.
Fluences estimated for all seven samples, and the estimated/actual fluence ratios are
given in Table 5-4. Plots of count rates in the 1173 keV and 1332 keV peaks vs. actual
fluences, for all seven samples, are given in Figures 5-8 and 5-9, respectively. Thermal
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neutron fluences were estimated using this method with accuracy ranging from within 2%
to 23% of actual fluences, with an average accuracy of 12%. Some fluence estimates were
larger, and some smaller, than actual fluences. However, the average estimate taken over
all 14 approximations was within 1% of the actual fluence through the batteries, well
illustrating the potential for Li-ion batteries exposed to neutrons to yield accurate thermal
neutron fluence estimates.

Figure 5-1: Gamma-ray spectrum of battery #1. Three hour count. Acquired 68 days after irradiation.
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Figure 5-2: Gamma-ray spectrum of battery #2. Three hour count. Acquired 39 days after irradiation.
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Figure 5-3: Gamma-ray spectrum of battery #3. Three hour count. Acquired four days after irradiation.
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Figure 5-4: Gamma-ray spectrum of battery #4. Three hour count. Acquired four days after irradiation.
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Figure 5-5: Gamma-ray spectrum of battery #5. Three hour count. Acquired five days after irradiation.

45

Figure 5-6: Gamma-ray spectrum of battery #6. Twelve hour count. Acquired five days after irradiation.
46

Figure 5-7: Gamma-ray spectrum of battery #7. Twelve hour count. Acquired four days after irradiation.
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20:00
5:16
4:54
1:59
2:00
0:10
0:10

500.139
131.704
122.534
49.597
50.014
4.168
4.168

Co Saturation
Factor (10-8)

60

Thermal
neutron
fluence
(n·cm-2)
(±2%)
3.37·1010
8.88·109
8.26·109
3.34·109
3.37·109
2.81·108
2.81·108

Co net
60
Co net
60
Co net
Co net
counts in
counts in 1173
counts in 1332 counts in 1173 1332 peak,
peak, adjusted
peak
peak
adjusted for
for decay
decay
28508 ± 181 30803 ± 191 28890 ± 183 31216 ± 194
6571 ± 87
6732 ± 92
6664 ± 88
6827 ± 93
6099 ± 83
6226 ± 89
6108 ± 83
6235 ± 89
2787 ± 56
2662 ± 59
2791 ± 56
2666 ± 59
3185 ± 62
3231 ± 64
3191 ± 62
3237 ± 64
250 ± 16
238 ± 15
250 ± 16
238 ± 15
273 ± 17
275 ± 17
273 ± 17
275 ± 17

60

60

Slope Calculated Excluding Trial # Slope, 1332 peak, cps vs. fluence
1
6.76·10-11
2
7.92·10-11
3
7.91·10-11
4
7.92·10-11
5
7.95·10-11
6
7.94·10-11
7
7.94·10-11

Table 5-3: Slopes from linear fits to data.
Slope, 1173 peak, cps vs. fluence
6.95·10-11
8.59·10-11
8.58·10-11
8.58·10-11
8.62·10-11
8.63·10-11
8.64·10-11

batteries were counted for 3 hours with the exception of numbers 6 and 7, which were counted for 12 hours.
Net counts given for numbers 6 and 7 are one quarter of the 12 hour count values.

*All

1
2
3
4
5
6*
7*

Irradiation
Trial # Time
(min:sec)

Table 5-2: Net 60Co counts in samples.
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1
2
3
4
5
6
7

20:00
5:16
4:54
1:59
2:00
0:10
0:10

3.37·1010
8.88·109
8.26·109
3.34·109
3.37·109
2.81·108
2.81·108

(±2%)
2.675±0.017
0.617±0.008
0.566±0.008
0.258±0.005
0.295±0.006
0.023±0.001
0.025±0.002

2.890±0.018
0.632±0.009
0.577±0.008
0.247±0.005
0.300±0.006
0.022±0.001
0.025±0.002

Thermal
60
Co net cps 60Co net cps
Irradiation neutron
fluence in 1332 peak, in 1173 peak,
Trial
Time
#
adjusted for adjusted for
-2
(min:sec) (n·cm )
decay
decay

3.96·1010
7.79·109
7.15·109
3.26·109
3.72·109
2.92·108
3.19·108
Avg Ratio:

Thermal
neutron
fluence
(n·cm-2)
estimated
using slope
(1332)
1.18
0.88
0.87
0.98
1.10
1.04
1.14
1.03

Fluence
ratio

/Actual

Estimated

Table 5-4: Fluences estimated using leave-one-out cross-validation slope for each sample.

4.16·1010
7.36·109
6.73·109
2.88·109
3.48·109
2.56·108
2.95·108
Avg Ratio:

1.23
0.83
0.81
0.86
1.03
0.91
1.05
0.96

Thermal
Estimated
neutron
fluence
/Actual
(n·cm-2)
estimated
Fluence
using slope
ratio
(1173)
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Net counts per second, adjusted

6, 7

1.00E+08

0

0.5

1

1.5

2

2.5

3

3.5

Thermal Neutron Fluence, n·cm-2

2.01E+10

Figure 5-8: Net count rate vs. fluence, 1173 keV peak.
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y = (8.582·10-11)x
R² = 0.9949

50

Net counts per second, adjusted
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Figure 5-9: Net count rate vs. fluence, 1332 keV peak.
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5.2 Relationship between Induced Radioactivity in Batteries and Neutron Dose to
the Victim
The goal of this research is to relate the induced activity in a mobile phone battery
to the thermal neutron fluence to which it is exposed. This characterization is most
useful as a procedure that would yield the neutron fluence at a point at which an
individual is located at the moment of an instantaneous exposure. This information
could be incorporated into the data used to estimate his or her neutron dose. However,
there are several factors which prohibit a direct correlation between the thermal neutron
fluence at a point and the neutron dose that an individual would receive as a result of his
or her exposure to that neutron field.
The results of analyzing a mobile phone battery, as described in this research,
would be useful in calculating an individual’s dose due to the neutrons in the thermal
region of the spectrum. It must be emphasized, however, that the total neutron dose to
an individual would be greater than that which would be estimated using the fluence
calculated from the induced activity in their mobile phone battery, perhaps by orders of
magnitude. This is due largely to the more detrimental effect of the more energetic
neutrons incident upon them which did not induce radioactivity in their mobile phone
battery (see chapters 2 and 3). The technique described in this research does not include
corrections that account for the fact that there exist, in a typical neutron spectrum from a
criticality accident or weapon detonation, neutrons of many energies. An example of a
scenario in which this would not be a consideration would be one in which the spectrum
of the neutrons involved in the accident was of a well known energy distribution. For
instance, in the case of an exposure to a neutron radiography beam, the energy
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distribution of which would have been well characterized a priori, the results of an
activation analysis as described would be of direct value in dose estimation.
In order to provide a comparison between the fluences used for the battery
irradiation trials and a hypothetical weapons detonation, Table 5-5 lists ranges at which
the total neutron fluences due to a 1 kT blast are approximately equal to those used in the
trials (Holmes-Siedle 2002). At a distance of one mile from such an explosion, the
prompt neutron radiation level is 2.1 rad.
Table 5-5: Empirically derived distances at which the neutron fluences due to a 1 kT
nuclear detonation are equivalent to those used in battery irradiation trials.
Distance in m (miles) from a 1 kT detonation
Neutron fluence (n·cm-2)
8
2.81·10
2097 (1.30 miles)
9
3.35·10
1662 (1.03 miles)
9
8.26·10
1508 (0.94 miles)
8.88·109
1496 (0.93 miles)
10
3.37·10
1276 (0.79 miles)
The geometric and shielding aspects of an accident would also be important
considerations in calculating an individual’s neutron dose. More information regarding
these exposure characteristics would result in a more accurate dose estimation. Neutrons
are attenuated to the greatest degree by materials containing elements of low atomic
weight (“low-Z” materials), typically those containing large percentages by weight of
hydrogen, such as water or plastics. Concrete is a good neutron shield because of its
water content. In an urban environment, it would not be unexpected for an individual to
be shielded from a direct line of sight to a weapon detonation or criticality event by one
or more layers of concrete and/or other materials that would affect their neutron dose,
due to attenuation. The neutron fluence and energy spectrum at a point where one
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individual was standing could be very different from those at another point only a few
meters away. These factors would have to be taken into account, much as they have been
done, for example, in the estimation of the neutron doses received by atomic bomb
survivors.
Because the effects on neutron fields due to attenuation and scattering events that
occur in the air and shielding materials between the release and the victim are unique in
every case, they are acknowledged but not investigated in this research.

Scattering

reactions also take place within batteries during exposure to neutrons. The mean free
path (λ) is the average distance that a neutron travels in a material before interacting with
a nucleus. The mean free paths of thermal neutrons in materials found in Li-ion batteries
used in this study are listed in table 5-6 (Duderstadt 1976). There are many more
scattering reactions before an absorption in some elements found in the battery
compared to others. The aluminum casing, aluminum current collector, and copper
anode are relatively transparent to neutrons. In contrast, the lithium, and the hydrogen
atoms in the electrolyte and separator are strongly attenuating (Lanz et al. 2001).
Table 5-6: Macroscopic cross sections and mean free paths for thermal neutrons in
battery elements.

-1

Macroscopic Cross Sections, cm
Element
Co
Al
C (graphite)
Cu
Li
H

Total, Σt

Absorption, Σa Scatter, Σs

4.1
0.099
0.385
0.937
3.35
0.002

3.46
0.015
0.00032
0.0326
3.29
0.000017

0.637
0.084
0.385
0.611
0.065
0.002

Mean Free
Path,
λ= (1/Σt)
(cm)
0.24
10.1
2.6
1.07
0.299
500

Average # of
scatters before
absorption
(Σs/Σa)
0.18
5.6
1200
18.74
0.02
117.65
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The effects of scattering interactions have no doubt affected the results of the battery
irradiation trials. Typical neutron activation detectors are constructed of thin wires or
foils of very pure material, and the batteries being used for essentially the same purpose
are orders of magnitude thicker than an activation foil or wire, and are composed of
several layers of different materials, only one layer of which is of interest in this research
to the neutron fluence estimation (the lithium-cobalt oxide layer).
Another difference between a typical activation foil and a Li-ion battery is that the
material of interest (the cathode) is folded back upon itself many times over, and is
alternated in layers with other materials (such as copper, aluminum, graphite, electrolyte,
and a polyethelyne separator). This construction has likely caused self-shielding and
scattering effects, which cause the interior layers of the battery to be exposed to a smaller
neutron fluence than those near the outside. Additionally, some of the neutrons which
were in the epithermal region of the spectrum may have been moderated by the materials
in the layers, particularly the polyethylene, and subsequently absorbed. Foils designed for
neutron activation detection are used for specific purposes in the nuclear industry and in
experimental setups, and would not typically be carried by a member of the general
public. However, the thin foils of which Li-ion batteries are constructed, carried by
billions of citizens worldwide, may someday serve the same purpose in neutron fluence
estimation.
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5.3 Applications of the Technique to a Hypothetical Accident Scenario
Following a suspected exposure to neutrons, a health physicist or first responder
surveying a victim may discover that a device powered by a Li-ion battery on their person
registers above background levels. Portable HPGe gamma-ray spectrometers are available
that can be deployed in the field to identify radionuclides in a sample, along with their
activity. These devices are installed with software and nuclide libraries. The presence in a
mobile phone battery of 60Co, not normally found in background (or as a fission product)
would quickly confirm that the battery was exposed to thermal neutrons. While not as
suitable for characterizing very low levels of activity in a sample as a full-sized counting
setup, portable instruments such as these may be useful in identifying activation products
in mobile phone batteries and other items that would indicate that an individual was
exposed to neutrons.
If a field-portable gamma ray spectrometer could identify 60Co in a battery within a
relatively short count time, this would indicate that the individual was exposed to a
significant neutron fluence. This could not necessarily be determined with a GeigerMüller tube, which would not be able to distinguish contamination from neutron
activation. Whether the battery or the phone is the source of the activity could be easily
determined by separating the two and surveying them independently. However, since
batteries are encased within the housings of mobile phones, they may be offered some
protection from initial contamination in a radiological event.
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Examples of the types of incidents which produce a high enough total neutron
fluence for results obtained using this method to be a viable addition to the data used to
estimate the dose an individual received are:
•

A criticality accident;

•

The detonation of a fission or thermonuclear weapon;

•

A neutron radiography accident; and

•

An accidental long-term exposure to a radioisotope neutron source.

The techniques described in this thesis could be used in conjunction with existing
methods to yield estimates of neutron fluence. However, in order for the subsequent
analysis of the battery to be meaningful, the following pieces of information need to be
gathered with as much precision as is feasible:
1. The time of exposure.
2. The duration of the exposure. In the event of a criticality accident or nuclear
weapons detonation, the duration of exposure will typically not exceed one
second (Glasstone 1962).

Accidents involving neutron beams, radiography

facilities, isotopic sources, or neutron generators could likely result in longer
exposure times.
3. The geometry (location) of the victim and the devise relative to the source of the
neutrons. The geometry of the battery relative to the source term assists in
determining the solid angle between the two, which affects the numerical
calculation of the dose. Also of importance is the location of the battery on the
body relative to the source term. For example, if the battery were on the opposite
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side of the victim relative to the source term, or inside of a metal case, albedo
considerations would increasingly affect the calculation.
4. A gross count rate measurement of the battery at a recorded time, if possible
using available equipment.
The battery should be bagged and shipped to a facility that can perform the gamma
spectroscopy necessary to determine the fluence to which it was exposed, using the
techniques described in this document. The method by which a sample is shipped may
be an important consideration, depending upon the sensitivity desired in the final results.
Hult et al. (2002) found that a small but detectable amount of cobalt and chromium
activation occurred in steel samples shipped by air due to the thermal neutron fluence at
high altitude unless they were wrapped in cadmium sheets in order to reduce this effect
(Gasparro 2004). However, researchers from Oak Ridge National Laboratory and the
Environmental Measurements Laboratory determined that 60Co background activity from
environmental neutrons was not a factor in the analysis of bomb-induced cobalt
activation in samples taken from Hiroshima or Nagasaki (RERF 2005).
Batteries of the same model, from the same manufacturer, should be obtained
and irradiated with neutrons as controls in order to determine their activation yields at
fluences approximately equal to the preliminary fluence estimate. Irradiation geometry
for the controls should be as near to that of the sample as possible. The sample and
controls should then be analyzed using gamma spectroscopy, and the results used to
estimate the fluence through the battery carried by the individual.
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Chapter 6 - Conclusions and Future Work

Conclusions.

Batteries exposed to thermal neutron fluences ranging from

2.8·108 n·cm-2 to 3.4·1010 n·cm-2 generated 60Co count rates ranging 0.022 (±4.5%) cps to
2.890 (±0.6%) cps. The activation of cobalt by the neutron fluences was highly linear
with irradiation time (R2=0.995). Thermal neutron fluences were estimated with accuracy
ranging from within 2% to 23% of actual fluences, with an average accuracy of 12%. The
average estimate taken over all 14 approximations was within 1% of the actual fluence
through the batteries, well illustrating the potential for Li-ion batteries exposed to
neutrons to yield accurate thermal neutron fluence estimates.
Due to its multi-year half-life, the cobalt in the battery is not expected to reach
saturation during an irradiation. While this was not investigated beyond a 20 minute
irradiation (saturation factor of 5·10-6), it seems likely that much larger fluences could be
estimated using this technique if necessary.

Likewise, using a similar procedure of

suitable sensitivity and longer count times, smaller fluences could be estimated than those
used in these trials.

Future Work. There are many popular battery models, of varying elemental
composition and construction. New battery technologies are being developed. Further
trials could examine other models and chemistries of Li-ion batteries, other types of
batteries such as nickel-metal hydride, or other geometries of batteries, for example,
button or cylindrical types.
In order to more accurately simulate an accident scenario, the battery irradiations
could be performed with the battery inside of a phone, and the phone placed on a

60
phantom, to examine the effects of shielding and scattering on the activation product
yields. Additionally, the effects upon the activation product yields could be investigated
using a neutron spectrum from a critical assembly. This would initiate reactions such as
the
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Cu(n,α)60Co reaction, which occurs with fast neutrons (Kimura et al. 1990).

Quantifying a battery’s response to fast neutrons, if any, would be a useful addition to
this research.
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Appendix - Photographs of Nokia BL-5C internal components

Figure A-1: Sample of battery anode. Copper foil current collector with graphite coating.

Figure A-2: Sample of battery cathode. Aluminum current collector with LiCoO2 coating.
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Figure A-3: Uncoated sample of aluminum foil current collector.

Figure A-4: Sample of the separator found between the anode and cathode.

