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ABSTRACT
This work investigated a neutron detection media comprising porous nanomaterial
membranes to mitigate self-absorbance of neutron reaction products (α, 7Li) typical of
micron-sized neutron conversion layers. Porous 3D layers fashioned from boron nitride
nanotubes were suspended in parallel-plate and anode-wire chamber configurations to
test their viability as effective conversion materials. It was hypothesized that this design
further mitigated wall-effect issues (i.e. loss of one of the neutron reaction products) that
create poorly defined energy peaks and lower neutron detection efficiency of boron-lined
proportional counters. Parallel-plate electrostatic modeling of the proposed detector was
performed using COMSOL Multiphysics® with additional particle tracking predictions
using SRIM/TRIM model computations.

This work included neutron sensitivity

evaluation, pulse shaping considerations, mitigation of adverse charging effects, gamma
discrimination testing, and theoretical comparison to typical helium-3 and boron-10
detectors. It was systematically deduced that both reaction particles (α, 7Li) were found
to be successfully detected from the porous boron nanomaterials suspended in a singleanode detector. Although not well understood, undesirable charging effects were
mitigated by mixing CNTs with BNNTs.

Neutron detectors utilizing boron nitride

nanotubes (BNNT) assembled into 3D architectures have the potential to rival helium-3
detectors and boron gas-filled detectors by increasing the functional boron-10 number
density, fill-gas ionization potential, and overall neutron sensitivity.
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CHAPTER I
INTRODUCTION
Reliable and effective detection of neutrons is imperative in nuclear reactor
instrumentation, neutron scattering experimentation, radiation safety, particle physics
experimentation,

material

accountability,

and

homeland

security

applications.

Plutonium-239 is often found with other isotopes (i.e. plutonium-240) that emit
considerable amounts of spontaneous fission (SF) neutrons. Plutonium oxide readily
emits neutron particles via (α,n) reactions. To prevent the unauthorized movement and
potential proliferation of nuclear material, neutron detectors have been implemented at
many borders and nuclear facilities. Helium-3 gas proportional detectors are the most
common and efficient type of neutron detector in practice. Historically, the price of
helium-3 has been $100-$200 per liter (Shea, 2010).

With US tritium production

cutbacks, stockpiles of its decay product, helium-3 have subsequently lowered. Since the
discovery of the shortage, commercial prices have risen to $2,000 per liter or more
(Cho, 2009).

This undesirable increase in helium-3 price has led to the need for

alternative neutron detection systems.

As the list of countries with established nuclear

programs increases, risks of nuclear material proliferating into undesired areas
continually increase. An affordable detector with robust and nontoxic materials, high
detection efficiency, and optimal gamma discrimination is in high demand.
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CHAPTER II
BACKGROUND
A. RADIATION DETECTION

Current Neutron Detection Technologies
Helium-3 and boron-10 are common isotopes utilized in neutron detection systems.
Helium-3 has a large probability of neutron interaction with a thermal neutron
(E(n) = 0.025 eV) cross section of 5330 barns. The thermal neutron reaction for helium-3
is as follows (Kouzes, 2010):
3

Where:

He + n (thermal)  1H + 3H + Q

Q = reaction energy release = 764 keV

Large Q-values are desirable for neutrons detectors to effectively discriminate against
gamma radiation, which often accompanies moderated neutron fluences (Rinard, 2009).
Gamma rays are attenuated by atoms with heavy nuclei (i.e. dense electron clouds), and
they infrequently interact with low-Z gases. However, fractional amounts of gamma rays
are often detected via interactions with denser parts of the detector (e.g. Compton
scattering) such as the detector walls. These Compton interactions vary based on gamma
flux and energy but typically result in less pulse height contribution than alpha or beta
radiation. Sufficient energy from neutron reaction products has to be deposited into the
detector gas to effectively discriminate against lower energy gamma radiation. The
greater the reaction-product energy deposited in the detector fill-gas, the easier it is to
discriminate against background noise and gamma radiation. The undesired effects of
2

gamma radiation must be successfully discriminated for neutron detectors to successfully
operate without an undue number of false positives.

Boron-10 is also highly sensitive to thermal neutrons with a cross section of 3840 barns,
with thermal neutron reactions as follows (Kouzes, 2010):
10

B + n  7Li* + 4He + Q

10

Where:

B + n  7Li + 4He + Q

Q = 2.31 MeV (94%)
Q = 2.79 MeV (6%)

* indicates an excited state that subsequently gives off 0.48 MeV γradiation

For the predominant branch (94%) reaction, the lithium-7 averages 0.84 MeV while the
helium-4 nuclei averages 1.47 MeV. The less probable branch (6%) yields signals at
1.015 MeV and 1.777 MeV for lithium-7 and helium-4, respectively.

The large Q-value of the boron-10 reaction makes it a more desirable material for gamma
discrimination efforts than helium-3. The presence of high-energy products allow for a
higher low-level discriminator (LLD) to be located (i.e. where the bulk of gamma
radiation resides).

This typically allows for fewer false-positive gamma radiation

detections and heightened accuracy during operation. In addition, the abundance of
boron-10 is approximately eight orders of magnitude higher than that of helium-3
(Aldrich, 1948; Lide, 1999).
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Radiation Detector Operation Considerations
The fundamental types of ionizing radiation include: alpha radiation, beta radiation,
x-radiation, gamma radiation, and neutron radiation. Ionizing radiation can be detected
either directly or indirectly, depending on specific material interactions. Charged alpha
and beta particles deposit measurable energy directly, while x-rays, gamma rays, and
neutrons are detected indirectly by reaction products formed by interactions with matter.
In a gaseous detector, uncharged radiation interacts with the detector materials to produce
charged particles—a phenomenon by which uncharged particles are often detected. As
charged particles traverse the electric field of a detector, ion pairs are formed in the fillgas medium. A sufficient electric field is required to collect the charge from ion pairs as
the current or event is not detected. As a detector’s applied potential (and resulting
electric field) increases, the number of ions collected increases, shown in Figure 2.1.

I-Recombination
II-Ionization
III-Proportional
IV-Geiger-Müller
V-Continuous Discharge

Figure 2.1. Relationship between charge collected and applied voltage for three types of
particles (Tsoulfanidis, 2015, used with permission).
Gas-based radiation detectors operate successfully in each region depicted in excluding
the recombination and continuous discharge regions. If a sufficient electric field is not
present inside the detector, ion pairs recombine, resulting in measurable pulse height
4

losses. If the electric field in the detector is too great, a continuous arc forms across the
electrodes, creating a steady discharge current through the detector. If left in this state,
damage can occur to the detector and pulse discrimination is impossible. For these
reasons, it is important to operate radiation detectors exclusively in the ionization,
proportional, and Geiger-Müller (GM) regions.

In the ionization region, the number of ion pairs collected from ionizing radiation is equal
to the number of ion pairs produced directly by radiation in the detector (Knoll, 2010).
No charge amplification takes place and measurement of particle energy is possible.
Applied voltage is often less than 1000 V. For most gases, the average energy required to
produce an electron-ion pair is about 30 eV (Tsoulfanidis, 2015).

In the proportional region, the number of ion pairs collected from ionizing radiation is
greater than the number of ion pairs produced directly by radiation due to charge
amplification (i.e. multiplication). The output signal is “proportional” to the energy
deposited within the counter and measurement of particle energy is achievable. To reach
the proportional region, an electric field strength of 104 -105 V/cm (i.e. 106 – 107 V/m) is
required (Kleinknecht, 1998).

A moderate applied potential (800 – 2000V) for

configurations utilizing small anode wires (i.e. where field strength increases
significantly in close vicinity of the wire) will increase the electric field strength to that
required for charge multiplication to occur.
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In the GM region, gas amplification increases to a point where any ionizing event
produces enough ion pairs that a large pulse is produced. This renders GM counters
unsuitable for energy quantification as their signal is independent of the particle type and
energy.

GM counters are useful because of their strong signals (i.e. not requiring

preamplification) and when quantification of the number of ionizing particles is desired.
GM counters often operate with similar applied potentials as proportional counters.

Parallel-Plate Ionization Chambers
Ionization chambers are radiation detectors that effectively operate in the ionization
region (i.e. Region II) of Figure 2.1. In this region, applied voltage has

little-to-no

effect on the number of ions collected. The ionization region is achieved when the
voltage is “saturated” and all the initial ions are collected (i.e. the counting curve
plateaus). As charged particles traverse the detector fill-gas, positive and negative ions
form. As an electric potential is applied to the system, these ions are separated; positive
ions drift towards the cathode (typically grounded) while negative ions drift towards the
anode (typically maintaining positive applied voltage). A specific type of ionization
chamber is a parallel-plate (PP) chamber, illustrated in Figure 2.2:

Figure 2.2. Diagram of a parallel-plate ionization chamber where x is distance, d is plate
spacing, C is capacitance, R is resistance, Vch is voltage across the electrodes, V0 is
applied potential voltage, and VR is the output pulse (Knoll, 2010, used with permission).
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The electric field intensity (ignoring edge effects) for a parallel-plate configuration is
ascertained by Knoll as:

Where:

𝐸𝐸 =

𝑉𝑉
𝑑𝑑

E

= electric field strength [V/cm]

V

= applied voltage across electrodes [V]

d

= plate spacing [cm]

(2.1)

Equation 2.1 predicts a uniform electric field between the parallel plates, irrespective of
position. The parallel-plates form a resistor-capacitor (RC) circuit that ultimately yields a
quantifiable output signal based on acquired charge deposition.

Ionization chambers can be successfully operated in either pulse or direct-current mode.
During pulse-mode operation, the charge signal from each interaction is processed
individually. This mode is commonly applied in high-energy physics where event rate,
timing, and energy spectroscopy are significant. In direct-current mode, the average
current flowing through the external circuit of an ionization chamber is measured to
determine the mean intensity of the radiation interacting with the gas (Kapoor, 1986).
This measures the average rates of photon flux while avoiding dead-time losses—useful
when radiation detection event rates are high.
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A unique phenomenon existing when heavy-charged particles (e.g. neutron reaction
products) traverse between the parallel-plates of a detector and deposit energy into the
fill-gas (Bunemann, 1949). As previously mentioned, the number of ion pairs produced
by charged particles in a detector fill-gas is indicative and proportional to the initial
energy of the particle, assuming full energy deposition. Once ion pairs are collected in
the detector, the resulting pulse is analyzed. However, the rise time of this pulse is a
function of 1) the path of the particle track in the chamber, 2) the mobility of the
components of the ionization, 3) its decay on the time constant of the capacity, and 4) the
leak resistance of the collecting electrode. Alpha particles and other positive ions are less
mobile than electrons and often travel much slower. Alpha particles create more ion
pairs per unit length compared to smaller particles.

The charge from the electrons is able to be quickly collected (~μs) unlike the charge from
positive ions, that take longer (~ms) to traverse the fill-gas. The short time constant must
be made about ten times longer than the rise time to prevent rise time variations due to
different track orientations that affect the output pulse amplitude.

Frisch grids are

frequently used to alleviate unwanted effects on the pulse amplitude (Frisch, 1944). A
schematic of a gridded chamber is depicted in Figure 2.3.
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Figure 2.3. Gridded Ionization Chamber depicting collimated radiation ionizing the
fill-gas between the detector cathode and grid (Knoll, 2010, used with permission)
In a gridded ion chamber, a finely-meshed, thin-conducting grid is placed between the
electrodes at an intermediate voltage allowing only electrons to cross freely, “tuning” the
output pulse to obtain higher resolutions. This eliminates positional dependence of the
pulse previously noted. Using standard techniques, one can achieve energy resolution for
5 MeV alpha particles of 35-45 keV for such gridded-chambers (Hötzl, 1984).

The pulse distribution of heavy-charged particles in a parallel-plate detector without a
grid can be approximated.

There are six common sources of “spread” that shift a

narrower Gaussian distribution (one would characteristically expect from an alpha
particle) to a wider, rectangular distribution (Bunemann, 1949):
(1) Thickness of source material
(2) Energy straggling of ionization
(3) Variation of rise time of the electron pulses
(4) Noise of the amplifier
(5) Positive ion effects
(6) Chamber and source orientation
9

When sources (5) and (6) are taken into effect, the pulse distribution of an alpha particle
in a parallel-plate detector shifts from Gaussian to rectangular, illustrated in Figure 2.4
and Figure 2.5.

Cathode

Particle trajectory

Anode

Figure 2.4. A) Source at point O emits α-particles of effective range R measured from O
to centers of ionization in tracks and B) Observed distributions of α-particle pulses in
grid-less ionization chamber (Bunemann, 1949, modified, used with permission).

Figure 2.5. Pulse height distribution resulting from isotropic emission of charged
particles from the cathode of a parallel-plate ionization chamber where Ro=particle
range, Ṝo=distance from the center of cathode, θ=angle with the electric field, No=total
number of ion-pairs, e= charge, C=capacitance (Kapoor, 1986, used with permission).
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The minimum and maximum pulse heights correspond to the cases of particle emissions
at 0o and ~90o to the electric field direction, respectively. Although pulse height is often
directly indicative of energy, B shows that for parallel-plate ionization chambers,
additional factors must be considered. Alpha particles can deposit equivalent energies
into the fill-gas of a parallel-plate ionization chamber, but the corresponding output pulse
energy of each varies based upon both the alpha source location and orientation between
the plates. This is described in the following equation (Tsoulfanidis, 2015).

Where:

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ≈ −

𝑒𝑒𝑒𝑒

𝐶𝐶∙𝑑𝑑

Velec

= output voltage signal [V]

e

= charge [C]

x

= particle distance from anode [cm]

C

= capacitance [F]

d

= plate spacing [cm]

(2.2)

The expected width of the pulse distribution of charged particles without collimation (B)
in a parallel-plate ionization chamber can be approximated by Equation 2.3 (Bunemann,
1949).

Where:

𝑊𝑊 =

𝑅𝑅∙𝑇𝑇𝑐𝑐𝑐𝑐
𝑥𝑥

W = pulse distribution width [MeV]
R = Range of alpha particle [cm]
Tcp = Energy of charged particle [MeV]
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(2.3)

From Equation 2.3, the expected rectangular pulse distribution width for each of the
boron-10 neutron reaction particles can be approximated:
𝛼𝛼 (1500 𝑘𝑘𝑘𝑘𝑘𝑘) =
7

𝐿𝐿𝐿𝐿 (840 𝑘𝑘𝑘𝑘𝑘𝑘) =

𝑅𝑅 ∗ 𝐸𝐸 1.51𝑚𝑚𝑚𝑚 ∗ 1500𝑘𝑘𝑘𝑘𝑘𝑘
=
= 755 𝑘𝑘𝑘𝑘𝑘𝑘
𝑠𝑠
3𝑚𝑚𝑚𝑚

𝑅𝑅 ∗ 𝐸𝐸 0.781𝑚𝑚𝑚𝑚 ∗ 840𝑘𝑘𝑘𝑘𝑘𝑘
=
= 218𝑘𝑘𝑘𝑘𝑘𝑘
𝑠𝑠
3𝑚𝑚𝑚𝑚

In addition, the less probable, higher energy boron-10 neutron reaction branch (6%)
yields 1.015 MeV and 1.777 MeV for lithium-7 and alpha, respectively. Scaling the
particle ranges to the higher energy particles results in ranges of 0.944 mm and 1.79 mm
for the 1.015 MeV and 1.777 MeV lithium-7 and alpha particle, respectively. This results
in wider pulse distribution widths of 1060 keV and 319 keV for the 6% yielded, higher
energy alpha and lithium-7 particle. Adding these together for the combined reactions
results in rectangular pulse width distributions of 973 keV and 1380 keV for the 2.3 MeV
(94%) reaction and 2.8 MeV (6%) reaction, respectively. From these calculated values,
the expected pulse distribution of a full-energy peak for the boron-10 n-reaction
occurring in the center of a 6mm spaced parallel-plate configuration is calculated in
Figure 2.6.
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Figure 2.6. Theoretical rectangular pulse width distributions of boron-10 reaction within
parallel-plate configuration for full (i.e. Both α and Li) absorption/detection in the
detector fill-gas.
The full energy spectrum of Figure 2.6 assumes no energy losses to materials within the
parallel-plate detector (e.g. suspended media, walls, etc.).

Any energy losses or

ionization events outside the detector fill-gas can undesirably widen the spectra and shift
it further to the left. Because it is often difficult to track the orientation of multiple
particles, more sophisticated radiation detectors exist. Time projection chambers (TPC),
multi-wire proportional chambers (MWPC), and drift chambers are all examples
(Nygren, 1975; Sauli, 1977).

Twin-anode ionization chambers are used to mitigate

energy losses from the reaction particles of a suspended conversion media to effectively
capture greater reaction energies. Examples of twin-anode detectors are shown in Figure
2.7.
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B)

A)

Figure 2.7. Schematic diagram of 4π twin-gridded ionization chambers (GIC) for
detection of A) fission fragments (Al-Adili, 2012, used with permission) and B) lightcharged particles (Göpfert et al., 2000, used with permission)

For denser conversion media, adding a second anode to a parallel-plate detector
configuration increases the effective solid angle from 2π to 4π. While the number of
reactions recorded remains constant, the overall energy capture from each reaction
increases with the addition of a second anode. The research for this thesis incorporates
similar principles, but additionally modifies the neutron conversion media to detect both
reaction particles simultaneously without using complex anode/cathode designs.

A

typical pulse distribution for a uranium-235 fission fragment ionization chamber can be
observed in Figure 2.8.
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Figure 2.8. Energy deposited in gas for uranium-235 fission fragments (Calviani, 2008,
used with permission).
Another detector shown for comparison is a BF3 parallel-plate ionization chamber. Pulse
height spectra of a BF3 counter operated in the proportional region (discussed later in
Figure 2.15) is different from one operated in the ionization region, depicted in Figure
2.9.

Figure 2.9. Sample (right) pulse height spectrum in BF3 parallel-plate ionization
chamber (left). In this case the field strength was 1230 V/cm and pressure 25 cm Hg of
BF3 (Bistline, 1948, used with permission).
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The pulse height distribution of Figure 2.9 is nearly rectangular that agrees with
aforementioned detectors operating in similar configurations (i.e. parallel-plate,
ionization region).

Proportional Counters
It is difficult and often impractical to operate a parallel-plate chamber at high enough
voltages to reach the proportional region (i.e. Region III) of Figure 2.1. The charge
collected (subsequent pulse) of proportional counters is greater than an ionization
chamber due to gas multiplication. To obtain electric field strengths required for gas
multiplication to occur (~106 V/m), a wire is often used as the anode (i.e. in lieu of a
plate) to increase electric field strength, depicted in Figure 2.10.
a)

b)

Figure 2.10. Diagram of a typical a) cylindrical proportional counter and b) 2π gas-flow
proportional counter.
Operating within a gas-flow counter eliminates position-dependent effects previously
mentioned (e.g. Equation 2.2). Proportional counters can be operated with a defined fillgas and pressure, or as continuous gas-flow type (i.e. ~atmospheric pressure). Two
anode wires can be utilized to obtain a solid angle of 4π steradians so that particles
emerging from both sample sides can be detected. An example 4π gas flow proportional
counter is depicted in Figure 2.11.
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Figure 2.11. 4π gas flow proportional counter used to detect radiation emerging from
both sample surfaces (Knoll, 2010, used with permission).

Wall Effects and Energy Straggling
The “wall-effect” occurs when the Q-value of a neutron reaction is not fully deposited in
the detector fill-gas, lowering the amount of detectable energy in the system (Knoll,
2010). For boron-10-lined detectors, a thin film of solid boron-10 is conventionally used
as the cathode. The ranges of the boron-10 alpha and lithium reaction particles in solid
boron-10 are approximately 3.6 µm and 1.6 µm, respectively (Groffhoeg, 1979). Any
reactions occurring at depths greater than 3.6 µm deposit full energy into the solid
boron-10, rendering the event(s) unrecordable. In addition, any quanta above 1.78 MeV
(6% branch alpha) is impossible to be detected because only one reaction product from
the boron (n,α) reaction is able to fully deposit its energy into the fill-gas. An incoming
thermal neutron captured by boron typically has very low energy (~0.025 eV) that is
negligible compared to the reaction particle energies (Carron 2006). Therefore, thermal
neutron reaction products move in opposite directions (i.e. 180o) due to conservation of
energy and momentum, illustrated in Figure 2.12.
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7

nthermal

Li

10

B

180o

α
Figure 2.12. Boron-10 thermal neutron reaction products (α + 7Li) departing in opposite
(180o) directions.

Thermal neutron energy is approximately seven orders of magnitude less than the boron
(n,α) reaction particle energies (i.e. eV vs MeV). An example of a boron-10 lined
detector spectrum exhibiting these “wall-effects” is illustrated in Figure 2.13.

Often times
there is
energy lost to
the detector
wall(s),
resulting in
ddi i l

Count Efficiency per MeV

No distinct
pulse
separation
from
electronic
noise, etc.

No Quanta
above 1.78
MeV able to
be detected

Energy Bins [MeV]
Figure 2.13. Reaction product currents of a 2.5 μm boron-lined tube at 1.0 atm (Kouzes,
modified, 2012).
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To mitigate these “wall-effects,” steps have been made towards detecting neutrons in a
media less dense than solid boron. One specific type of neutron detector that utilizes
gaseous boron is a boron trifluoride (BF3) proportional detector. BF3 neutron detectors
typically contain >90% enriched boron-10. However, BF3 detectors typically run at
lower, sub-atmospheric pressure to promote inleakage; BF3 is toxic and highly corrosive,
rendering it a less attractive helium-3 alternative (Pohanish, 2002). Lower pressures also
imply fewer boron-10 available per unit volume for neutron reactions, which can lower
overall neutron detection sensitivity. Particle range, as it passes through a medium, is a
direct function of the medium’s density. The higher the medium’s pressure (i.e. density),
the lower a particle’s range becomes, subsequently increasing the chance of full energy
deposition.

Lower fill-gas pressure allows charge multiplication to occur at lower

applied voltages, but also extends the reaction particle ranges in the fill-gas, increasing
the wall-effect. The effect of fill-gas type and pressure are less significant for ionization
counters than for proportional and GM counters.

Large BF3 and helium-3 gas detectors can obtain full energy peaks when the detectors are
large enough such that all the neutron reaction product energy can be deposited in the
fill-gas. In reactions close to the wall (Figure 2.14) reaction energy is partially deposited
in the fill-gas, but some energy is lost into the walls of the detector, making the
deposition of the full energy of the reaction products unattainable.
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Figure 2.14. Example of partial energy deposition from boron-10 (n,α) reaction where:
(a) The lithium-7 deposits its kinetic energy into the gas while the alpha particle deposits
partial energy into the gas and the latter into the detector wall or (b) The alpha particle
deposits its kinetic energy into the gas while the lithium-7 deposits partial energy into the
gas and the latter into the detector wall (Modified from Frame, 2011).
As example, a BF3 gas-proportional detector spectrum can be observed in Figure 2.15.
However, detector configuration (size, pressure, enrichment, etc.) can heavily affect pulse
distribution, making individual peaks less noticeable.

Figure 2.15. Typical pulse height spectrum for a BF3 gas proportional detector (Frame,
2011).
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As charged particles (e.g., alpha or lithium) traverse a medium and deposit fractional
amounts of energy, a distribution of energies from the particles (known as energy
straggling) is recognized on the pulse height spectrum, illustrated in Figure 2.16.

Figure 2.16. A monoenergetic beam exhibiting an energy distribution after going through
a material of thickness greater than its range (Δx < R) (Tsoulfanidis, 2015, used with
permission).

The shape of the energy distribution in Figure 2.16 can be approximated by Equations 2.4
– 2.6.

𝐾𝐾 =
Where

K =

𝜉𝜉 =

𝛥𝛥𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 =
Where

r0 =
mc2=
Z1 =
Z2 =
N =

𝜉𝜉

𝛥𝛥𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

(2.4)

energy shape distribution parameter
mean energy loss of the particle traversing the thickness Δx
maximum energy transfer to an atomic electron in one collision
(2.5)
classical electron radius = 2.818 x 10-15 m
rest mass of energy of the electron = 0.511 MeV
charge of the incident particle
atomic number of the stopping material
atoms/m3 in the material through which the particle moves
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Β =

speed of light in vacuum = 3 x 108 m/s

For particles much heavier than electrons, Emax can be approximated by Equation 2.6
(Tsoulfanidis, 2015).

Where

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 =

4𝑚𝑚𝑀𝑀1

(𝑚𝑚+𝑀𝑀1 )

𝑇𝑇

(2.6)

m = rest mass of an electron
M1 = rest mass of the particle
T = kinetic energy of the particle

Once Emax and 𝜉𝜉 are calculated, the energy shape distribution parameter (K) can be

calculated. Once K is known, the Vavilov distribution shape can be approximated,
depicted in Figure 2.17.

Figure 2.17. The Vavilov distribution shown for various values of the parameter k where
φ is a measure of the probability that a particle will lose energy between T and T+dT
and λ = (T-Ť)/ 𝜉𝜉 – 0.423 – B2 – ln(K) (Tsoulfanidis, 2015, used with permission).
For small values of K (i.e. K < 0.01), a small number of collisions takes place in the
stopping medium and the resulting distribution is asymmetric with a low-energy tail
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characteristically known as a Landau distribution (Tsoulfanidis, 2015). For intermediate
K values ranging from 0.1 to 10, a Vavilov distribution is expected and, as large values
are approached, the distribution is a Gaussian-type.

For thick absorbers, energy straggling can be represented by a Gaussian distribution, but
at lower absorber thicknesses the energy straggling distribution becomes skewed and
develops a tail at higher energies best represented by a Landau distribution (Ahmed,
2015). The equations presented by Ahmed describing this type of distribution apply to
both electrons and heavy-charged particles.

Energy straggling is more pronounced for electrons than for heavier particles for three
reasons (Tsoulfanidis, 2015):
1) Electrons are deflected to large angles and may lose up to half of their energy in
one collision.
2) Large-angle scattering increases their path length.
3) Electrons radiate part of their energy as Bremsstrahlung.
Energy straggling is important to understand for heavy-charged particles (α + 7Li) and for
electrons in this thesis research. The charged particles from the boron-10 reaction must
successfully traverse and escape the porous nanomaterial (or deposit sufficient energy
prior to escape). Secondly, any ion-pairs (specifically electrons) must traverse the porous
nanomaterial and be collected at the anode so that the resulting signal pulse is
measurable.
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B. POROUS 3D STRUCTURES COMPRISING NANOMATERIALS
The use of porous materials increases the range of neutron reaction products within the
bulk conversion media.

Neutron detection using low-density boron and lithium

composites (Figure 2.18) and foams to detect neutrons has been demonstrated (Nelson et
al., 2012).

Figure 2.18. Cross sectional view of multi-wire proportional chamber (left) and neutron
response pulse-height spectrum (right) of 2 mm thick 20 percent B2O3 saturated foam
(Nelson et al., 2012, used with permission).
Two distinct shelves (channel ~50-140 and channel ~150-260), attributed to the single
neutron reaction particle energies (α or 7Li), can be observed in Figure 2.18. Another
form of porous aerogel with promising neutron detection efficiencies are lithium-6
borosilicate aerogels (Edwards et al., 2016).

The range of the boron-10 neutron reaction products (α + 7Li) in boron-nitride can be
modeled to gain understanding of functioning conversion layer depth. Output values
from the SRIM/TRIM data can be observed in Figure 2.19.
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Figure 2.19. Comparison of boron-lined detectors with proposed nanoporous conversion
layers particle range modeling from SRIM/TRIM (boron-nitride material density basis)

Aerogels are ultralight materials utilized in catalysts, absorbers, insulators, and many
other applications due to their unique properties. Aerogels can be made from nanotubes
due to their strong Van Der Waals forces. Aerogels with densities of 4 mg/cm3 or lower
have been reported with carbon nanotubes (Zou, 2010).

During aerogel synthesis,

solvents are often utilized to suspend nanotubes in solution to form a gel. However, the
solvent must be strategically removed from the gel. Critical point drying (Tanaka, 1974)
or freeze drying (Tamon, 1999) are two common methods to avoid structural collapse
during solvent removal. When the vapor-liquid interface is circumvented, undesired
surface tension issues are mitigated, and the porous structure remains intact. Polyvinyl
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alcohol (PVA) or other polymers (e.g. PVP) incorporated into the nanomaterial reinforce
the structure and give aerogels rigidity (Bryning, 2007). However, it is important to note
that the addition of polymers to aerogels decreases conductivity while increasing density.

Buckypapers, conventionally made from CNTs, are denser than aerogels and show
tremendous promise in the field of electronics due to their range of electrical
conductivities.

Porosities of buckypapers can be varied nearly threefold, from

approximately 0.3 to 0.9 (Cranford, 2010). BNNT buckypapers can reach porosities of
80% or more (Kim, 2015). Dispersing the nanotubes in solvent then micro-filtering it
leaves a paper-like composite nanomaterial. The nanotube suspension concentration,
sonication level/time, filtration vacuum pressure/time, surfactant type, and filter paper
type are parameters that can be varied to achieve different buckypaper characteristics.
The suspension concentration and sonication level/time often influence the homogeneity
of the nanotube architecture. Vacuum pressure, filter type, and filtration time influence
how thick or thin the nanomaterial is, ultimately influencing the porosity and density of
the resulting paper. Suspending and microfiltering the nanotubes during the buckypaper
making process has a potential to remove or displace trace amounts of impurities, as well.
Surface tension issues from vapor-liquid equilibria that cause structure collapse are of
less importance for buckypaper synthesis.

Buckypapers are oven dried after their

synthesis to remove any trace solvent remaining.
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As highly porous buckypapers and aerogels are utilized in gas-filled detectors, fill-gas
has the potential to become ionized by the neutron reaction particles inside the pores
rather than the solid boron nitride, leading to heightened pulse spectra as ion pairs readily
escape. If higher pressures are utilized, the probability of fill-gas ionization events (i.e.
formation of ion-pairs) within-and-around the porous nanomaterials increases.

Electrical Characteristics of BNNTs
The electrical behavior of BNNTs and CNTs are important to understand for their
application in gas-filled radiation detectors.

BNNTs exhibit semi-conducting

characteristics with an approximate band-gap of 5.5 eV, independent of nanotube
dimension (Golberg, 2007).

The electrical conductivity of “typical” hexagonal boron

nitride (h-BN) is low (i.e. insulator) at approximately 10-11 S/m (Ferro-Ceramic, 2012).
Polymer conductance modification via CNT addition also shows much promise if one
desires higher conductivities.

As little as 1-2 volume % CNT can turn insulative

materials into electrical conductors, illustrated in Figure 2.20.

Figure 2.20. Model predictions of the effective electrical conductivities of CNT
composites compared with the observed data where σe, σ3, σm denote the effective, axial,
and isotropic matrix electrical conductivity, respectively (Deng, 2008, used with
permission).
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Gaseous discharges can lead to dramatic offsets in voltage curves and electric fields of
devices (Wibbeler, 1998). This phenomenon is important when suspending dielectric
layers within an electric field.

High operating voltages exceeding the breakdown

voltages of the dielectric layer and electrode can lead to considerable charge deposition
on the dielectric layer. This effect is demonstrated in Figure 2.21.

Figure 2.21. Influence of parasitic charges on the electric field in a capacitive device:
a) parallel-plate model b) simplified field in a small section (Wibbeler, 1998, used with
permission).
Conductivity can be approximated for most materials, but the dielectric constant (i.e.
relative permittivity) for a conductor is not readily measured. For estimation purposes,
the dielectric constant of a “good conductor” (e.g. 107 S/m) may be set to ~1 (Lorrain,
1970). The dielectric constant of BNNTs has been described by previous studies to be 5.9
(Lan et al., 2009). However, when significant porosity is introduced to BNNT-containing
media, the dielectric constant can approach 1.0-1.1 (Hong, 2015). A lower dielectric
constant of a material results in a lower potential to adversely affect (i.e. decrease) the
electric field when the nanomaterial is suspended in the electric field of a radiation
detector.

These electric field strength losses can be approximated using modeling

programs such as COMSOL Multiphysics.
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Aerogels have the lowest dielectric constant measured for a solid material, having values
approaching 1.0 (Hrubesh, 1994). As the porosity of a material increases, the dielectric
constant decreases (Liu, 2002). As voids are created in a material (i.e. introducing
porosity), the capability of an electric field to exist unaltered (i.e. without field losses)
within the bulk material increases. The relationship of a materials dielectric constant and
porosity is depicted in Figure 2.22.

Figure 2.22. Correlation between the theoretical dielectric constant and porosity based
on the serial (solid) parallel (dashed) and Rayleigh (dotted) models. The experimental
data from literature (open square) and the nanoporous silica thin films deposited by the
gas evaporation technique at various pressures (filled triangle) are also shown (Si, 2001,
used with permission).
The dielectric constant of the silica forms (i.e. SiO2: 3.8-5.4) form utilized in Figure 2.22
are comparable to BNNTs (Si, 2001). By assuming a uniform distribution of spherical
voids in a material, the dielectric constant as a function of porosity can be calculated
based on Equation 2.7 (Rayleigh, 1892).
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Where:

kd
k1
k2
P

=
=
=
=

𝑘𝑘𝑑𝑑 = 𝑘𝑘1 {1 + [2𝑘𝑘

3𝑃𝑃(𝑘𝑘2 −𝑘𝑘1 )

}

1 +𝑘𝑘2 −𝑃𝑃(𝑘𝑘2 −𝑘𝑘1 )]

dielectric constant of porous material
dielectric constant of material
dielectric constant of void gas (~1)
porosity

(2.7)

The dielectric constants of porous-BNNT nanomaterials can be approximated from
Equation 2.7 to obtain the relationship shown in Figure 2.23.
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Figure 2.23. Calculated dielectric constant as a function of bulk porosity for BNNT
nanomaterials.
Once calculated, the dielectric constant can then be utilized in computational models (e.g.
COMSOL Multiphysics®) to produce electrostatic models.
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C. COMPUTATIONAL MODELING
A variety of modeling programs exist for use in detectors, particle physics, and electric
field modeling including PENELOPE, GEANT, SRIM/TRIM, ANSYS Maxwell, and
COMSOL Multiphysics®. Monte Carlo N-Particle (MCNP) is a general-purpose code
used for neutron, photon, electron, and mixed transport (Kalos, 1986). This code treats
arbitrary three-dimensional configurations of materials in geometric cells bounded by
varying dimensional surfaces. For neutrons, all reactions for a particular cross section
evaluation are present in the output. Selection of the proper MCNP code is dependent on
the particle system needing to be tracked (e.g. neutrons, electrons, etc.). The MCNP code
is useful for electron transport, which is critical for understanding the behavior of
reaction particles and ion pairs in an electric field. The MCNP code is also useful for
determining the expected behavior of neutrons given the source, detector, and neutron
conversion media dimensions. SRIM is a group of programs that calculates the stopping
and range of ions into matter also harnessing Monte Carlo methodology. TRIM is a
comprehensive program included in SRIM focusing on the transport of ions in matter
(Ziegler, 1977-85).

It is important to understand the transport of particles through

various detector materials so they can be optimized. ANSYS Maxwell is a 3D simulation
technology that performs electrostatic modeling (ANSYS, 2015). Maxwell electric field
modeling of nano-scale materials with a voltage applied to them has previously been
explored (DeVol, 2011).

COMSOL Multiphysics® is a software program used for

various physics and engineering applications, which includes electric field and particle
tracing modules (COMSOL, 2013).
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Range of Alpha and Lithium Particle in P-10 Fill Gas
The range of the alpha (1.5 MeV) and lithium-7 (0.84 MeV) particle from the boron-10
thermal neutron reaction can be approximated by SRIM/TRIM.

Output from the

SRIM/TRIM model can be seen in Figure 2.24.
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Figure 2.24. Range of boron-10 neutron reaction products in P-10 fill-gas from 0-68 psig

At atmospheric pressure (0 psig), the range of the 1.5 MeV alpha particle and 0.84 MeV
lithium-7 particle are 8.5 mm and 4.39 mm, respectively. At the highest fill gas pressure
used in this thesis research (68 psig), the range of the 1.5 MeV alpha particle and 0.84
MeV lithium-7 particle are 1.51 mm and 0.78 mm, respectively. Additional background
information SRIM/TRIM can produce for alpha and lithium particles at 68 psig is
observed in Figure 2.25 through Figure 2.28.
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Figure 2.25. 1.5 MeV Alpha particle Range Approximation from SRIM/TRIM of 1.51 mm
in P-10 Fill-gas (68 psig)

Figure 2.26. Ionization and Distribution Information (3D) from SRIM/TRIM for 1.5 MeV
alpha particle in P-10 Fill gas (68-psig)
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Figure 2.27. 0.84 MeV lithium particle range approximation from SRIM/TRIM of 0.781
mm in P-10 fill-gas (68 psig)

Figure 2.28. Ionization and distribution information (3D) from SRIM/TRIM for 0.84
MeV lithium particle in P-10 fill-gas (68 psig)
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Ionization potential and energy losses (eV / Angstrom) are important for understanding
where particle energy is being deposited. SRIM/TRIM can help aid the end-user in
understanding if the ionizations are occurring within a certain layer of predefined media
(e.g. fill-gas vs neutron conversion layer, etc.). If the bulk-energy of a reaction particle is
deposited in the conversion layer, then the bulk-energy will be undetectable, resulting in
pulse height losses or count rate losses if severe enough.
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CHAPTER III
RESEARCH OBJECTIVE
Ideal neutron detectors have high neutron detection efficiency paired with the ability to
discriminate against large gamma fluxes. The technology being studied incorporates
boron nitride nanotube (BNNT) nanomaterials into parallel-plate ionization chambers.
The work seeks to examine if porous conversion media can mitigate “wall-effects” in
gas-filled detectors by allowing neutron reaction products to deposit substantial energy
into the fill-gas (i.e. in lieu of self-absorption). If reaction products from the 10B(n,α)7Li
reaction are able to traverse the nanomaterial without being absorbed, both particles (i.e.
α + 7Li) become detectable. Ultimately, the electrons from ion pairs created in the fillgas need to effectively navigate the electric field to induce current in the detector.
Finally, the work investigates if the use of porous boron nanomaterials can increase the
“functional” boron-10 number density and thus neutron sensitivity compared to denser
boron-10 lined detectors.

The overarching objective of this project is to test the viability of nanomaterial-based
neutron conversion layers within gas filled detectors via the following phases:
 Obtain boron nitride nanotubes for incorporation into porous nanotube composites
(i.e. conversion layers).
o Characterize the boron nitride nanotubes (e.g. SEM, EDX).
 Produce porous nanotube composites
o Coat carbon-based nanocomposites with thin (i.e. < 1 micron) boron layers for
initial proof-of-concept studies.
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o Synthesize buckypapers of various wt % BNNT:CNT ratios
o Incorporate BNNTs into porous composites (i.e. 3D architectures).
 Implement porous nanotube composites into parallel-plate ionization chamber.
o Determine optimal fill-gas pressure, applied voltage, shaping/time constants,
nanomaterial orientation.
o Quantify detector response (i.e. n, γ) relative physical properties of the porous
nanotube composites.
 Validate neutron detection experimental data and relationships with gas-flow
proportional counter.
o Energy calibrate spectra and quantify particle energies to investigate
simultaneous (α + 7Li) particle detection.

 Model the detector, reaction products, and electric field using SRIM/TRIM and
COMSOL.
o Utilize COMSOL to model the electric field behavior around nanomaterial
conversion layers.
o Utilize COMSOL to model electron particle fate.
o Utilize SRIM/TRIM particle tracing modules to determine penetration depths
and ionization potential in varied geometries.
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CHAPTER IV
MATERIALS AND METHODS
This research synthesized boron-containing macrostructures (e.g. buckypapers) via the
inclusion of BNNTs and CNTs.

These porous nanomaterials were then suspended in

detectors in various configurations with an aim of pairing neutron sensitivity with
gamma-ray discrimination.

Proof-of-concept studies were also performed utilizing

boron-coated materials.
A. NEUTRON DETECTOR CONFIGURATION

Parallel-Plate Detector Setup
Nanomaterials were suspended using non-conducting Teflon inserts that acted as the
parallel-plate spacers, illustrated in Figure 4.1.
Air-gap created
in plates to
readily allow
fill-gas/vacuum
exchange
3 mm Nonconducting Spacers
Non-conducting
Screws
Suspended
Porous
Nanomaterial
HV
Connection

Figure 4.1. Parallel-plate configuration for porous nanomaterial testing. Anode-tocathode plate spacing was 6 mm unless otherwise noted.
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A small gap was drilled into one of the spacers so that the chamber could be effectively
purged and backfilled with P-10 gas. The cathode was grounded to the detector wall
(also grounded), and the bottom plate, not observed in the photograph in Figure 4.1
served as the anode. The anode and cathode were made of aluminum. The configuration
was locked in place using non-conducting Teflon screws. The detector was setup with an
SHV coaxial cable connected to an Ortec Model 142PC preamplifier further connected to
a Canberra Lynx Multichannel Analyzer (MCA).

To ensure the parallel-plate detector was operated outside the recombination region
(Figure 2.1) and in the ionization region during experimental runs, testing was performed
to find the proper operating voltage. The voltage was ramped from 0-1500V in 100V
increments, resulting in data in Figure 4.2.
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Figure 4.2. a) Count rate and b) pulse height (normalized) as a function of applied
potential of polonium-210 alpha particle source (standard 6 mm parallel-plate spacing).
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It was inferred from the plateau shown in Figure 4.2 that the ionization region is reached
at approximately 500V, consistent with data illustrated in Figure 2.1. For an ionization
chamber with an alpha source located between the parallel plates, the theoretical intrinsic
detection efficiency is approximately 100%. For an isotropic electroplated alpha source,
half of the particles enter the fill-gas and the other half deposit their energy back into the
plate (source), making them unrecordable (i.e. 2π emission).

This resulted in a

theoretical absolute total detection efficiency of 50%.

The activity of the polonium-210 alpha source used was nominally 3700 ± 740 Becquerel
(Bq) (0.1 ± .02 µCi). The count rate observed in Figure 4.2 plateaued at 2200 ± 14 cps,
which agrees with the measurable alpha source activity within statistical uncertainty.
Therefore, each alpha particle was being detected in the fill-gas. The background count
rate did not contribute to the observed count rate (<< 1 cps). The optimal applied voltage
range for this work was thus chosen to be ~650V. The electric field strength expected at
this voltage was calculated by dividing the applied voltage by the plate spacing. At 650V
and 6 mm (0.6 cm) plate spacing, the electric field is:

E=

650𝑉𝑉

0.6 𝑐𝑐𝑐𝑐

= 1,080

𝑉𝑉

𝑐𝑐𝑐𝑐

To reach the proportional region (>104 V/cm) in this parallel-plate setup, potential
voltages of 6,000 V or more were needed. A high voltage power supply was not readily
available nor practical for this application. Therefore, the ionization region was selected
for investigation as the detector operation region for parallel-plate geometries.
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Anode-Wire Detector Setup
Authentication of the pulse spectra was necessary to ensure both particles (α + 7Li) were
being simultaneously detected, so an anode-wire detector was selected for use after
parallel-plate runs were performed. Energy calibration of the parallel-plate ionization
chamber was not straight-forward upon consideration of the relationship of charged
particle path and pulse height (Figure 2.5).

To further validate the parallel-plate

configuration experimental runs, the gas-flow, looped anode-wire detector (Figure 4.3)
was configured utilizing electronics similar to the parallel-plate setup (i.e. Preamp,
MCA). Boron conversion materials were thus suspended in the volume of the chamber
and the neutron, background, and gamma responses were recorded in a similar fashion as
the parallel-plate experimental runs.

Gas Flow Inlet
(Outlet not shown)
Anode
Wire

Cathode
(Ground)

Figure 4.3. Continuous gas-flow, anode-wire detector
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A continuous, low-pressure (~atmospheric) stream of P-10 counting gas (90% argon,
10% methane) was used as the detector fill-gas. Two counting curves were collected
(Figure 4.4) utilizing an alpha source (i.e. polonium-210) and a boron-lined plate (i.e. in a

2000

Pulse Height (Channel)

Pulse Height (Channel)

neutron field) as a constant means of gas ionization.
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Figure 4.4. Pulse height as a function of applied potential for the anode-wire detector
using a polonium-210 alpha source (left) and the 10B(n,α)7Li reaction products of a 500
nm boron-lined plate (right) as the gas ionization source.
The counting curve from the polonium-210 The operating voltage for the anode-wire
detector was set at 1100V as the system gain was naturally high (even with signal
attenuation—a Canberra Lynx DSA feature). A polonium-210 alpha source (5.3 MeV)
was then placed in the center of the detector and Figure 4.5 was measured.
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Figure 4.5. Polonium-210 alpha source used for energy calibration of anode-wire
detector (5-minute count)
Boron-coated plates (100 nm and 500 nm) were utilized to aid with a lower energy,
known alpha and lithium particle source (once inserted into the neutron field) and for
comparison to the porous conversion materials.

The Canberra Lynx Digital Signal

Analyzer (DSA) was operated with the following detection parameters (rise time = 1.8μs,
flat top = 0.6μs, gain = 0.564, manual slow discriminator = 20, and 1100V positively
applied high voltage). The porous boron nanocomposite samples were oriented in a
variety of configurations, illustrated in Figure 4.6.
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Figure 4.6. Anode-wire detector configurations with sample horizontal (i.e. flush) with
floor (left), oriented vertically (center) and suspended horizontally (right) with neutron
product reaction potential {i.e. α + 7Li (both) vs. α or 7Li (single)}
The orientation of the porous nanomaterial (e.g. buckypaper) could be moved around the
chamber and the pulse height spectrum (i.e. of the neutron response) quantified to
determine if both particles (α + 7Li) were able to be detected.

Radiation Measurements
For clarity in the reported data in the results and discussion section of this work,
standardized source and detector nomenclature is shown in Table 4.1.
Table 4.1. Radioactive sources and parallel-plate chamber operating
parameters used to standardize presented data

Standard

(unless otherwise
noted)

Supplementary
Sources
(noted in text)

Alpha
Source
210

241

Po

Am

Neutron
Source
239

Pu-Be

252

Cf

Gamma
Source
60

Fill-gas
Pressure

Detector
Gain

Applied
Potential

Rise
Time

Flat
Top

68 psig

4.284

650V

2 μs

1 μs

-

-

-

Co

137

Cs

Moderated plutonium-239-beryllium and californium-252 sources were used as the
thermal neutron radiation sources in this work. A RadEyeTM NL helium-3 Neutron
Detector was used to estimate the neutron field in mRem/h. Due to the surrounding
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moderator on both neutron sources, a gamma field also existed around the neutron source
(i.e. via a neutron capture reaction), reinforcing the importance of gamma discrimination
discussed previously.

A Canberra Lynx was utilized as the MCA throughout this work alongside ProSpect,
Canberra’s spectral analysis software. This state-of-the-art multichannel analyzer (MCA)
can operate in pulse height analysis (PHA), multichannel scaling (MCS), dual channel
loss free counting (LFC), multispectral scaling (MSS), and time-stamped list modes.
Experimental runs in this research were operated in PHA mode to effectively permit
pulse distribution analysis. Several automated features of the Lynx were disabled when
possible to ensure reproducibility and consistency among results.

These features

included auto pole/zero, stabilizers, and lower level discriminator.

The Lynx used

trapezoidal filter parameters to adjust the pulse with several adjustable timing constants
including rise time and flat top. The pulse was analyzed using the Canberra Lynx “webbased oscilloscope” in parallel with a Tektronix TDS 2024C oscilloscope as a means of
verification.

Alpha Particle Pulse Distribution
To properly identify pulse spectra, an alpha emitting source, polonium-210 (Eα=5.3
MeV), was selected because an alpha particle is one of the two reaction products of the
target

10

B(n,α)7Li neutron reaction. The polonium-210 alpha source was first measured

by an alpha spectrometer (i.e. PIPS detector) to ensure proper pulse spectrum distribution
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and that the full energy of the source was 5.3 MeV (as expected), shown and validated in
Figure 4.7.
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Figure 4.7. Polonium-210 alpha source used for energy calibration and pulse spectrum
analysis measured by PIPS alpha spectrometer. Log-scale counts (left) and linear-scale
counts (right).
The alpha particle range must be less than the dimensions of the detector for proper
calibration, which is highly dependent upon the path of the alpha particle source in
chamber. The alpha source used in this work (polonium-210) was electroplated on
metallic discs—placing a source flush to the anode or cathode makes the source an
extension of the electrode if a conducting binder is used (e.g. carbon SEM tape).
However, to mitigate undesired charge deposition and to prevent altering the electrical
field (e.g. edge effects), the alpha source was insulated from the cathode. The setup used
for energy calibration in this work is illustrated in Figure 4.8.
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Figure 4.8. Parallel-plate ionization chamber with alpha source located on the cathode.

Charged Particle Range Approximation & Measurement
The range for charged particles was calculated to ensure full energy distribution into the
fill-gas was possible. This was important for energy calibration steps and for tracking the
neutron reaction particle behavior within the nanomaterials. The ranges of the 1.5 MeV
alpha and 0.84 MeV lithium particle in boron-nitride of varied density were previously
approximated using SRIM/TRIM in Figure 2.19. With the standard parallel-plate spacing
used in this work (i.e. 6mm) and material suspended between the plates, each side of a
suspended material has ~3 mm to ionize the fill-gas prior to reaching the electrodes.

In addition to gaining understanding of conversion layer density, the density of
conventional P-10 gas (90% argon, 10% methane) used in this thesis research is
important because the particle range in a material is dependent on its density. Ranges
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(cm) of alpha particles (MeV) at the fill-gas pressure used commonly within this work are

CSDA Range (cm)

given in Figure 4.9.
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0.1
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1.0

2.0

3.0
4.0
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Figure 4.9. Continuous-Slowing-Down-Approximation (CSDA) Range for alpha particles
in argon (68 psig) (NIST, 2015).

The CSDA range of polonium-210 5.3 MeV alpha particles in argon is 7.1 mg/cm2
(NIST, 2015). At the maximum P-10 gas pressure (used in this work) of 68 psig (i.e. 83
psia) the corresponding alpha particle range is ~0.76 cm. Additional particle ranges
calculated from NIST CSDA range values and validated by SRIM/TRIM are in Table
4.2.
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Table 4.2. Polonium-210 alpha particle range in argon at varying pressures. Calculated
from NIST CSDA range values.
Pressure

Pressure

[psia]
5
10
15
20
35
50
65
83

[psig]
vacuum
vacuum
0
5
20
35
50
68

Argon Density
(at 25oC)
[mg/cm3]
0.6
1.1
1.7
2.2
3.9
5.6
7.2
9.2

210

Po Alpha Particle
(5.3 MeV) Range
[cm]
11.8
6.4
4.2
3.2
1.8
1.3
0.99
0.76

Even though the range of alpha particles at each noted pressure is larger than the plate
spacing used in this work (~6 mm for parallel-plate capacitor runs), the radius of the
detector volume (~12.5 mm) is greater than the range of polonium-210 alpha particles at
fill-gas pressures of ~30 psia and up. However, additional parallel-plate spacers were
created to increase the plate spacing to ~8mm to ensure full energy deposition into the
detector fill-gas is possible. The largest pulses in a parallel-plate chamber arose from the
ionization of the fill-gas from an alpha particle originating at the cathode (Figure 2.5)
with a path nearly perpendicular to the electric field (~90o).

The range of the polonium-210 alpha particle (5.3 MeV) in 68 psig P-10 gas was
modeled with SRIM/TRIM. Output from the SRIM/TRIM model can be seen in Figure
4.10. The range of the polonium-210 alpha particle was predicted to be approximately
7.6 mm in the detector fill-gas, which is consistent with the calculated value in Table 4.2.
The standard parallel-plate spacing in this work was 6 mm, so 2 mm spacers were created
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and added to the setup (i.e. increasing it to 8 mm) to ensure the full energy was
distributed.

Figure 4.10. Polonium-210 alpha particle (5.3 MeV) behavior in 68 psig P-10 gas
calculated from SRIM/TRIM. Particle depth, range, and straggle (left) and ionization
energy losses (eV/Angstrom—right).

Gamma Discrimination
Gamma radiation was present near the neutron source (i.e. due to neutron capture
reactions in the surrounding moderator), so it must be determined that all counts originate
from neutron reaction products and not from gamma detection. The gamma field at the
detector for each neutron count was measured in mR/h using an Eberline RO-20 ion
chamber. The detector (parallel-plate or anode-wire) was then taken away from the
neutron source and placed in a similar (or greater) gamma field (i.e. no neutron radiation)
to the gamma field that was present (in mR/h) during the neutron count and the radiation
field counted. A background count (i.e. no external radiation source) was then taken as a
third measurement with no present neutron or gamma source. The three counts (neutron,
gamma, and background) were then compared. Upon comparison of the three pulse
spectra (neutron, gamma, and background) an evaluation of gamma-neutron
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discrimination can be made. The count time of runs was kept constant when gross counts
are compared. For some experimental runs, the gross number of counts was divided by
the count time to give a count rate (e.g. counts per second) for comparison between the
range of various count times employed in this thesis research. Two gamma sources were
utilized—Cesium-137 (Eγ=0.66 MeV) and Cobalt-60 (Eγ=1.1 and 1.3 MeV) for this
analysis.

Fill-Gas Pressure Determination for Parallel-Plate Configuration
The optimal fill-gas pressure was investigated and relationships given in Table 4.3.
Table 4.3. 57 wt% BNNT:CNT buckypaper response to neutron field (18 mRem/h
neutron), comparable gamma field (5 mR/h), and background as a function of fill-gas
pressure
Fill-gas
Pressure
[psig]
~0
15
30
45
60
68

Neutron
Response
[cps]
0.1
0.4
0.3
0.5
0.7
0.9

Gamma
Response
[cps]
0.02
0.01
0.01
0.01
0.01
0.01

Background
Response
[cps]
0.03
0.02
0.01
0.01
0.01
0.01

The background count rate increased at lower pressures (<15 psig) when compared to the
background count rate at higher pressures (>30 psig).

No gamma response was

measured relative to the background response (approximately equal) for each of the runs
in Table 4.3.
decreased.

As detector fill-gas pressure increased, the range of particles in the gas
The maximum outlet pressure the P-10 gas regulator allowed was

approximately 68 psig, which was chosen as the best fill gas pressure for this thesis
research.

The higher the fill-gas pressure, the greater the neutron response and
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neutron-to-gamma (background) count rate ratio became. This was attributed to greater
ionization potential (eV/unit length) within the pores of the porous nanomaterial. As
pressure increases, the number of probable collisions resulting in measurable ion-pairs
per unit length fill-gas increases.
B. BORON CONVERSION MATERIALS
Four primary types of boron-containing conversion materials were synthesized for
experimental testing within neutron fields:
i) Boron-coated meshes and plates
ii) Boron-coated nanomaterials
a. Buckypapers
b. Aerogel
iii) BNNT buckypapers
a. Pure BNNT-type
b. BNNTs mixed with defined ratios of CNTs
iv) Low-density BNNT “puff-ball” form

Boron-Coated Meshes
To investigate baseline data, the surfaces of 1”x1” 20-grit nickel (i.e. 20 wires per inch)
mesh samples were coated with natural boron (80% boron-11, 20% boron-10) at 30 nm,
100 nm, and 500 nm thicknesses using electron beam (E-Beam) evaporation technique.
These were depths less than the range of the alpha and lithium reaction particles in solid
boron (3.6 µm and 1.6 µm, respectively), illustrated in Figure 4.11.

52

a)

b)

Figure 4.11. a) Boron-coated nickel mesh and b) depiction of
occurring within the boron wire coating.

10

B(n,α)7Li reaction

The meshes were created to imitate how the 10B(n,α)7Li reaction products would behave
in the detector fill-gas and as a baseline to quantify the neutron response with porous
neutron conversion layers. A cylindrical boron architecture suspended in the fill-gas of a
detector was expected to have a small probability of allowing each reaction product to be
detected simultaneously. The results of this testing would also help generate baseline
studies to better understand pulse height distributions.

Boron-Coated Carbon Nanomaterials
A porous media is thought to be needed to allow ~full energy deposition of the reaction
products; therefore, carbon multi-walled nanotube (MWNT) buckypapers were obtained
from NanoTechLabs, Inc. (NTL) for testing. These buckypapers were created from a
proprietary blend of carbon MWNTs (using no additional binder).
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Natural boron (i.e. 20% boron-10, 80% boron-11) was coated onto both sides (30, 100,
500 nm boron thicknesses) of the obtained buckypapers similarly to the nickel meshes.
Boron-coated carbon MWNT buckypapers (200 μm thick) were created to possess
similar physical characteristics of BNNT buckypapers by means of a small amount of
boron coated on the MWNTs, illustrated in Figure 4.12.
a)

b)
Detector Fill-gas

α

Boron Coating
~200 μm
typ.

Carbon MWNT Buckypaper

Boron Coating

n

Detector Fill-gas

Li

Figure 4.12. a) Boron-coated (100 nm) Carbon MWNT buckypaper and b) cross
sectional view of boron-coated Carbon MWNT buckypaper with α-particle shown
traversing porous nanomaterial (not-to-scale).
An aerogel was then synthesized with ultra-long CNTs (average length 1-3 mm,
diameter 20-40 nm). The outer surface was coated on each side with boron at SRNL
using a Denton Explorer magnetron sputtering instrument to deposit a thin boron layer
(~20 nm) onto the aerogel. Additional information regarding aerogel synthesis can be
found in Appendix D.

Boron Nitride Nanotube Buckypapers
Several ratios of BNNT:CNT buckypapers were created in an attempt to alter electrical
properties and explore the balance between electrical conductivity and boron content of
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the conversion layer. The BNNT buckypapers synthesized in this work are listed in
Table 4.4. Samples B1 through B5 were synthesized at SRNL using P1 Beta BNNTs
from BNNT, LLC and C-Grade multiwall carbon nanotubes (CG-MWCNT) from
NanoTechLabs, Inc. Specifications of the CG-MWCNTs include: average length of 100
μm, diameter of 5-30 nm (average of 15 nm), and 5% residual iron as an impurity.
Additional information on CG-MWCNTs can be found in Appendix A.
Table 4.4. Synthesized BNNT buckypaper samples
Sample
B1
B2
B3
B4
B5

BNNT
[mg]
20
19
18
17
14

CNT
[mg]
0
1
2
3
6

BNNT:CNT Ratio
[mg]
Pure
19:1
9:1
5.67:1
2.33:1

Weight %

[% BNNT]

100
95
90
85
70

Note: A separate buckypaper (20:15 mg BNNT:CNT—57 wt%) with uncharacterized BNNTs and CNTs
from unknown source was obtained from Dr. Rao’s group at Clemson University.

It is important to acknowledge that, for an average sample size (e.g. ~18 mg BNNT) in
Table 4.4, there are approximately 1-2 mg of boron-10 atoms when accounting for
nitrogen and boron-11 (i.e. ~20% boron-10, ~80% boron-11).
synthesized buckypaper (95 wt% BNNT:CNT) is in Figure 4.13.
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A photograph of a

Example
Buckypaper

Filter Paper

Figure 4.13. Mixed 95 wt% BNNT:CNT buckypaper example (Sample B2)
To synthesize the buckypapers, the nanotube amounts in Table 4.4 were first introduced
into solvent (i.e. deionized water). Solutions were then homogeneously mixed using
magnetic stir bars and stir plates to break down the bulk material into a finer grade.
Based on the nanomaterial and solvent compatibility and desired outcome, getting a
well-mixed sample could take from 15 minutes to several hours to micronize the large
agglomerates. This step was imperative to ensure that sonication effective. Once mixed,
solutions were then sonicated for 10-15 minutes. Sodium dodecyl sulfate (SDS) would
then be added (0.2-2 wt%, typical) and the solution further sonicated for around 20
minutes (Yeh, 2004). The surfactant-to-nanotube ratio (mg:mg) of suspensions was kept
in the range of 15-20:1. The use of a surfactant increased the degree and uniformity of
the dispersion. Dispersed nanotubes (suspensions) were transferred to a larger beaker
(500 mL) and more solvent would be added. The suspensions were then sonicated for
another 20 minutes, micro-filtered, and then dried. Total sonication time never exceeded
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60 minutes to prevent damaging/shortening the nanotubes. The process of creating a
typical suspension is depicted in Figure 4.14.
a)

BNNTs

CNTs

b)

c)

Homogenously
suspended
nanomaterials

Mixed, but still
with agglomerates

Figure 4.14. Typical CNT:BNNT suspension a) prior to mixing, b) after stir-bar mixing,
and c) after sonification
During the filtration process, surfactant was removed from the buckypapers by rinsing
with methanol. A microfilter setup and filter paper exceeding one inch in diameter was
always utilized so the samples would exceed the parallel-plate cross-sectional area such
that it could be properly held in place. Keeping the surfactant within the sample(s) would
have added significant weight (i.e. density) and varied other properties (e.g. electrical), so
removing it was necessary.

A Hitachi SU8230 Scanning Electron Microscope (SEM) was used to characterize the
BNNT nanomaterials utilized in this work. Sample B4 was imaged with SEM, and
micrographs of this material are in Figure 4.15 though Figure 4.18.
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BNNTs

CNTs

Figure 4.15. SEM image of 85 wt% BNNT:CNT buckypaper Sample B4 at x45,000
magnification strength

Figure 4.16. SEM image of 85 wt% BNNT:CNT buckypaper Sample B4 at x9,000
magnification strength
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Figure 4.17. SEM images of 85 wt% BNNT:CNT buckypaper Sample at x1,100 (left)
and x400 (right) magnification strength
Some areas of the buckypaper were well-mixed (i.e. homogenous) while, in other areas,
agglomerates were found. Even at lower CNT loading, CNTs were found to be scattered
throughout the 85 wt% BNNT:CNT buckypaper. During SEM imaging, electron
interactions with the sample gave rise to undesirable surface-charging in samples with
high-BNNT content. The thickness of the 85 wt% buckypaper was also measured by
SEM in Figure 4.18.

Measurements
taken at various
points around
the buckypaper

Note: Not all measurements indicative of thickness.

Figure 4.18. SEM cross-sectional images of the 85 wt% BNNT:CNT buckypaper
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The 85 wt% BNNT:CNT buckypaper thickness (Figure 4.18) would vary in thickness
with an average of approximately 75 μm. Not all measurements taken in Figure 4.18
were indicative of thickness.

To better understand the topography of the buckypaper and characterize the sample,
Energy Dispersion X-ray (EDX) mapping of boron, carbon, and nitrogen was completed.
The EDX maps are Figure 4.19 and Figure 4.20.

Figure 4.19. SEM EDX imaging showing carbon (C), boron (B), and nitrogen (N)
mappings within the 85 wt% BNNT:CNT buckypaper (500 μm scale)
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Figure 4.20. Hitachi SEM EDX imaging showing carbon (C), boron (B), and nitrogen
(N) mappings within the 85 wt% BNNT:CNT buckypaper highlighting CNT agglomerate
(10 μm scale)
Some of the agglomerates (i.e. heterogeneities) were shown to be from the CNTs (Figure
4.20). Trace amounts of iron was also detected within the 85 wt% BNNT:CNT sample.
Iron, used as a catalyst for CNT growth, was an impurity within the CNTs.

Low Density BNNT Puff-Balls
BNNTs synthesized using the pressurized vapor/condenser (PVC) method (Smith, 2008)
were obtained from BNNT, LLC, photographed in Figure 4.21. An SEM micrograph of
PVC synthesized BNNTs was previously shown in Figure 2.21.
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Figure 4.21. Web-like as-received BNNT “puff-ball” from BNNT, LLC
The BNNT “puff-ball” form had low bulk densities (as-received), and various samples
were fashioned for testing in the gas-filled radiation detectors. Thin, wafer-like samples
were formed with tweezers from the as-received puff-balls with no additional processing.
Non-conductive spacers were 3D-printed to suspend small samples within the chamber
depicted in Figure 4.22.

Figure 4.22. Small (2 mg) 100 wt% BNNT puff-ball aliquot (left) and large (5 mg) BNNT
puff-ball aliquot (right) suspended between nonconducting spacers (center) for use in
parallel-plate chamber.
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The bulk density of the fashioned samples was calculated from mass and volume
measurements to be approximately 3 mg/mL. Additional BNNT characterization data are
included in Appendix A.
C. COMSOL MODEL SETUP
COMSOL Multiphysics® was used to model the parallel-plate ionization chamber to
gain an understanding of how materials interact when suspended within an electric field.
The model setup with definitions and salient geometries is illustrated in Figure 4.23.

68 psig P-10 fillgas throughout
chamber

Figure 4.23. COMSOL Multiphysics® setup for electrostatic modeling (scale units on
sketches are in millimeter for reference).
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The model setup was created to simulate the field conditions of experimental runs to gain
an understanding of relationships and material interactions within the detector
environment. The electrodes were input as aluminum, the fill-gas as P-10 at pressure (68
psig), and the suspended material as boron-nitride with adjusted dielectric constants
based upon calculated porosities from Figure 2.23. The BNNTs dielectric constant of 5.9
was used as the initial basis for a nonporous material (Lan et al., 2009). Adding porosity
to the material would lower the dielectric constant, which was also modeled. Various
configurations of suspended materials could be modeled (Figure 4.24).

Figure 4.24. 75 μm thick sample (left) and 1 mm thick sample (right) suspended between
the parallel plates.
The main output of the COMSOL model was electric field strength (V/m), which could
be presented two-dimensionally (as cross-sections) or three-dimensionally (as volumes).
When the standard parallel-plate voltage of 650V was applied to the anode plate, the
resulting field strength without any material suspended in the detector (i.e. baseline)
Figure 4.25.
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Figure 4.25. Initial COMSOL modeling of parallel-plate chamber with applied voltage
of 650V demonstrating uniform electric field strength of 1.08x105 V/m.
The uniform electric field strength can be calculated from Equation 2.1 for the parallelplate configuration as:

𝐸𝐸 =

𝑉𝑉 650𝑉𝑉
𝑉𝑉
𝑉𝑉
=
= 108
= 1.08𝑥𝑥10 5
𝐷𝐷 6 𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚
𝑚𝑚

The calculated electrical field strength agrees with the modeled COMSOL output in
Figure 4.25.
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CHAPTER V
RESULTS AND DISCUSSION
A. COMSOL MULTIPHYSICS® MODELING
Electrostatic studies of the parallel-plate chamber electric field with suspended neutron
conversion layers were modeled with COMSOL Multiphysics®. A three-dimensional
model representing the parallel-plate detector was assembled (previously illustrated in
Figure 4.23). Initial baseline modeling of a 75-μm thick (dielectric constant of 5.9)
boron-nitride (BN) sample was performed to measure electric field losses within
suspended materials, with the modeling output given in Figure 5.1.

Isometric View

Fill-gas

Suspended
material

Cross Sectional
View

Figure 5.1. Electric field strength (V/m) for 75 μm thick nonporous (dielectric constant of
5.9) BN sample suspended between parallel-plates at 650V.
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It can be observed in Figure 5.1 that nearly an order of magnitude of electric field
strength (V/m) is lost within the suspended sample when they are modeled as nonporoustype BN (i.e. not buckypaper/aerogel) within the detection volume. The electric field
strength is uniform between the plates at 1.08x105 V/m when no material is introduced
(Figure 4.25). However, when nonporous, solid BN (dielectric material of 5.9) is
suspended in the electric field, the electric field strength within the 75-μm thick BN
material lowered to 1.86x104 V/m (average). The lowest electric field value within the
75-μm thick BN material modeled was 1.45x104 V/m (minimum). The applied voltage
(V) the detector would need to overcome the electric field losses and restore the field
strength necessary to confidently maintain ionization region operations was calculated
from COMSOL to be approximately 3800V (Figure 5.2).

Electric Field Strength (V/m)

120,000
100,000

Voltage Required to restore
electric field losses from
nonporous material
(~3800V)

80,000
Original Operating
Voltage
(650V)

60,000

y = 28.5x
R² = 1

40,000
20,000
0

0

1000

2000

3000

4000

5000

Applied Voltage (V)

Figure 5.2. Electric field strength (V/m) within the 75-μm thick nonporous BN material
as a function of applied voltage
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The relationship between electric field strength (V/m) within the material and detector
applied voltage (V) from was deduced to be linear, so interpolation is straightforward.
Using the trendline equation presented in Figure 5.2, nearly 3800 V (~six-fold increase)
of applied voltage is required to overcome the field losses of a nonporous BN suspended
within the detection volume. Therefore, a porous material such as buckypaper or aerogel
is beneficial in lowering the materials dielectric constant (Figure 2.22 and Figure 2.23) to
reach the ionization region with less applied voltage, Figure 5.3.
y = 147.7x

500,000

y = 114.7x
Ionization
Region

400,000
300,000

y = 85.251x
y = 74.3x
y = 53.002x
y = 40.261x
y = 28.502x

200,000
100,000
0

0

Recomb.
Region

Electric Field Strength (V/m)

600,000

1000

0% Porosity
80% Porosity

2000
3000
Applied Voltage (V)
30% Porosity
90% Porosity

50% Porosity
99% Porosity

4000

5000

70% Porosity

Figure 5.3. Modeled electric field strength (V/m) within the material as a function of
applied voltage for various theoretical bulk porosity samples
The greater the sample porosity, the less applied voltage is required to maintain
ionization region operations within the porous BN material. This is important because if
the ionization region is not maintained within the porous material, the probability of an
event (α or 7Li) recombining prior to traversing the material increases. It was also
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important to note that the electric field surrounding the thin (75-μm) sample was virtually
unaffected by the suspended material dielectric constant (Table 5.1).

Table 5.1. Electric field strength (V/m) of the surrounding fill-gas as a function of
suspended material dielectric constant for 75-μm thick BN material

Dielectric
Constant

Applied
Voltage
(V)
650
2000

0%
Porosity
Sample

30%
Porosity
Sample

50%
Porosity
Sample

70%
Porosity
Sample

80%
Porosity
Sample

90%
Porosity
Sample

99%
Porosity
Sample

5.90

4.18

3.17

2.26

1.85

1.46

1.13

110,000
337,000

109,000
336,000

109,000
336,000

109,000
336,000

109,000
335,000

109,000
335,000

109,000
334,000

Therefore, the electric field strength within the suspended material is dependent upon the
suspended material’s dielectric strength, however the electric field surrounding the
suspended material is ~independent. The electric field strength data points at 650V
(adapted from Figure 5.3) were plotted in Figure 5.4 as a function of suspended material

Electric Field Strength (V/m)

dielectric constant.
120,000
100,000
80,000
60,000
40,000
20,000
0

1

2

3

4

5

6

Dielectric Constant

Figure 5.4. Electric Field Strength (V/m) within the 75-μm thick suspended material,
varying its dielectric constant at 650V applied voltage.
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The electric field strength (V/m) in buckypaper increased as dielectric constant decreased
and demonstrates the importance of altering the buckypapers electrical properties. The
COMSOL model was important for creating theoretical electric field strength
measurements to validate conjectures that porous conversion layers could be suspended
in electric fields without fully quenching or halting electron mobility. This is important
because as more ion-pairs (namely electrons) are able to be collected at the anode, the
larger the pulse height and higher the confidence a pulse originated from a neutron
reaction product (e.g. α and 7Li) becomes.

The color range in COMSOL was made consistent so measurements could be compared
based on their color ranges, and the electric field strength (and subsequent losses) for 1
mm thick BN samples were modeled, Figure 5.5. Three dielectric constants were chosen
for measurement. A dielectric constant value of 5.9 is representative of a nonporous,
BN-type sample. A dielectric constant value of 1.46 is representative of a BN-type
sample with a theoretical bulk porosity of 90%. A dielectric constant value of ~1.0 is
representative of a sample that has sufficient porosity paired with conductivity (Lorrain,
1970) such that the electric field is virtually unaltered by a suspended material (e.g.
porous BNNT:CNT nanomaterials).
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x105

x105

1.08x104 V/m

x105

x105

x105

x105

7.47x104 V/m

1.08x105 V/m

Figure 5.5 Electric field strength (V/m) for 1 mm thick samples with dielectric constants
of 5.9 (top), 1.46 (middle) and 1.0 (bottom) suspended between parallel-plates at 650V
with comparable color scales.

B. PARALLEL-PLATE PULSE SPECTRUM ANALYSIS
The peak resolution of a particle can vary based on the detector configuration and
operating region. Although the polonium-210 alpha produced a high-resolution peak
(~50 keV) in a PIPS alpha detector (Figure 4.5), this doesn’t necessarily ensure that, in
any detector, the pulse distribution will display similar resolution.

The expected

rectangular pulse width for the polonium-210 particle in a parallel-plate ionization
chamber was approximated from Equation 2.3:
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𝑊𝑊 =

𝑅𝑅 ∗ 𝐸𝐸
0.76 𝑐𝑐𝑐𝑐 ∗ 5.3𝑀𝑀𝑀𝑀𝑀𝑀
=
= 5.0 𝑀𝑀𝑀𝑀𝑀𝑀
𝑠𝑠
0.8 𝑐𝑐𝑐𝑐

For particle ranges approximately equal to the parallel-plate spacing, the rectangular
pulse width (MeV) is similar to the incident charged particle energy (MeV). Initial
results (full energy—no suspended conversion material) of the polonium-210 energy
spectrum in a parallel-plate chamber (after the timing parameter adjustment—Appendix
B) is Figure 5.6.
4.5

5.0 MeV width resolution (approx.)

Count Rate [cps]

4
3.5
3
2.5
2

5.3 MeV α at 90o

5.3 MeV α at 0o

1.5

(relative to elec. Field)

(relative to elec. Field)

1
0.5
0

0

100

200
Channel

300

400

Figure 5.6. Adjusted polonium-210 full energy peak (>half the channels) inside parallelplate detector
Every pulse on the spectrum in Figure 5.6 is, in theory, full energy (i.e. 5.3 MeV) based
upon ionization region operation within a parallel-plate capacitor. Any energy calibration
to the channels in Figure 5.6 could underestimate particle energies that appear prior to
channel 350. The full-energy pulse distribution therefore starts at its maximum (90o) and
is a rectangular continuum back to the inset of its spread (0o). Refer to the background
section (e.g. Figure 2.5) for further information regarding expected pulse distribution.
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C. BORON-COATED NANOMATERIAL TESTING
Boron-coated nanomaterials (buckypaper or aerogel) were subjected to neutron and
gamma-ray radiation fields and the results quantified relative to background.

Once

neutron detection and gamma discrimination were shown to be plausible with the boron
meshes (Appendix E), spectra of boron-coated carbon nanotube buckypapers (Figure
4.12) were collected (Figure 5.7). In these tests, a boron-coated (100 nm) buckypaper
was introduced into the parallel-plate ionization chamber. The count rate for the neutron,
gamma, and background responses in Figure 5.7 were 0.80 ± 0.005 cps, 0.15 ± 0.002 cps,
and 0.17 ± 0.02 cps, respectively.
1200
Neutron

1000

Gross Counts

Gamma
800

Background

600
400
200
0

0
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100
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200

Channel
Figure 5.7. Boron-coated (100 nm) CNT buckypaper response to neutron field (20
mRem/h, 1 mR/h gamma), comparable gamma field (1.5 mR/h), and background field (8
hour count).
The gamma response Figure 5.7 was comparable to the background response. This is
expected as fewer ion pairs and subsequent charge (i.e. pulse size) for gamma-ray
radiation is collected relative to large, heavy alpha and lithium particles (Tsoulfanidis,
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2015). A distinguishable neutron response was observed relative to background and
gamma-ray radiation. This was the first run where two distinct peaks (channel 25 and
channel 45) had begun forming. These are postulated to be peaks from the alpha and
lithium particle but cannot be conclusively determined in the parallel-plate ionization
chamber configuration.
The boron-coated (20 nm) aerogel created in this work was difficult to emplace into the
small parallel-plate chamber because the aerogel was thick (~1 mm) compared to
buckypaper. Figure 5.8 was obtained with the boron-coated (20 nm) aerogel sample
(A10) emplaced into the parallel-plate detector. The neutron, gamma, and background
count rates were 2.1 ± 0.03, 0.10 ± 0.007, and 0.08 ± 0.007 cps, respectively.
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Figure 5.8. Boron-coated (20 nm) aerogel response to neutron field (90 mRem/h neutron,
2.5 mR/h gamma), comparable gamma field (3.5 mR/h), and background (30 min count).
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A more distinct peak/shelf of the aerogel sample was observed in Figure 5.8 forming near
channel 150 relative to Figure 5.7 (boron-coated buckypaper). As the shelf of Figure 5.8
proceeds approximately 50 channels higher (channel ~150) than the shelf of Figure 5.7
(channel ~100), energy capture from both neutron reaction particles (α + 7Li) was
considered a potential reason for the shift.

One factor potentially influencing the

difference in pulse spectra could be attributed to the low density of the aerogel. The
aerogel density (calculated from its mass and volume) was approximately 14 mg/cm3—
an order of magnitude less than typical buckypapers. The range and ionization potential
for each particle within an aerogel of similar properties was modeled in SRIM/TRIM,
found in Appendix C. For the 14 mg/cm3 aerogel, the 1.5 MeV alpha particle was able to
fully traverse from the center of the 1 mm thick aerogel while the lithium-7 was only able
to ionize fill-gas from within the aerogel pores.
D. BORON-NITRIDE NANOTUBE SAMPLE TESTING
Porous nanomaterials with various ratios of BNNTs and CNTs ranging from pure (100
wt%) to 57 wt% BNNT:CNT were introduced into parallel-plate configuration and
neutron, gamma, and background responses are summarized in Table 5.2.
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Table 5.2. Summary of counting statistics for select BNNT samples
Amount of
BNNTs in
Detection
Volume (Note 1)

Neutron
Field

Neutron
Count
Rate

Gamma
Count
Rate

Background
Count Rate

Net
Neutron
Count
Rate

(mg)

(mRem/h)

(cps)

(cps)

(cps)

(cps)

85 wt%
BNNT:CNT

8.5

80

0.92

0.03

0.02

0.89

0.32

70 wt%
BNNT:CNT

7

80

1.74

0.09

0.08

1.66

0.72

57 wt%
BNNT:CNT

10

25

1.11

0.16

0.21

0.90

0.88

100 wt%
“Puff-ball”
(Note 2)

2

80

0.68

0.02

0.02

0.66

1.00

BNNT
Sample

Normalized
Neutron
Sensitivity

Note 1: Half of the buckypaper sample was suspended between the anode/cathode in the electric field
during experimental runs due to chamber size.
Note 2: Only small aliquots could be utilized (e.g. 2 mg), if larger BNNT “puff-ball” samples were created,
the neutron response was not discernable.

In Table 5.2, the normalized neutron sensitivity increases as the amount of CNTs (i.e.
relative to BNNTs) in the sample increases. The normalized neutron sensitivity was
calculated by dividing the net neutron count rate (neutron minus background) by the
amount of BNNTs (i.e. boron-10) and neutron field (mRem/h) then normalizing to the
“puff-ball” form. This was not attributed to neutron absorption of carbon as the neutron
absorption cross section of carbon-12 (99% natural abundance) is 0.0035 barns (NIST,
1999), six orders of magnitude less than boron-10. However, the dielectric constant of a
material approaches 1.0 for low-density BNNT macrostructures (Hong, 2015). Though
difficult to attain distinguishable neutron responses with 100 wt% BNNTs, as surface
area and sample volume were minimized, undesirable surface and space charging effects
were mitigated. When very small (e.g. 2 mg) porous 100 wt% BNNT sample sizes were
used, distinguishable neutron responses were recorded.
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A pure, 100 wt% BNNT buckypaper on average has the most boron-10 per unit volume
for neutron conversion. However, when introduced into an electric field, the highest wt%
BNNT buckypapers (i.e. 90-100 wt%) produced some of the lowest observable count
rates in a neutron field. This behavior was similar even when trace amounts of CNTs
were introduced to the BNNT buckypapers. A 90 wt% BNNT:CNT buckypaper (Sample
B3) was introduced to the parallel-plate detector and the following neutron response
behavior was witnessed over time in Figure 5.9.
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Figure 5.9. 90 wt% BNNT:CNT buckypaper (Sample B3) exhibiting pulse height losses
over time in response to neutron source.

The count rate for the 90 wt% BNNT:CNT buckypaper would originate impractically
high (i.e. 274 ± 3.7 cps from 1-20 seconds) but would quickly drop to over half (117.9 ±
1.7 cps) within 45 seconds. Within two minutes the count rate dropped to approximately
3.6 ± 0.17 cps. After three minutes, no recognizable counts above background were
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noticed. BNNTs are nonconducting without the addition of a conducting media/additive
like the CNTs—this phenomenon explained why several ratios of increasing amounts of
CNT-to-BNNT buckypapers were chosen for experimental runs.

However, this

phenomenon was not observed when the neutron response of an 85 wt% BNNT:CNT
buckypaper (or any other buckypaper with less than 85 wt% BNNT:CNT) was measured.
The 85 wt% BNNT:CNT buckypaper was then emplaced into the parallel-plate chamber
between the parallel-plates under an electric field and the neutron, gamma, and
background responses recorded (Figure 5.10).
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Figure 5.10. Background, Gamma, and Neutron Counts varying the neutron field for an
85 wt% BNNT:CNT (Sample B4—1 hour counts)
The background and gamma count rates from Figure 5.10 were 0.023 ± 0.002 and 0.031
± 0.003 cps, respectively. The 20, 35, 60, and 80 mRem/h count rates were 0.205 ±
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0.008, 0.387 ± 0.010, 0.680 ± 0.014, and 0.916 ± 0.016 cps, respectively, shown in Figure
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Figure 5.11. Count Rate as a function of neutron field for an 85 wt% BNNT:CNT
(Sample B4)
To gain an understanding of the pulse height distribution, a 12-hour count (Figure 5.12)
was conducted for the 85 wt% BNNT:CNT buckypaper and the 70 wt% BNNT:CNT
buckypapers.
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Figure 5.12. Neutron response (80 mRem/h) of 85 wt% BNNT:CNT buckypaper (left) and
70 wt% BNNT:CNT buckypaper (right) (12 hour counts)
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A distinct shelf appears within the spectrum at channel 90 followed by a receding tail, but
it is difficult to attribute this response to a specific relationship or particle. Some energy
loss to the suspended buckypaper is anticipated, resulting in a smoother pulse distribution
in lieu of rectangular shape and with some pulse height losses. Consistent with other
buckypapers, no gamma response or increase in count rate above that of background were
observed for the 70 wt% BNNT:CNT buckypaper sample when the chamber was placed
in a 2 mR/h gamma radiation-ray field (i.e. comparable to the gamma field the detector
was exposed to during the neutron run—1.5 mR/h).

The pulse spectrum of Figure 5.12 resembled that of a uranium-235 fission fragment
detector (Figure 2.8). As thermal neutrons traverse a solid-state conversion material (e.g.
boron-10, uranium-235, etc.) and are captured, the reaction particles depart in opposite
directions. However, a fission fragment chamber requires two anodes to collect reaction
byproducts to obtain a solid angle of 4π steradians. This thesis research proposes a
detector that utilizes porous boron nanomaterials to achieve a solid angle of 4π steradians
utilizing a single anode. This allows the possibility for a lower-profile (i.e. thinner)
detector and simplified circuitry.

A 57 wt% BNNT:CNT buckypaper was emplaced into the parallel-plate chamber to
obtain the pulse spectrum in Figure 5.13. The neutron, gamma, and background count
rates in Figure 5.13 were 1.11 ± 0.002 cps, 0.16 ± 0.001 cps, and 0.21 ± 0.001 cps,
respectively. The background count rate further increased as more CNTs were added, a
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relationship identified in Table 5.2. Three distinct shelves (channel 25-50; 50-90; 90150) appear within Figure 5.13 that are thought to be attributed to the lithium-7 particle
(shelf 25-50), alpha particle (shelf 50-90), and both reaction products (shelf 90-150).
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Figure 5.13. 57 wt% BNNT:CNT buckypaper response in neutron field (25 mRem/h
neutron californium-252, 2 mR/h gamma), comparable gamma field (5 mR/h), and
background at 68 psig (48 hour count).

Numerous experiments were attempted that varied the sample size and shape of the asreceived, porous BNNT “puff-ball” form since high material bulk porosity results in a
low dielectric constant (Figure 2.22). One shape and size (i.e. 2 mg) in particular (Figure
4.22) was able to show distinguishable neutron response. Larger sample (e.g. 5 mg, 10
mg) runs were performed, but surface and volume charging effects were postulated to be
of concern. No significant spectra (neutron vs gamma/background) were able to be
collected. Therefore, the small ~2 mg sample was fashioned into a ring and suspended
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between the parallel-plates. The spectra of a small low-density aliquot of BNNTs (Figure
5.14) with the same detection parameters as the buckypaper runs was collected.
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Figure 5.14. As-received, low density 2 mg BNNT (pure) aliquot response to neutron field
(80 mRem/h), gamma field (80 mR/h), and background at 68 psig (1 hour counts).
The count rate of the neutron signal (80 mRem/h), gamma signal (80 mR/h), and
background signal were 0.68 ± 0.014 cps, 0.023 ± 0.0025 cps, and 0.022 ± 0.0025 cps,
respectively. Since there was no gamma or background interference, a longer count was
collected to increase the pulse distribution (Figure 5.15).
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Figure 5.15. Neutron response (80 mRem/h) of a small 2 mg aliquot of low density (~2.6
mg/cm3) BNNTs
The low-density “puff-ball” form employed in this run had a bulk density of calculated to
approximately 2.6 mg/cm3 (i.e. two orders of magnitude less than buckypaper). The
neutron sensitivity of each of the BNNT samples were compared in Table 5.2.

Due to difficulties accurately predicting the energies of particles in a parallel-plate
configuration (i.e. because of positional dependence and particle path), an anode-wire
proportional detector was utilized to gain further understanding if both neutron reaction
particles (α and 7Li) were able to be simultaneously detected from the buckypaper. The
following baseline test (Figure 5.16) was collected with boron-coated plates prior to
suspending nanomaterials within the chamber.
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Figure 5.16. Baseline measurements for energy calibrated anode-wire detector (1 hour
counts) boron-coated plate response to neutron field (25 mRem/h neutron), gamma field
(40 mR/h), and background utilizing P-10 fill-gas (60 minute counts).
The energies from the alpha and lithium-7 particle of the boron-lined plate neutron
reaction were utilized to confirm the x-axis of Figure 5.16 previously calibrated from an
alpha source (Figure 4.5). The ranges of the alpha and lithium-7 particle at atmospheric
pressure (~0 psig) are given in Figure 2.24. The lithium counts in Figure 5.16 were
somewhat curtailed (channels 500-900), possibly from the slow discriminator settings
required to keep the background levels sufficiently low in the detector setup. This test
further confirmed the energy calibration (Figure 4.5). The alpha particle “shelf” extends
to 1500 keV—the maximum energy from the 10B(n,α)7Li reaction. The 100 nm and 500
nm boron-coated plate neutron response count rates were 0.15 ± 0.006 cps and 0.79 ±
0.01 cps, respectively. The neutron response count rate scales linearly with boroncoating thickness, consistent that the counts were from neutron reaction products (α, 7Li).
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The coating thicknesses (i.e. 100 or 500 nm) were less than the range of the particles in
solid boron (~1-3μm), so increasing the number of boron atoms should increase the
number of neutron reactions, as recorded. The gamma and background count rates were
consistently low at 0.05 ± 0.004 cps and 0.03 ± 0.003 cps.

The 70 wt% BNNT:CNT buckypaper (Sample B5) then introduced into the anode-wire
chamber in two specific configurations within a neutron field to obtain Figure 5.17.
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Figure 5.17. 70 wt% BNNT:CNT buckypaper orientation shift to exhibit wall-effects
(single particle energy deposition) vs both particle deposition (neutron field of 25
mRem/h) (1 hour counts)

85

The count rate was lower for the ‘vertically oriented’ paper at 0.385 ± 0.01 cps as it was
perpendicular to the neutron field, which came from underneath the detector (i.e. solid
angle change). The count rate of from the paper that was flat on the detector floor was
0.58 ± 0.01 cps. A distinct shift can be seen in counts beyond 1500 keV where the
detection of both neutron reaction (α + 7Li) particles occurs—a significant discovery.

To further investigate the potential detection of both particles from the porous
nanomaterial, an 85 wt% BNNT:CNT buckypaper was oriented horizontally in the
detection volume. However, it was raised above the detector floor such that any particles
traveling downward would be able to ionize the detector fill-gas (i.e. P-10). Results of
the pulse height distribution can be seen in Figure 5.18.
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Figure 5.18. 85 wt% BNNT:CNT buckypaper (suspended in anode-wire chamber)
response to neutron field of (25 mRem/h), gamma field (40 mR/h), and background (1
hour counts)
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From Figure 5.18, there were 1375 counts from energy channels 0-1500 keV (single
particle). There were 473 counts from channels 1500-2800 keV. Approximately 25% of
the counts from the 85 wt%

BNNT:CNT buckypaper were above 1500 keV

corresponding to at least some energy simultaneously obtained from both boron-10
neutron reaction particles (α + 7Li).
E. CHARGED PARTICLE TRANSPORT CONSIDERATIONS
Further testing was performed to explain and gain insight on the behavior of charged
particles (i.e. alpha particles) as they transport through the various porous
nanomaterials. The polonium-210 alpha particle traversing the electric field of the
parallel-plate detector from the energy calibration section was then compared
(using identical detection parameters) to the pulse distribution of the same 5.3
MeV alpha particle through a buckypaper that was suspended (centered at ~3 mm)
between the parallel plates of the detector, depicted in Figure 5.19 and results shown in
Figure 5.20.

Anode

α-source
Cathode

Figure 5.19. Porous nanomaterial suspended between parallel-plates for energy
straggling testing and material transport determination.

87

After the detector configuration from the “tuned” shaping/time constant parameters
(Appendix B) were then utilized to mitigate positive-ion effects (channel 40-100) within
and a similar test was run where the polonium-210 alpha particle was effectively detected
through the 70 wt% BNNT:CNT (Sample B5) buckypaper, depicted in Figure 5.20.
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Figure 5.20. Polonium-210 alpha particle unhindered and through 70 wt% BNNT:CNT
buckypaper (Sample B5).
Only ~5% of the polonium-210 alpha count rate from Figure 5.20 was lost when the
buckypaper was placed into the chamber. This test was run to understand and track alpha
particle transport through porous nanomaterials created in this thesis research. The
spectra resulting from a uranium-235 fission fragment detectors (e.g. Figure 2.8) and
Figure 5.20 have a distribution similar to a Landau distribution, observed in Figure 5.21.
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Figure 5.21. a) Typical Shape of the Landau distribution (Ahmed, 2015, used with
permission). b) Linear-scale data adapted from Figure 5.20 showing mixed Landaurectangular distribution spectrum.

Equations 2.4-2.6 (i.e. Energy Straggling) have also been applied to confirm that a
Landau Distribution should be expected for the charged particles transporting through a
porous nanomaterial (e.g. buckypaper), given in Table 5.3. All four K-values from are
well below 0.01, that indicates that a Landau distribution should be expected. Even if the
density or material thickness were to vary few orders of magnitude (in either instance), a
Landau-type distribution would still be anticipated.
Table 5.3. Calculated K-values of 10B(n,α)7Li reaction products through 100-μm thick
buckypaper and 1-mm thick aerogel
Thickness Density 1.5 MeV α particle 0.84 MeV 7Li particle
(mm)
(mg/cm3) K-value (unitless)
K-value (unitless)
0.1

100

1.2x10-4

8.33x10-4

1

25

5.99x10-5

4.17x10-4

Additional validation of charged particle transport through porous boron nanomaterials
was confirmed utilizing alpha spectroscopy (PIPS detector). This was significant because
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it helps explain if transport is possible through the porous materials when an electric field
is not present. A plutonium-238 alpha particle source was used as the basis for this
experimentation. Results are given in Figure 2.22.
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Figure 5.22. Plutonium-238 alpha particle through various media (left) using a PIPS
alpha detector (shown on the right) (10 min count)
Even though pulse height losses can be observed, no overall count rate was lost through
the buckypaper when compared to the unhindered alpha particle in Figure 5.22. With the
full energy peak at channel ~1040 (5.5 MeV) and the energy straggling peak at ~700
(3.7 MeV), 1.8 MeV (33%) was lost (on average) through the buckypaper.

The count

rate of the plutonium-238 α-particle unhindered, α-particle through an 85 wt%
BNNT/CNT buckypaper (Sample B4), and α-particle through standard (i.e. off-the-shelf)
printer paper was 38.7 ± 0.25 cps, 39.2 ± 0.26 cps, and 0.7 ± 0.03 cps. Even though the
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standard piece of paper (with approximated density ranging from 0.7-1.2 g/cm3, typ.) was
approximately the same thickness as the buckypaper (i.e. ~100 microns), a significant
difference can be observed between these two materials in Figure 5.22.

F. ALTERNATIVE TECHNOLOGY COMPARISON
Neutron conversion layers fashioned from BNNTs were compared with common field
detectors, shown in Table 5.4. Equation 5.1, given below, was used when comparing
different neutron conversion materials.
Neutron Interaction Probability =
Where

1 − e−(𝑁𝑁∙ 𝐿𝐿∙𝜎𝜎)

(5.1)

N = atomic number density of conversion nuclei (atoms / cm3)
L = neutron conversion layer thickness (cm)

σ = thermal neutron absorption cross section (1 barn = 10-24 cm2)
The neutron fluence (i.e. n/cm2s) was not considered in Equation 5.1 as it was assumed
equal for all samples included within Table 5.4. A factor of 0.85 was multiplied by the
number density for all BNNT materials in Table 5.4 to match the required wt % where
count rate losses are not of concern (i.e. sample B4). This factor was included because
some of the number density will be lost to CNTs that are required to be present within the
BNNT neutron conversion layer.
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Table 5.4. Neutron sensitivity for typical gaseous neutron detectors and porous nanomaterials

Gaseous Detector Type
(Each 90% enriched)
10

BF3 (0.5 atm) (1/2" diameter)
BF3 (1 atm) (1/2" diameter)
10
BF3 (0.5 atm) (1" diameter)
10
BF3 (1 atm) (1" diameter)
10
B-Lined (Metallic)
10
B-Lined (BN)
10
B-Lined (B4C)
3
He (2 atm) (1/2" diameter)
3
He (4 atm) (1/2" diameter)
3
He (2 atm) (1" diameter)
3
He (4 atm) (1" diameter)
10
BNNT Buckypaper (low density)
10
BNNT Buckypaper (med density)
10
BNNT Buckypaper (high density)
10
BNNT Aerogel (ultra-low density)
10
BNNT Aerogel (low density)
10
BNNT Aerogel (med density)
10
BNNT Aerogel (high density)
10

Density
[g/cc]
1.40E-03
2.79E-03
1.40E-03
2.79E-03
2.34
3.45
2.52
2.50E-04
1.25E-03
2.50E-04
1.25E-03
0.15
0.3
0.5
0.005
0.015
0.03
0.05

Number
Density of
10
B or 3He
[atoms/cc]
1.13E+19
2.26E+19
1.13E+19
2.26E+19
1.27E+23
7.79E+22
1.05E+23
4.49E+19
2.24E+20
4.49E+19
2.24E+20
2.88E+21
5.76E+21
9.60E+21
9.60E+19
2.88E+20
5.76E+20
9.60E+20

Cross
Section
[barns]
3840
3840
3840
3840
3840
3840
3840
5330
5330
5330
5330
3840
3840
3840
3840
3840
3840
3840

Note 1: Buckypaper thickness used was 100 microns.
Note 2: Aerogel thickness used was 1 mm.
Note 3: Boron-lined detectors assumed 3µm thickness of conversion material (Siciliano, 2012)
.
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Conversion
Layer
Thickness
[mm]
12.7
12.7
25.4
25.4
0.003
0.003
0.003
12.7
12.7
25.4
25.4
0.1
0.1
0.1
1
1
1
1

Neutron
Interaction
Probability
0.42
0.67
0.67
0.89
0.77
0.59
0.70
0.95
1.00
1.00
1.00
0.67
0.89
0.97
0.31
0.67
0.89
0.97

A typical buckypaper thickness is ~100 microns thick (0.1 mm). As aerogels are nearly
an order of magnitude lower in density, an increase in thickness of material is required to
acquire the same magnitude of boron atoms per sample. For fairness of comparison all
detectors assumed the neutron conversion material was enriched to 90%. Helium-3
detectors often have trace amounts of argon, carbon dioxide, or methane present, but
these were left out of this evaluation. The total number of boron-10 or helium-3 column
numbers were calculated using the molecular weight of the conversion material, the
enrichment level, Avogadro’s number, and the density of the material at 25oC. This
describes the number of boron-10 or helium-3 atoms per unit volume on conversion
material. For example, nitrogen, carbon, helium-4, or boron-11 atoms won’t contribute
significantly to the neutron sensitivity of the detector and aren’t included.

From the density values in defined in Table 5.4, the technologies were compared, with
results in Figure 5.23.
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Figure 5.23. Neutron sensitivity as a function of neutron conversion layer thickness for
porous nanomaterials and rival technologies
From the cross section, atomic number density of neutron conversion media, and
conversion layer depth, the neutron detection technologies in Table 5.4 can be compared.
Data from Figure 5.23 did not account for any conversion layers less than 50 microns, so
boron-lined detectors were not compared. The effects of density on neutron sensitivity
using a similar concept was also investigated, with results in Figure 5.24.
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Figure 5.24. Neutron Sensitivity as a function of density (mg/cm3) for various 10BNNT 3D
macrostructures
The neutron sensitivities in Figure 5.24 were mapped for varied thicknesses (100 μm to
2000 μm).

As the density was varied for each calculated set of values, “aerogel” and

“buckypaper” nomenclature (terminology) was not used. The densities required to hit
neutron sensitivities of interest can be approximated.
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CHAPTER VI
CONCLUSION AND FUTURE WORK

This research provides an alternative neutron detection system that utilizes porous
nanomaterial neutron conversion layers to mitigate “wall-effects” plaguing current
detectors. Many existing solid-state technologies (e.g. fission fragment detectors, boronlined detectors, etc.) only detect a single byproduct (i.e. one of two) that ultimately yields
a solid angle of 2π steradians. This work proposes a solid-state gas-filled detector that
uses porous, suspended boron conversion layers to achieve a solid angle of 4π steradians,
making the simultaneous detection of both neutron reaction particles plausible (i.e. α +
7

Li). To mitigate undesirable charging effects, a minimum of 15 wt% CNTs were

required to be mixed with BNNTs to obtain steady, reproducible neutron responses.

Simultaneous neutron reaction-product energy deposition into the detector gas was paired
with gamma discrimination. The use of porous nanomaterials allows more recordable
neutron capture events per volume than conventional boron-10 lined detectors, increasing
the detection sensitivity. Up to 25% or more detections can induce a pulse corresponding
to both particle (α + 7Li) detection. The effective neutron conversion layer can be
expanded orders of magnitude (i.e. relative to boron-lined— μm to mm) when nanoporous boron materials are utilized.
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Future work could greatly increase both the area of the parallel-plate setup and
subsequent sample size while simultaneously utilizing enriched boron-10 BNNTs, that
have recently become commercially available. The average sample size utilized within
this effort was ~18 mg BNNTs that equated to approximately 1-2 mg of boron-10 atoms.
Buckypapers have been successfully produced at industrial scales so large-scale
implementation is feasible and straightforward.

In addition, additional work could be performed with aerogels or low density, low
porosity buckypapers with a high content of BNNTs. Higher pressure testing (i.e. > 68
psig P-10) could also be completed, as well as varying the fill-gas type where
appropriate.

Pulse spectra could be further refined and/or detector configuration to

increase the neutron-to-background (net) count rate. The parallel-plate apparatus could
also be refined to better reduce electronic noise within the circuit (e.g. ground-loop
interference) prior to signal amplification. Frisch grid type detectors or coincidence-type
counters could also be implemented to refine pulse spectra better distinguish lithium and
alpha pulses.

With the means to an inexpensive alternative, the potential for deployable devices in
practice would increase significantly, especially as BNNTs continue to become more
readily commercially available. Such devices could be used in any application where the
effective detection of neutrons is imperative such as: homeland security, material
accountability, nuclear reactor instrumentation, neutron scattering experimentation,
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radiation safety quantification, and particle physics experimentation.

Ionization

chambers are particularly effective when count rates are high, but proportional-type
applications could also prove advantageous.

This work has the potential to

replace/retrofit current helium-3 systems, improve boron-10 systems, eliminate toxic BF3
systems, and advance overall neutron detection capabilities. The potential for hand held
devices or large-area portal monitors would be an inexpensive and effective alternative to
current 3He proportional detectors.

Current detectors have the capability of being

retrofitted with porous boron nanomaterials successfully using drop-in replacements at
similar (or lower) operating voltages.
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CHAPTER VII
APPENDICES
Appendix A. Supplementary Nanomaterial Data
Table 7.1. Basic specifications of as-grown P1 Beta BNNTs (obtained from BNNT, LLC,
used with permission)
Purity
Number of Walls
Tube Length
Surface Area
Bundles
Band Gap
Residual Impurities
Tap Density

40 to 50% by mass
1 to 5 walls typical, 2 or 3 walls most common
up to 200 microns by SEM measurement
up to 300 m2/g by BET
many isolated tubes, bundles up to 5 tubes
across, by TEM
5.7 eV direct measurement by low energy EELS
spectroscopy
hBN flakes and micro-droplets of elemental
boron, by TEM
low, about 0.25 mg/cm3

Figure 7.1. TEM image of HTP-grown BNNTs on a lacey carbon grid (obtained from
BNNT, LLC, used with permission).
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Figure 7.2. ATR Fourier-transform infrared spectroscopy (FTIR) of BNNT P1 Beta
showing dominant BN peak (obtained from BNNT, LLC, used with permission)

Figure 7.3. Carbon MWNT buckypaper analysis obtained from NanoTechLabs, Inc.
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Figure 7.4. SEM image of Ultra-long multi-walled carbon nanotubes obtained from
NanoTechLabs, Inc. Average length 1-3 mm. Diameter 20-40 nm. 8% residual iron.

Figure 7.5. SEM image of C-grade multi-walled carbon nanotubes obtained from
NanoTechLabs, Inc. Average length 100 μm. Diameter 5-30 nm. 5% residual iron.
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Appendix B. Detector Tuning and Pulse Shaping Efforts
I.

Background

A proper understanding of the pulse distribution is important in identification of reaction
particles (and subsequent energies) on the pulse spectrum.

Effects of key timing

constants, including rise time and flat top and subsequent count rate relative to neutron
reaction product and alpha particle responses were investigated. The Canberra Lynx
DSA utilized in this work uses trapezoidal pulse processing (Figure 7.6), and proper
understanding of this was necessary when adjusting various parameters.

Figure 7.6. Trapezoidal Pulse Waveform as processed in Digital Signal Processor (DSP)
(Canberra, 2010).
The MCA rise time and flat top can be adjusted to manipulate the overall pulse length.
Adjustment of the rise time subsequently affects the “fall time”. Small timing constants
can often be used to effectively discriminate against unwanted pulses (e.g. various
induced effects, etc.).

Large detectors need larger rise times to effectively collect the full signal, however, the
detector configuration used throughout this work was small and timing constants were
adjusted and recorded. Flat top adjustments affect the charge collection time in the
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detector (Canberra, 2010). If the flat top is set to zero, the pulse results in a triangular
shape. The Lynx allows adjustment of 35 to 40 rise times and 21 flat top times. The
“dead time” should be kept as low as possible and can be influenced by adjustment of the
timing parameters and gain. Detector response can be analyzed by varying these noted
constants.
II.

Results and Discussion

The decay-corrected polonium-210 source strength was 3700 ± 740 Becquerel (Bq) (0.1
± .02 µCi). At 50% absolute detection efficiency, a count rate of approximately 1480 2220 cps was expected. Results of the initial alpha particle testing within the parallelplate configuration are shown in Figure 7.7.
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Figure 7.7. Polonium-210 alpha particle pulse distribution inside the parallel-plate
detector.
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The count rate for the 6 mm “normal plate spacing” run in Figure 7.7 was 2256 ± 2.9 cps.
The count rate of the 8 mm “extended plate spacing” run was 2235 ± 2.8 cps—
comparable to the normal plate spacing run. A small piece of electrical tape was then
placed over the polonium-210 alpha source to shield (i.e. stop) the alpha particles and
confirm the pulse origination. The count rate of the alpha-shielded run was 3 cps—
nearly 0.1% of the count rate observed without the tape. It can thus be inferred the
counts from Figure 7.9 were from the polonium-210 alpha particle (i.e. not from gamma,
etc.).

Some front-end gross counts (channels 40-160) were attributed to “artificial

pulses” characteristic of parallel-plate ionization region operation (Bunemann, 1949), so
the detector parameters needed further adjustment.

Using the setup from Figure 5.19, the alpha particle transport properties (i.e. through
buckypaper) were tested for transport through a buckypaper (i.e. 90 wt% BNNT:CNT
buckypaper), given in Figure 7.8.

Count Rate (cps)

Normal Plate Spacing (6 mm)
Po-210 through 18:2 BNNT:CNT buckypaper
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1
0.1
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0

100

200
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300

400

500

Figure 7.8. Polonium-210 alpha particle unhindered and through 90 wt% BNNT:CNT
buckypaper (Sample B3).
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When the 90 wt% BNNT:CNT buckypaper was introduced to the chamber suspended
halfway between the plates, the count rate in the chamber lowered to 1806 cps.
Comparing the total counts of each run (i.e. with and without inserted buckypaper)
approximately 80% of the alpha particles from Figure 7.8 were detected through the 90
wt% BNNT:CNT buckypaper. This percentage agrees with the energy (pulse height)
losses. The unimpeded alpha particle (6 mm spacing—no buckypaper) had its maximum
pulse height at channel ~300 while the alpha particle through the 90 wt% BNNT:CNT
buckypaper maxed at channel ~250.

To validate the supposition that artificial pulses existing in the front-end of spectra shown
in Figure 7.7 and Figure 7.8, the gain of the detector was increased, and subsequent pulse
spectra recorded to ensure no pulses were getting cut off the lower part of the spectrum
(e.g. by an LLD, etc.). The gain was adjusted, and the following spectra were produced
in Figure 7.9.
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Figure 7.9. Gross alpha counts as a function of pulse height varying the amplifier gain.
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As gain was increased, the spectra widened, but there was no observable increase in
count rate. The count rates at 4.00, 4.76, 5.66, and 6.72 amplifier gain were 2053, 2132,
2089, and 2017 cps, respectively.

After the gain testing, the pulse further “tuned” using the Lynx timing parameters to
achieve a more realistic expectation of what one would expect of an alpha particle
behavior traversing an electric field between parallel-plates. The effect of flat top and
rise time manipulation can be observed in Figure 7.10 and Figure 7.11.
600

Gross Counts

Low Flat Top

Unwarranted PositiveIon Effects

500

High Flat Top

400
300
200
100
0

50

100

150

200

250

300

350

Channel

Figure 7.10. Gross polonium-210 alpha particle counts as a function of channel number
lowering the pulse flat top. Low = 1μs. High = 2μs.
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Figure 7.11. Gross polonium-210 alpha particle counts as a function of channel number
lowering the pulse rise time. Low = 2μs. High = 3.6μs.

The positive ion influence was tuned out by shaping the pulse and lowering the timing
constants affecting the pulse.

The drift velocity of electrons is much faster than

subsequent particles, so as the rise time and flat top are lowered, the overall length of the
pulse (i.e. timing/charge collection window) shortens such that only the pulse from
electrons is obtained and undesired charge (e.g. from induced effects) is undetected. In
addition to tuning out the induced effect, when the rise time from Figure 7.11 was
lowered, the pulse height increased approximately equal to the counts lost from the
induced effect. The pulse “shelf” in Figure 7.11 increased (i.e. shifted right) from
channel ~300 to ~325. However, it is important to note these induced effects are mostly
benign but did complicate deciphering pulse spectra. Some figures are presented with
induced effects in this work while others show them discriminated out. In addition, fast
discriminator levels were adjusted, but had no recognizable effect on the output pulse

107

spectra, so these results were not presented. The rise time and flat top were both lowered
with minimal count rate losses to 2 µs and 1 µs, respectively.
Appendix C. Supplementary SRIM and TRIM Modeling
SRIM and TRIM Monte Carlo modeling were also completed to predict neutron reaction
product behavior (α,7Li) in the parallel-plate configuration. The bulk of runs in this effort
were operated at high fill-gas pressure (~68 psig) to shorten the range of particles in the
small parallel-plate detector configuration and ensure full energy deposition was possible.
A boron nitride aerogel of moderate density (25 mg/cm3) was selected for the bulk of the
modeling runs as the neutron conversion material. Boron nitride aerogels have been
recently synthesized at 4 mg/cm3 or lower (Song, 2015). However, if the density of a
boron nitride aerogel is too low, the number of functional boron-10 atoms for neutron
conversion is not sufficient to effectively detect neutrons—a balance between the two
must be established. The lithium-7 particle from the boron-10 neutron reaction is of
greatest concern when stopping power and straggling through materials is explored. The
lithium-7 reaction particle is larger and less energetic than the alpha reaction particle,
shortening its effective range. Materials must be tuned to both particles (α + 7Li), and
often the lithium-7 particle will ultimately influence this decision if one is interested in
the detection of both reaction particles simultaneously. To reduce the statistical
uncertainty, 1000 particles were modeled for each run. There are two key unknowns
moving forward with this model.

First, the aerogels are input into TRIM as solid

hexagonal boron nitride (not nanotubes), that may have an impact on particle range in
matter if the aerogels are synthesized using BNNTs. Secondly, particle detection is
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plausible when large reaction particles are unable to make it out of the porous
nanomaterials. Even if an alpha or lithium particle is stopped completely in an aerogel,
the ion pairs from energy deposition into the fill-gas occupying the pores of the aerogel
may still be fully detectable if a sufficient electric field exists throughout the aerogel (i.e.
above recombination). The range of the reaction particles in a low-density boron nitride
aerogel (4 mg/cm3) were also quantified. The lithium-7 and α-particle had ranges of 1.19
mm and 2.27 mm in a 4 mg/cm3 BN aerogel, respectively. High pressure argon (68 psig)
is denser than the aerogel, that may ultimately impact the range of the reaction particles
in the detector at high fill-gas pressures for when aerogels are implemented into the
parallel-plate configuration.
I.

SRIM/TRIM Modeling Results

Output from the SRIM/TRIM model can be seen in Figure 7.12 through Figure 7.25.

Figure 7.12 SRIM/TRIM ion range (left) and ionization potential (right) for 1.5 MeV
alpha particle traversing from the center of 1 mm thick 14 mg/cm3 aerogel into 68 psig
P-10 fill-gas.
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Figure 7.13 SRIM/TRIM ion range (left) and ionization potential (right) for 0.84 MeV
lithium-7 particle traversing from the center of 1 mm thick 14 mg/cm3 aerogel into 68
psig P-10 fill-gas.
The 1.5 MeV alpha particle was able to traverse from the center of the 1 mm thick
aerogel while the lithium-7 only had the potential to ionize the fill-gas within the aerogel
pores. The lithium-7 range within the 14 mg/cm3 aerogel was approximately 294 μm.
The 1.5 MeV alpha particle range within the 14 mg/cm3 aerogel was approximately 644
μm.
a)

b)

Figure 7.14. A) Ionization potential and B) Ion range of 0.8 MeV lithium-7 particles
traversing from the center of 200 μm thick 25 mg/cm3 BN aerogel into 68 psig P-10 gas
(9.2 mg/cm3)
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Figure 7.15 Penetration depths of 0.8 MeV lithium-7 particles traversing from the center
of 200 μm thick 25 mg/cm3 BN aerogel into 68 psig P-10 gas (9.2 mg/cm3)

a)

b)

Figure 7.16. a) Ionization potential and b) Ion range of 0.8 MeV lithium-7 particles
traversing from the center of 400 μm thick 25 mg/cm3 BN aerogel into 68 psig P-10 gas
(9.2 mg/cm3)
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Figure 7.17. Penetration depths of 0.8 MeV lithium-7 particles traversing from the center
of 400 μm thick 25 mg/cm3 BN aerogel into 68 psig P-10 gas (9.2 mg/cm3)

a)

b)

Figure 7.18. a) Ionization potential and b) Ion range of 1.5 MeV α-particles traversing
from the center of 400 μm thick 25 mg/cm3 BN aerogel into 68 psig P-10 gas (9.2
mg/cm3)
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Figure 7.19. Penetration depths of 1.5 MeV α-particles traversing from the center of 400
μm thick 25 mg/cm3 BN aerogel into 68 psig P-10 gas (9.2 mg/cm3)

a)

b)

Figure 7.20. a) Ionization potential and b) Ion range of 1.5 MeV α-particles traversing
from the center of 800 μm thick 25 mg/cm3 BN aerogel into 68 psig P-10 gas (9.2
mg/cm3)
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Figure 7.21. Penetration depths of 1.5 MeV α-particles traversing from the center of 800
μm thick 25 mg/cm3 BN aerogel into 68 psig P-10 gas (9.2 mg/cm3)

a)

b)

Figure 7.22. a) Ionization potential and b) Ion range of 0.8 MeV lithium-7 particles
traversing through infinitely thick 4 mg/cm3 BN aerogel
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Figure 7.23. Penetration depths of 0.8 MeV lithium-7 particles traversing through
infinitely thick 4 mg/cm3 BN aerogel
a)

b)

Figure 7.24. a) Ionization potential and b) Ion range of 1.5 MeV α-particles traversing
through infinitely thick BN aerogel

Figure 7.25. Penetration depths of 1.5 MeV α-particles traversing through infinitely thick
4 mg/cm3 BN aerogel
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Appendix D. Aerogel Synthesis
I.

Materials and Methods

First, the Ultra-long MWCNTs were suspended and dispersed in ethanol. Sonication was
used to disperse the nanotubes homogeneously and to break up nano-agglomerates.
Sonication was performed in 15 minute increments until the dispersion was homogenous.
The mixtures were poured into the desired container shape (i.e. cylindrical) and left to
stabilize. A gel-like network formed when enough ethanol evaporated from the system
and the nanotubes have had time to properly “set” (Vigolo, 2005), exampled in Figure
7.26.

Figure 7.26. Ultra-long MWCNT (6.8 mg) aerogel pre-solvent (ethanol) removal

To ensure the nanotube networks did not collapse by surface tension issues, the gels were
quickly introduced into critical point drying to avoid vapor-liquid equilibria (Tanaka,
1974). This removed the ethanol from the nanotube network while keeping structure and
porosity nearly unaltered. If critical point drying could not be performed quickly, the
nanomaterial gels were stored in a chilled ethanol bath.
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The Ultra-long MWCNTs obtained from NTL used in samples A1-A10 had the following
specifications: average length of 1-3 mm, diameters of 20-40 nm, and up to 8% residual
iron as an impurity.

Once the solutions transformed to gel and were ready for CO2 drying, a Parr highpressure reactor vessel was chosen as the means to reach the temperature and high
pressure required of critical point drying (> 304 K, 74 bar). With the reactor volume (~1
L) and critical density (Dc) of CO2 known (10.62 mol/l; NIST, 2011), the minimum
amount of CO2 required to stay above the critical point of CO2 during the run can be
easily calculated. For a 1 L fixed reactor volume, a minimum of 467.4 g (10.62 mol) of
CO2 is needed. To get this amount of CO2 in the vessel with the nanotube gel samples,
dry ice was used. A small cage was created out of mesh to protect the delicate gels as the
solvent (ethanol) was removed. To ensure the critical point was surpassed during each
run, the dry ice was weighed out before inserting it into the vessel. However, this process
was done in a timely manner because dry ice readily sublimes at standard conditions and
a small mass was lost to the atmosphere during preparation.

Once the Parr vessel was sealed, the pressure and temperature were monitored as the dry
ice turned to liquid and eventually supercritical vapor throughout each run. A heating
jacket was utilized to facilitate this process. Key monitoring steps performed during each
run can be observed in Figure 7.27. The pressure vessel was sealed [1] and monitoring
began. The CO2 then liquefied [2]. It was imperative to stay away from the saturation
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line after the CO2 has liquefied. The CO2 was kept as a liquid for at least 30-60 minutes
to promote the solvent exchange, that must be kept in liquid phase until 31oC (304 K) is
reached. At this point [3], the vessel was above 74 bar or the experiment would fail and
the sample rendered unusable. The vessel was then vented slowly once the critical point
was surpassed and the temperature reached as least 50oC [4].

The pressure and

temperature must still be monitored because, if venting is done too quickly, the vessel
contents can rapidly converge towards the saturation line. One the vessel was fully
relieved of CO2 [5], samples were then removed.

[3]

[4]

[2]

[5]

[1]

Figure 7.27. Carbon Dioxide Temperature-Pressure Diagram (Chemicalogic, 1999)
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Appendix E. Boron-Coated Mesh Runs
I.

Results and Discussion

A 100 nm boron-coated mesh (Figure 4.11) was introduced into the parallel-plate
chamber and the following spectra in Figure 7.28 were obtained.
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Figure 7.28. Boron-coated (100 nm) mesh response to neutron field (15 mRem/h neutron,
1.5 mR/h gamma), comparable gamma field (1.5 mR/h), and background at 60 psig P-10
fill-gas (60 minute count).

A prominent detector neutron response (1.1 ± 0.02 cps) can be observed relative to the
background response (0.17 ± 0.007 cps) and gamma response (0.20 ± 0.007 cps). The
boron and nickel in this arrangement were dense and strong competitors with the detector
fill-gas for absorption of the neutron reaction particle energies. As reaction particles
deposited energy into the solid mesh rather than the detector fill-gas, less energy is
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deposited into the fill-gas and the subsequent pulse height is lowered. The resulting
spectrum had an initial energy peak (i.e. most probable) followed by a long, higherenergy tail.

A boron-coated (500 nm) mesh was then inserted into the detector at the same operating
parameters (with increased neutron radiation field strength) and the following data were
obtained.
700
Neutron

600

Gamma
Background

Gross Counts

500
400
300
200
100
0

0

50

100
Channel

150

200

Figure 7.29. Boron-coated (500 nm) mesh response to neutron field (130 mRem/h),
comparable gamma field (10 mR/h), and background at 60 psig P-10 fill-gas (10 minute
count).

A greater neutron response can be observed from the 500 nm boron-coated mesh
compared to the 100 nm boron-coated mesh relative to their subsequent gamma and
background responses, attributed to the increase in available boron-10 for conversion.
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The count rate for the neutron, gamma, and background responses in Figure 7.29 were
27.7 ± 0.2 cps, 0.70 ± 0.03 cps, and 0.72 ± 0.03 cps, respectively. The neutron response
count rate of the 500 nm boron-coated mesh run increased by a factor of three compared
to the 100 nm boron-coated mesh when normalizing the neutron field strength of each run
(mRem/h). However, in theory there was approximately five times the number of boron10 atoms on the mesh.

One potential source of this difference could be derived from

some surface areas of the wires (e.g. sides) being partially coated (i.e. not having a
perfect 360o coating).
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