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ABSTRACT
The low natural abundance and supply shortage of 3He has resulted in an increase in the
cost of 3He. The increase in cost of 3He proportional counters has motived the development of low
cost, high efficiency, low gamma-ray sensitivity alternative technologies. A recently developed
alternative technology is the 6Li-based suspended foil microstrip neutron detector (SFMND) that
combines the neutron-conversion and gamma-ray discrimination capabilities of 6Li foils with the
mechanical robustness and electrical capabilities of microstrip electrodes. SFMNDs differ from
Li-foil multi-wire proportional counters because the anode wires are replaced by a single
microstrip electrode that improves the mechanical robustness, reduces the microphonic sensitivity,
and allows for more 6Li foils to be incorporated within a smaller form factor.
The first-ever SFMNDs containing one and five 96%-enriched, 75-µm thick 6Li foils were
fabricated using a silicon microstrip electrode. Neutron-sensitivity testing was performed yielding
measured intrinsic thermal-neutron detection efficiencies, th, of 4.02 ± 0.04% and 14.58 ± 0.11%,
respectively. High electrode capacitance and gain instability were exhibited by the silicon
microstrip electrode during neutron-sensitivity testing that led to the search for an electricallystable microstrip-electrode substrate. Schott Borofloat® 33 glass was identified as an electricallystable substrate and microstrip electrodes were fabricated and characterized. The Schott
Borofloat® 33 microstrip electrodes were electrically-stable for a minimum duration of time of
approximately 23 hours and had capacitances over an order of magnitude less than the identically
sized silicon microstrip electrodes. One- and five-foil SFMNDs were fabricated with a Schott
Borofloat® 33 microstrip electrode. Using 96%-enriched, 75-µm thick 6Li foils, the one- and fivefoil devices had maximum measured th of 12.58 ± 0.15% and 29.75 ± 0.26%, respectively, with
measured gamma-ray rejection ratios of 6.46 x 10-5 ± 4.32 x 10-7 and 7.96 x 10-5 ± 4.65 x 10-7 for
a 137Cs exposure rate of 50 mR hr-1. Devices containing one, five, ten, and twenty 96%-enriched,
75-µm thick 6Li foils were simulated using MCNP6 and are theoretically capable of having th of
18.36%, 54.08%, 65.43%, and 68.36%, respectively. The deviation between measured and
simulated th is suspected to occur due to the electric field strength distribution, electron
attachment, microstrip-electrode capacitance, or any combination thereof and solutions for each
of these suspected concerns are described.
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mechanical robustness and electrical capabilities of microstrip electrodes. SFMNDs differ from
Li-foil multi-wire proportional counters because the anode wires are replaced by a single
microstrip electrode that improves the mechanical robustness, reduces the microphonic sensitivity,
and allows for more 6Li foils to be incorporated within a smaller form factor.
The first-ever SFMNDs containing one and five 96%-enriched, 75-µm thick 6Li foils were
fabricated using a silicon microstrip electrode. Neutron-sensitivity testing was performed yielding
measured intrinsic thermal-neutron detection efficiencies, th, of 4.02 ± 0.04% and 14.58 ± 0.11%,
respectively. High electrode capacitance and gain instability were exhibited by the silicon
microstrip electrode during neutron-sensitivity testing that led to the search for an electricallystable microstrip-electrode substrate. Schott Borofloat® 33 glass was identified as an electricallystable substrate and microstrip electrodes were fabricated and characterized. The Schott
Borofloat® 33 microstrip electrodes were electrically-stable for a minimum duration of time of
approximately 23 hours and had capacitances over an order of magnitude less than the identically
sized silicon microstrip electrodes. One- and five-foil SFMNDs were fabricated with a Schott
Borofloat® 33 microstrip electrode. Using 96%-enriched, 75-µm thick 6Li foils, the one- and fivefoil devices had maximum measured th of 12.58 ± 0.15% and 29.75 ± 0.26%, respectively, with
measured gamma-ray rejection ratios of 6.46 x 10-5 ± 4.32 x 10-7 and 7.96 x 10-5 ± 4.65 x 10-7 for
a 137Cs exposure rate of 50 mR hr-1. Devices containing one, five, ten, and twenty 96%-enriched,
75-µm thick 6Li foils were simulated using MCNP6 and are theoretically capable of having th of
18.36%, 54.08%, 65.43%, and 68.36%, respectively. The deviation between measured and
simulated th is suspected to occur due to the electric field strength distribution, electron
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CHAPTER 1
INTRODUCTION
Somewhere, something incredible is waiting to be known.
Carl Sagan

Provided in this chapter is a brief discussion regarding the history of the development of
neutron detectors (Section 1.1). Descriptions of modern neutron-detector technologies follow
(Section 1.1). The motivation for the design and development of the 6Li-based suspended foil
microstrip neutron detector (SFMND) is discussed and the advantages of SFMNDs over current
commercially-available neutron-detection technologies are also explained (Section 1.1). A list of
contributions to the gas-filled neutron detection science and technology follows (Section 1.2).
Description of the organization of the thesis concludes the chapter (Section 1.3).

Motivation for Research
The first gas-filled radiation detector capable of detecting individual particles was
introduced in 1908 by Rutherford and Geiger and consisted of an axially-oriented anode wire
positioned within a cylinder containing ionizing gas [1-3]. Their detector measured the motion of
charge carriers1 within the gas and was developed as an improvement over spinthariscopes [1].
Throughout the next several decades, numerous studies were conducted to understand and improve
the functionality of gas-filled radiation detectors [2, 3].
As gas-filled radiation detectors were being developed, the concept of a neutrally-charged
particle, initially called beryllium radiation and eventually defined as neutrons, was first
hypothesized in 1920 by Ernest Rutherford [4] and later experimentally-quantified in 1932 by
James Chadwick [5]. Chadwick positioned an ionization chamber containing N2 gas, and later H2

1

The term charge carrier is used when referring to a particle that operates as a mobile platform to move charge.

1

gas, in front of a chamber containing a polonium alpha-particle source. The alpha-particle source
was positioned near a beryllium target to produce neutrons using the (, n) reaction. He studied
neutron-interaction properties by measuring the response of the ionization chamber with and
without several materials, namely paraffin film, positioned between the source and detector. An
immediate measurable detector response was observed without any material present and the
response was significantly more pronounced when paraffin film was present. He attributed the
detector responses to recoil atoms, specifically protons, within the N2 gas. Through the
measurement of the recoil protons, Chadwick was able to calculate the mass of the neutron [5].
The development of nuclear power, physics, and weaponry followed soon after the
discovery of the neutron, which necessitated the development of a variety of neutron detectors.
The first neutron detectors emerged in the mid-to-late 1930s that contained BF3 gas [6], were
boron-lined [7], or were cloud chambers [8], depending on the application [9]. 3He gas-filled
radiation detectors were introduced in 1949 [10], and both boron- and helium-based gas-filled
devices were widely used by the mid-1950s [11-14]. Solid-state neutron detectors were first
introduced in 1949 [15] and the first solid-state device coated with a neutron-conversion material
emerged in 1959 [16]. The first neutron-sensitive scintillator was introduced in 1960 [17]. The
complexity and variety of neutron detectors and detection systems expanded throughout the
decades following the discovery of the neutron as particle physics experiments became more
diverse.
A variety of neutron detectors exist today [18-21] including modernized versions of the
3

He and 10BF3 gas-filled proportional counters [22-24], boron-lined proportional counters [22, 23]

(e.g. boron-coated straws (BCS) [25]), foil detectors (e.g. lithium-foil multi-wire proportional
counters (Li-foil MWPCs) [26]), multi-layered thin-film-coated semiconductor devices (e.g.
microstructured semiconductor neutron detectors (MSNDs) [27]), fission chambers (e.g. micropocket fission detectors (MPFDs) [28]), and scintillators containing neutron-conversion
material(s) (e.g. Cs2LiYCl6:Ce (CLYC) [29] and Cs2LiLaBr6:Ce3+ (CLLB) [30]). Each of these
devices rely on neutron-sensitive materials to convert neutrons into ionizing reaction products. The
neutron-sensitive material, and, therefore, the neutron-interaction method, typically corresponds
to the neutron-energy range.
Thermal-neutron detectors are routinely used for nuclear non-proliferation, homeland
security, oil-well logging, particle physics, and neutron scattering science, along with numerous

2

other applications [20]. Currently, 3He proportional counters are considered the “gold standard”
for thermal-neutron detection. 3He proportional counters are used in several industries requiring
thermal-neutron detectors and, therefore, are manufactured for a variety of effective areas and
pressures ranging from approximately 1.6 to 1000 cm2 and 2 to 40 atm, respectively [31-37].
However, the natural abundance of 3He of approximately 0.000137% [38] is quite low. The only
production method currently being employed is the collection of 3He as a byproduct from the
radioactive decay of tritium, and the tritium is sourced from the dismantlement and refurbishment
of the U.S. nuclear stockpile [20]. A supply shortage over the past decade has resulted in an
increase in the cost of 3He, with an estimated increase from $40 – $85 per liter between 2003 –
2008 to $765 and $2500 per liter in 2012 for federal and commercial use, respectively [20].
Therefore, the increase in 3He cost has motivated the development of several 3He alternative
technologies. 3He alternative technologies are developed with the goal of producing a rugged
device that has high intrinsic thermal-neutron detection efficiency, th, (> 80%), and low sensitivity
to gamma rays (gamma-ray rejection ratio (GRR) ≤ 10-6). Additionally, the ability to manufacture
alternative technologies for a variety of sizes while remaining cost effective is also advantageous.
All commercially-available

3

He alternative technologies have advantages and

disadvantages. Crystalline and doped scintillators offer high th but suffer from poor gamma-ray
discrimination capabilities due to the abundance of high atomic-number materials composing
typical crystals [20, 39-41] (although pulse-shape discrimination (PSD) techniques can be used to
improve the gamma-ray discrimination capabilities [19]). Multi-layered thin-film-coated devices
such as the MSND are capable of high th and low gamma-ray sensitivity [42, 43]. However, due
to the compact size of MSNDs, a large quantity of devices are required when producing large
effective-area instruments [27]. 10BF3 and boron-lined proportional counters suffer from low th
and sensitivity to microphonics. Additionally, 10BF3 is a toxic gas [20]. An alternative to individual
boron-lined proportional counters are BCSs [25, 44, 45]. BCSs contain bundles of boron-lined
proportional counters that, as a detection system, are capable of high th. However, BCSs are
inherently susceptible to microphonics and require PSD in order to discriminate gamma rays [44].
Li-foil MWPCs are capable of meeting the th and low gamma-ray sensitivity performance of 3He
proportional counters for a sufficient number of lithium foils [46, 47]. However, Li-foil MWPCs
are also inherently susceptible to microphonics and are size limited due to the spacing required to
accommodate anode wires.
3

A new type of gas-filled neutron detector, the 6Li-based SFMND, has recently been
developed at the Kansas State University (KSU) Semiconductor Materials And Radiological
Technologies (S.M.A.R.T.) Laboratory. The 6Li-based SFMND combines the neutron-conversion
and gamma-ray discrimination capabilities of 6Li foils with the mechanical robustness and
electrical capabilities of microstrip electrodes. SFMNDs are capable of having a variety of th,
depending on the quantity and thickness of foils, while still maintaining low gamma-ray sensitivity.
Neighboring foils can be positioned closer in proximity to one another due to the elimination of
anode wires, thus allowing for smaller individual devices to be fabricated while still maintaining

th performance. The replacement of anode wires with a single microstrip electrode inherently
improves the robustness and reduces microphonic sensitivity. The small form factor of the
SFMND allows for modular devices to eventually be fabricated and arrayed together to form a
variety of instrument sizes. Cost analysis has not yet been conducted because SFMNDs are under
prototypical investigation. However, given the materials and labor required to fabricate prototype
devices, the cost of SFMNDs is expected to be lower relative to 3He proportional counters and
other alternatives of similar size.

Contributions to Gas-Filled Neutron Detection Science and Technology
A summary of the novel contributions to the science of gas-filled neutron-detection
technologies is listed below.


Determined that electrons could not traverse the bulk of reticulated vitreous carbon
(RVC) foam using a parallel-plate ionization chamber with and without a Frisch
grid.



Measured the neutron sensitivity of 10B4C-coated RVC foam using a single-anode
wire, P-10 continuous gas-flow proportional counter. The neutron-sensitivity
measurement yielded an intrinsic thermal-neutron detection efficiency, th, of 3.40
± 0.09%, which verified that the sample functioned essentially as a thin-film-coated
substrate.
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Measured the neutron sensitivity of

10

B4C-coated aluminum honeycomb using a

single-anode wire, P-10 continuous-gas-flow proportional counter resulting in the
highest measured th to date for coated honeycomb media of 21.45 ± 0.26%.


Conducted Monte-Carlo N-Particle, Version 6 (MCNP6) simulations to define the
optimal coating thickness of

10

B/10BN/10B4C/6LiF-coated aluminum honeycomb

for various honeycomb cell sizes.


Characterized the theoretical angular neutron sensitivity of

10

B/10BN/10B4C/6LiF-

coated aluminum honeycomb for various cell sizes using MCNP6.


Simulated the effects of gas pressure on the theoretical neutron-detection
performance of 10B/10BN/10B4C/6LiF-coated aluminum honeycomb for various cell
sizes using MCNP6.



Designed and developed the SFMND, which is a novel, parallel-plate-oriented
proportional counter neutron detector that is a compact and robust improvement
over Li-based MWPCs. The SFMND design eliminates the need for anode wires
by using a single microstrip electrode as the collection electrode.



Conducted MCNP6 simulations to define the SFMND neutron-detection
capabilities as a function of foil thickness and quantity.



Simulated the effects of gas pressure on the theoretical neutron-detection
performance of SFMNDs containing one- and five-6Li foils using MCNP6.



Optimized the geometry of the SFMNDs as a function of foil width and sensitive
volume size using MCNP6.



Fabricated Schott Borofloat® 33 microstrip electrodes and characterized the
counting and gas multiplication curves, as well as the gain stability, in reference to
silicon microstrip electrodes.



Characterized the electric field strength distribution within a SFMND using a
Schott Borofloat® 33 microstrip electrode and compared to COULOMB
simulations.



Adapted foil-lamination techniques for smaller-sized 6Li foils in order to fabricate
the first-ever 6Li-based SFMNDs.



Conducted the first-ever SFMND neutron-sensitivity measurements using one- and
five-foil devices, which were compared to MCNP6 simulations.
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Measured the distribution of th within the SFMND and compared the results to the
results of the electric field strength distribution study.

Organization of Thesis
Although the 6Li-based SFMND was the eventual development of the described research,
the consistent research intent was to design a compact and robust device featuring a neutronconversion medium positioned between two parallel-plate electrodes.
and

10

10

B4C-coated RVC foams

B4C-coated aluminum honeycomb were each initially studied as potential neutron-

conversion media. Unfortunately, both of these conversion media have detrimental characteristics
preventing the development of a high th and low gamma-ray sensitivity device, as will be
described in Chapter 4. Therefore, lithium foils were selected as the neutron-conversion medium
given the success of Li-foil MWPCs [26, 46-48]. Microstrip electrodes were selected as the
collecting electrode with the intent of allowing the device to function as a single charge-carrier
device while also being operated in proportional mode and, therefore, being capable of producing
large amplitude pulses.
Provided in Chapter 2 is a discussion of the general properties and interaction types of
neutrons. The neutron-detection processes for common commercially-available thermal-neutron
detectors are also described. Chapter 3 provides a discussion of the general theoretical
considerations surrounding gas-filled radiation detectors. Because the development of the 6Libased SFMND involved several preliminary experiments, Chapter 4 details the experimental and
computational efforts and results regarding the study of 10B4C-coated RVC foams and aluminum
honeycomb. Chapter 5 follows with a description of the design methodology and theoretical
considerations of the 6Li-based SFMND. Provided in Chapter 6 are descriptions of the design,
fabrication, and characterization of the microstrip electrodes. Chapter 6 also discusses the 6Libased SFMND fabrication process before describing the neutron-sensitivity testing and results.
Finally, Chapter 7 provides concluding remarks as well as discussion of future efforts to further
study and refine the performance of 6Li-based SFMNDs.
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CHAPTER 2
NEUTRON DETECTION BACKGROUND
Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less.
Marie Curie

The origin, characteristics, and nuclear interactions of neutrons are discussed first in the
following chapter (Section 2.1). Description of common neutron-absorber materials follows
(Section 2.2). Important characteristics and functional qualities of several types of commerciallyavailable neutron detectors are then described (Section 2.3). Finally, accepted characterization
methods and associated terms are explained (Sections 2.4 and 2.5).

The Neutron
Neutrons and protons are subatomic particles categorized as baryons because both particles
are composed of a combination of three quarks [49]. Neutrons have a mass of 939.566 MeV c-2
and consist of one up quark, with charge of +2q/3, and two down quarks, with charge of –q/3,
resulting in a net neutral charge [49]. In comparison, protons have a slightly smaller mass of
938.272 MeV c-2 and are composed of two up quarks and one down quark, resulting in a net charge
of +q [49]. The mean lifetime of free neutrons, the duration of time from birth to decay, is 885.7
± 0.8 s [50]. Neutron decay occurs as depicted by the Feynman diagram of Figure 2.1 [49]. A
virtual W- boson is emitted resulting in the emission of an electron, e-, and an antineutrino,  e .
Neutrons are created with energies ranging from a few meV up to several MeV, depending on the
source. Neutron production typically occurs by one of the following methods: cosmic rays,
spontaneous fission, nuclear fission, nuclear fusion, (n, 2n) or (n, 3n) reactions, particleaccelerator-based methods like the spallation neutron source or D-D and D-T generators,
photoneutrons produced from the (, n) reaction, and radioisotope sources typically relying on the
7

(, n) reaction. Descriptions of various neutron sources are provided in the literature [9, 19, 5153].

n  p  e   e

Figure 2.1. Feynman diagram depicting the β-decay of a neutron (n) to a proton (p) [49]. Because
neutrons have slightly higher mass than protons, a down quark (d) is converted to an up quark (u)
resulting in the emission of a heavy, virtual W- boson. The virtual W- boson then decays resulting
in the emission of an electron (e-) and an antineutrino ( e ).

Neutron Interactions
Direct detection of neutrons can be difficult because neutrons are highly penetrating and,
being neutrally-charged, do not undergo Coulombic interactions with the surrounding medium.
Thus, indirect detection methods are employed that rely on the creation of ionizing reaction
products emitted from either neutron scattering or absorption interactions. The interaction method
depends on the energy of the incident neutrons and the isotope and density of the surrounding
medium. For neutron energies above 0.1 MeV, referred to as fast neutrons, elastic and inelastic
scattering interactions are the predominant interaction methods [54, 55]. Elastic scattering (n, n)
occurs when a portion of the incident neutron energy is imparted to the target nucleus, resulting in
a recoil nucleus [52, 56]. For sufficiently high-energy neutrons, inelastic scattering (n, n’) occurs
when the target nucleus is elevated to an excited state following the neutron scattering event,
resulting in a reduction of the neutron kinetic energy [52, 56]. Gamma-ray emission immediately
follows as the elevated target nucleus de-excites and returns to the ground state [56]. The reduction
in neutron kinetic energy due to scattering interactions is known as moderation and the most
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common isotope for moderation is hydrogen [52]. Thus, materials containing large abundances of
hydrogen are often used as neutron moderators [57].
As neutrons travel through a moderator, kinetic energy is lost due to scattering interactions
and the neutrons are called slow neutrons once the kinetic energy is below 1 eV [56]. Neutron
kinetic energies between 1 eV and 0.1 MeV are called epithermal neutrons [56]. Neutrons that
lose enough kinetic energy to reach thermal equilibrium with the surrounding medium are called
thermal neutrons. The most probable kinetic energy of thermal neutrons is 0.025 eV, which
corresponds to a velocity of approximately 2200 m s-1 [58]. As the neutron kinetic energy
decreases, neutron absorption typically becomes the predominant interaction method [52]. Neutron
absorption interactions that result in the emission of charged-particle reaction products are of
particular interest for thermal-neutron detection applications.
The probability that a neutron undergoes an interaction of type j per unit path length [51]
(where j may refer to elastic scatter (s), inelastic scatter (i), absorption (a), capture (c), fission (f),
etc.) in a given material is defined by the macroscopic cross section of the material for the jth
interaction type, Σj. The Σj, typically reported in units of cm-1, is a function of the microscopic
cross section of the jth interaction, j (b or cm2), and atomic density N (atoms cm-3) of the material
as described by [58]
j  j N .

(2.1)

j is the probability that an interaction of type j will occur within a target nucleus per neutron per
unit area. The unit of barns (b) is often used when reporting j and is approximately equal to the
cross-sectional area of a nucleus (1 b = 10-24 cm2) [58]. The atomic density is dependent on the
density of the material,  (g cm-3), Avogadro’s number, Na (6.022 x 1023 atoms mol-1), and the
molar mass of the material, M (g mol-1), as defined by [55]

N

 Na
M

.

(2.2)

For a compound mixture of density , j is defined by the summed products of the atomic density,
Nk, and microscopic cross section, j,k, of the jth interaction for the specific isotope, k, as [51]
9

 j   N k  j ,k   wk
k

k

 Na
Mk

 j ,k ,

(2.3)

where Nk is dependent on the atomic fraction, wk, and molar mass, Mk, of the kth isotope. The total
macroscopic cross section, tot, the probability that any type of interaction will occur, is defined
by the sum of the separate interaction cross sections, (elastic scattering (s), inelastic scattering
(i), absorption (a), capture (c), fission (f), etc.), as [52]
 tot   s   i   a   c   f  .

(2.4)

Consider the scenario illustrated in Figure 2.2 in which a beam of neutrons, with intensity
I0, is incident on a slab of neutron absorber, with thickness l. The beam intensity, I, decreases
exponentially as a function of distance, x, due to the absorption of neutrons within the absorber
slab, as defined by [52]

I x   I 0 e

  a , th x

,

(2.5)

where I(x) is the beam intensity at position x. Thus, the amount of neutron absorption occurring
within the absorber slab is dependent on the macroscopic thermal-neutron absorption cross section,
a,th, of the slab material. By substituting the absorber slab thickness, l, into the distance term, x,
the neutron-beam intensity emerging from the absorber slab, I(l), is calculated as

I l   I 0 e

  a , th l

.

(2.6)

Finally, the neutron absorption fraction, IF, within the absorber is described by [59],

IF 1 

I l 
 1  e  x l .
I0

(2.7)
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Figure 2.2. Exponential decay of a neutron beam with intensity I0 through a slab of absorber with
thickness l. The beam intensity decreases as a function of the macroscopic thermal-neutron
absorption cross section, Σa,th, of the absorber material and absorber thickness.
The microscopic neutron absorption cross sections, a, as a function of neutron energy for
3

He, 6Li, 10B, 113Cd, and 157Gd (commonly-used neutron-absorption isotopes) are shown in Figure

2.3 [60]. The a of 3He, 6Li, and 10B follow a 1/v dependence for neutron energies from thermal
up to 100 keV. 3He, 6Li, and 10B are referred to as 1/v absorbers due to the inversely-proportional
relationship between a and neutron velocity, v [59]. However, 113Cd and 157Gd are not considered
1/v absorbers due to the resonances that occur over the range of neutron kinetic energies of 3 eV
– 6 keV.
As shown in Figure 2.3,

157

Gd, with a natural abundance of 15.65% [38], has the highest

microscopic thermal-neutron absorption cross section, a,th, of approximately 253,553 b [60]. A
second gadolinium isotope,

155

Gd, with a natural abundance of 14.80% [38], has a a,th of

approximately 60,794 b [60]. The combined a,th for all Gd isotopes results in a total a,th of
approximately 48,770 b for natural Gd [38]. Both
11

155

Gd and

157

Gd rely on neutron-capture

interactions that produce internal conversion electrons within the energy range of 29 – 246 keV
for approximately 60% of interactions [61]. Thus, natural Gd has an effective a,th of
approximately 29,260 b. The most intense electron-emission energy from the neutron-capture
interactions occurs at 71 keV [61]. Although gadolinium has a large a,th, discrimination of
neutron-induced pulses from gamma-ray events and electronic noise is difficult due the high
probability of low-energy conversion-electron emissions [42]. However, neutron detectors
incorporating gadolinium as the neutron-conversion medium have been explored and developed,
and examples are described in [62-66].

Figure 2.3. Microscopic absorption cross section as a function of neutron energy for 3He, 6Li, 10B,
113
Cd, and 157Gd [60].
From the isotopes shown in Figure 2.3, the 113Cd(n, )114Cd reaction has the next highest

a,th of approximately 20,014 b [60]. The natural abundance of 113Cd is 12.22% [38] and, therefore,
the a,th of natural cadmium is approximately 2,446 b. The 113Cd(n, )114Cd reaction results in the
emission of several gamma-rays over an energy range spanning 95.88 – 5934.39 keV [38].
However, only the two highest-probability gamma-ray emission energies are used for thermalneutron detection applications, as described by
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1
0

n

Cd   1 0.558 MeV   2 0.651 MeV   ' s .

113
48

(2.8)

Due to the emission of a broad continuum of gamma-ray energies from the

Cd(n, )114Cd

113

reaction, discrimination of neutron-induced events from background gamma-ray events as well as
electronic noise is difficult using

113

Cd-based neutron-conversion media. However, efforts have

been made to develop thermal-neutron detectors relying on the

113

Cd(n, )114Cd reaction, which

are described in [67, 68]. More common, however, is the use of cadmium for radiation shielding
purposes [9, 14, 69-71].
3

He is one of the most widely-used isotopes for thermal-neutron detection with a a,th of

approximately 5318 b [60]. Charged-particles are emitted in opposite directions following the
absorption of a thermal neutron by 3He, with energies described by the 3He(n, p)3H reaction as

1
0

n  23 He  31 H 0.191 MeV  11 H 0.573 MeV .

(2.9)

The reaction Q-value, the amount of kinetic energy gained from the reaction [51], is 0.764 MeV.
The boiling point of helium is 4.16 K [72] and, therefore, 3He is used in the gaseous state as a
neutron-conversion material. The performance of 3He-based neutron detectors will be discussed
later in Section 2.3.3.
10

B is often used as a neutron-conversion isotope with a a,th of approximately 3843 b [60]

and a natural abundance of 19.9% [38]. The absorption of a slow neutron by 10B produces chargedparticles that are emitted in opposite directions, with energies defined by

1
0

n

10
5

 73 Li 1.015 MeV  42 He 1.777 MeV,
B  7 *
4
 3 Li 0.840 MeV  2 He 1.470 MeV,

The Q-values of the 6% and 94%

10

6%
.
94 %

(2.10)

B(n, )7Li reaction branches are 2.792 and 2.310 MeV,

respectively. The discrepancy between the reaction Q-values occurs because the 94% reaction
branch results in the emission of the 7Li atom in its first excited state, which rapidly de-excites by
releasing a 0.480 MeV gamma ray. 10B can be used in both gaseous (10BF3) and solid forms (10B,
10

B4C, 10BN, 10B2O3, enriched boric acid (H3BO3)) depending on the application (although 10BF3
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is a highly-toxic gas [73]). Enriched boron (and boron-based compounds) can be purchased from
a variety of vendors such as Ceradyne, Inc. [74], American Elements [75], and Sigma-Aldrich,
Inc. [76]. The advantages, disadvantages, and performance of

10

B-based gas-filled, thin-film

coated, and solid-state neutron detectors will be discussed in Section 2.3.
Lastly, 6Li is often used as a neutron-conversion isotope, with a a,th of approximately 939
b [60] and a natural abundance of 7.59% [38]. Similar to the 3He(n, p)3H and 10B(n, )7Li reactions,
the 6Li(n, )3H reaction also results in the emission of charged particles in opposite directions,
with energies defined by

1
0

n  63 Li  42 He 2.050 MeV  31 H 2.730 MeV .

(2.11)

The Q-value of the 6Li(n, )3H reaction is 4.78 MeV [59], which allows for sufficient
discrimination of background and gamma-rays from neutron-induced events. Enriched 6Li can be
acquired from the Y-12 National Security Complex [46, 77] and Sigma-Aldrich [78]. The lithiumbattery industry provides the infrastructure for 6Li to be manufactured into foils of a specific
thickness. Specifically, Albemarle (formerly Rockwood Lithium) [46, 79] can manufacture
lithium foils of varying thicknesses. Given the chemical reactivity of lithium metal, resulting in a
gradual degradation of the material, the chemically-stable compound 6LiF is often used instead.
Additionally, the mass density of 6LiF is higher than that of 6Li at 2.54 g cm-3 and 0.463 g cm-3,
respectively [59]. However, due to the increase in mass density, thinner layers of 6LiF are often
required, which are prone to flaking [46].

Common Thermal-Neutron Detectors
A variety of thermal-neutron detectors presently available to the commercial consumer and
scientific-research community are discussed in the following section. The process of detecting
thermal neutrons using commercially-available scintillators and thermoluminescent dosimeters
(Section 2.3.1), thin-film-coated and solid-state semiconductors (Section 2.3.2), and gas-filled
devices (Section 2.3.3) are also described.
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2.3.1

Scintillator Neutron Detectors & Thermoluminescent Dosimeters

A variety of scintillator neutron detectors exist for thermal-neutron detection applications
and are typically one of the following [18-20, 30, 80]: crystalline (LiI:Eu, CLYC, and CLLB), Bor Li-doped (plastic, glass, or liquid scintillators), or Li- and LiF-coated. The combination of
ZnS(Ag) with a lithium compound is also a common scintillation-based thermal-neutron detection
method. Charged-particle reaction products are emitted within the scintillating medium following
the absorption of a neutron by either B or Li contained within the scintillator. Charge carriers are
liberated as reaction products ionize the scintillating medium and the ensuing detection process
follows the typical detection process of a scintillator. Consequently, separation of neutron-induced
events from gamma-ray interactions can be a weakness among scintillator neutron detectors and
often requires PSD techniques [19]. As with most scintillator radiation detectors, a photomultiplier
tube (PMT) is commonly coupled to several of the aforementioned scintillator neutron detectors.
PMTs are prone to being sensitive to magnetic fields and gain fluctuations, fragile, require high
power, and are susceptible to dark current produced from thermionic emissions [19, 81].
Photodiodes are a rugged, low-power alternative to PMTs that are virtually insensitive to magnetic
fields. However, photodiodes are sensitive to direct ionization and the capacitance is problematic,
making them size limited while also having poor signal-to-noise ratio from leakage current and
low-amplitude output signals [19]. Another alternative to PMTs are silicon photomultipliers
(SiPMs) that are compact, require low operating voltage, and are significantly less sensitive to
magnetic fields [82]. However, SiPMs are susceptible to fluctuation in performance due to changes
in temperature and voltage [83]. SiPMs are also prone to crosstalk between individual cells as well
as dark current [82, 83].
Thermoluminescent dosimeters (TLDs) are commonly used as integrating, passive neutron
detectors [19]. As neutrons interact within a TLD, reaction products excite charge carriers in the
form of electrons and holes to the conduction and valence bands, respectively. The charge carriers
migrate randomly within their respective energy bands before being captured in trapping centers
that are intentionally incorporated into the crystal structure using dopants. The charge carriers
remain trapped until thermally liberated. The amount of energy deposited by the incident radiation
integrated over the exposure period can be determined by thermally-liberating charge carriers from
their trap sites through annealing methods. Measurable thermoluminescent photons are released as
the charge carriers are captured at luminescent centers [84]. Although TLDs are primarily used for
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gamma-ray measurements, a variety of TLDs exist for neutron detection as well. The most
common are LiF-based TLDs that contain natural lithium (TLD-100), 95.6%-enriched 6Li (TLD600), or 99.93%-depleted 7Li (TLD-700). LiF-based TLDs are frequently used for personnel
dosimetry due to the tissue equivalence of LiF [19, 84]. The neutron and gamma-ray doses can be
simultaneously determined by exposing a combination of a TLD-100 and a TLD-700, or a TLD600 and a TLD-700, and calculating the difference in measured dose between the two [84].
Although power efficient and compact, the dose received from TLDs cannot be determined in real
time. Additionally, TLDs suffer from gradual fading over time and the charge carriers can be
inadvertently released from the trap centers if the ambient temperature of the environment
surrounding the TLDs increases [18, 84]. The range of exposures is quite broad for LiF-based
TLDs, however supralinearity occurs at high exposures [84].

2.3.2

Semiconductor Neutron Detectors

Two types of semiconductor neutron detectors exist in the form of solid-state devices and
thin-film-coated devices. Solid-state semiconductor neutron detectors rely on the ionization of
reaction products within the semiconductor bulk, which results in the liberation of charge carriers.
The charge carriers then drift toward their respectively-charged electrodes under the influence of
an electric field formed from the potential difference between the electrodes. Solid-state
semiconductor neutron detectors are theoretically capable of high th because the neutronabsorption medium is also the detection medium. However, fabrication of solid-state
semiconductor neutron detectors has proven quite difficult [85]. Additionally, significant chargecarrier trapping also tends to occur resulting in low measured th [85].
Thin-film-coated semiconductor neutron detectors consist of a thin layer of neutronconverting material deposited onto the surface of a semiconductor diode, as shown in Figure 2.4
[59, 86]. Reaction products are emitted in opposite directions following the absorption of a thermal
or slow neutron within the converting layer. Due to the geometric limitations of thin-film-coated
devices, only one reaction product can enter into the semiconductor diode (detection region of the
device), thus limiting 10B- and 6LiF-based devices to a maximum th of approximately 4.5% [59].
The neutron-absorption location combined with the reaction-product trajectories within the thinfilm-coating layer results in a distribution of energies that are deposited within the detection region
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(e.g. scenarios a and c of Figure 2.4). The converting-layer thickness is crucial; too thick of a layer
results in reaction-product self-absorption (e.g. scenarios b and d of Figure 2.4) and insufficient
neutron absorption occurs for too thin of a layer. Thin-film-coated semiconductor neutron
detectors are compact, low cost, and require low power to operate [43, 77, 86]. However, due to
their compact form-factor, several thin-film-coated semiconductor neutron detectors must be
interconnected into an array in order to fabricate a device having a large effective area [27].

Figure 2.4. Examples of reaction-product trajectories based on the neutron-absorption location
within the thin-film-coating layer. Scenarios a and c illustrate examples where one reactionproduct can enter the detection region, while scenarios b and d depict examples of reactionproduct self-absorption within the thin-film-coating layer.
In order to increase the th, several thin-film-coated devices are typically combined [19,
59]. An alternative to combining several thin-film-coated devices is the MSND that consists of
features, specifically trenches, etched into the semiconductor substrate, as illustrated in Figure 2.5
[27]. Conformal layers of p-type and n-type contacts are then deposited onto the surfaces of the
etched semiconductor through diffusion processes to provide Schottky and ohmic contacts,
respectively, prior to packing the trenches with neutron-converter material (typically 6LiF) [27].
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The geometry of the trenches allows for one or both reaction products to be measured within the
adjacent fins, as depicted in Figure 2.5. The increased amount of neutron-converter material
present in a MSND increases the th by an order of magnitude over a single thin-film-coated
semiconductor neutron detector. A measured th of 53.54 ± 0.61% was recently reported for a dualsided configuration of the MSND [43] and single-sided configurations have measured th
exceeding 35% [27]. The single- and dual-sided MSND configurations share many of the
advantages of thin-film-coated semiconductor neutron detectors with the added improvement in

th. Unfortunately, MSNDs are also compact in size, thus requiring several MSNDs to be arrayed
together to form a large effective-area device [27].

Figure 2.5. Cross-sectional schematic of a MSND showing that one or both reaction products can
be measured within the fins adjacent to the trenches.

2.3.3

Gas-Filled Neutron Detectors

Gas-filled neutron detectors are frequently used for thermal-neutron detection applications,
in which the gas functions as either: 1.) both the neutron converter and the proportional gas (e.g.
3

He or 10BF3) or 2.) the proportional gas combined with a solid neutron converter (e.g. 10B-lined).

Both types of gas-filled proportional counters often feature a small-diameter anode wire (typically
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25 – 100 µm in diameter) centered within a cylindrical housing. To avoid electrical discharge at
the attachment points of the anode wire with the cylindrical housing, field tubes are used that result
in inactive, “dead” regions near the anode-wire ends [87]. The field tubes reduce the electric field
strength below the threshold necessary for Townsend avalanching [21, 87] (described in Section
3.3). Therefore, gas-filled proportional counters have two electric field regions, in which low
electric field regions occur surrounding the field tubes and a high electric field region occurs within
the detector volume where field tubes are not present. Finally, due to the presence of an anode wire
centered within the cylindrical housing, proportional counter neutron detectors are susceptible to
microphonic effects [88].
Gas-filled neutron detectors are often regarded as having desirable gamma-ray
discrimination capabilities because the density of the gas is quite low relative to solid materials.
However, when a gamma-ray interacts within a gas-filled neutron detector, Compton scattering
can occur either within the gas or the cathode wall and the resulting Compton electron may produce
a measurable pulse. If multiple gamma-ray interactions occur within the amplifier shaping time,
pulse pile-up occurs resulting in a single, large-amplitude pulse relative to the amplitude of a pulse
formed from an individual gamma-ray interaction. In this scenario, the resulting pulse amplitude
may appear similar to a neutron-induced pulse and yield a false-positive result.
3

He proportional counters are capable of high th and low sensitivity to gamma rays, and

are among the most popular detectors used for thermal-neutron detection applications. 3He
proportional counters are capable of th exceeding 80% [89] (depending on the detector volume
and gas pressure) due, in part, to the combination of the a,th of 3He and the gas functioning as both
the neutron absorber and detector gas. However, the cost of 3He-based devices is quite high due to
the rarity of the isotope. Reaction products are emitted in opposite directions following the
absorption of a slow or thermal neutron by the 3He gas. Depending on the location of the
3

He(n, p)3H reaction within the detector volume, the energy of one or both reaction products is

deposited within the 3He gas. As the reaction products ionize the 3He gas, charge carriers are
liberated that travel toward their respectively-charged electrodes due to the potential difference
between the anode wire and the cathode wall.
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Figure 2.6. Examples of reaction-product trajectories in a gas-filled neutron detector. Scenario a
illustrates an example of full kinetic energy deposition of both reaction-products within the high
electric field region of the gas. Scenarios b and c depict examples of the wall effect that occur
within the high electric field region. Scenarios d – g illustrate end effect examples where part or
all of the kinetic energy of the reaction products is deposited within the low electric field region
[After 21].
Illustrated in Figure 2.6 are examples of different reaction-product emission scenarios
based on the location of the 3He(n, p)3H reaction within the detector volume. For neutron
absorptions that occur within the high electric field region and a sufficient distance away from the
cathode wall (thus preventing reaction products from colliding with the cathode wall), the full
kinetic energy of both reaction products can be deposited within the gas (Figure 2.6, scenario a).
The full-energy peak of the reaction-product pulse-height spectrum is formed with energy equal
to the 3He(n, p)3H reaction Q-value of 0.764 MeV (shown in Figure 2.7). A portion of the kinetic
energy of the reaction product can be deposited in the gas when neutron absorption occurs in close
proximity to the cathode wall (Figure 2.6, scenario b). The residual kinetic energy of the reaction
product is deposited within the cathode wall upon collision. The reduction in the total amount of
reaction-product kinetic energy deposited within the high electric field region yields a smaller
pulse amplitude relative to the full-energy deposition case (Figure 2.6, scenario a). The distribution
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of pulse amplitudes resulting from partial energy deposition of one reaction product before
collision with the cathode wall is called the wall effect.

Figure 2.7. (left) Contributions of energy deposition from one or both reaction products within the
high electric field region of the 3He gas. The amount of energy deposited spans the energy range
from the lower-energy reaction product (0.191 MeV triton) up to the 3He(n, p)3H reaction Q-value
of 0.764 MeV. (right) Conceptual representation of a 3He proportional counter reaction-product
pulse-height spectrum. The wall-effect continuums overlap and, therefore, stack atop each other.
The prominence of the wall effect is dependent on the size and pressure of the gas volume as well
as the trajectories and creation site of the reaction products.
When neutron absorption occurs within the high electric field region and at the interface of
the cathode wall and the detector gas, the kinetic energy of only one reaction product can be
deposited within the gas while the entire kinetic energy of the other reaction product is deposited
within the cathode wall (Figure 2.6, scenario c). Because the energy of only one reaction product
is deposited within the gas, a discrete step feature appears in the reaction-product pulse-height
spectrum. The discrete step represents the reaction-product kinetic energy deposited within the
high electric field region (either 0.191 MeV or 0.573 MeV, depending on whether the kinetic
energy of the triton or proton, respectively, is deposited within the detector volume). For situations
when the full energy of one reaction product is deposited within the gas while only a portion of
the energy of the other reaction product is deposited within the gas before colliding with the
cathode wall (Figure 2.6, scenario b), a distribution of reaction-product kinetic energy is deposited
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in the high electric field region. The amount of reaction-product kinetic energy deposited within
the detector volume is dependent on the emission location of the reaction products, the reactionproduct trajectories, the size of the detector volume, and the pressure of the gas. Due to the
distribution of reaction-product energy deposited within the high electric field region, a continuum
of energies occurs in the reaction-product pulse-height spectrum. The continuum of energies spans
the energy range between the minimum energy (Figure 2.6, scenario c) and the full-energy peak
(Figure 2.6, scenario a), as shown on the left of Figure 2.7. Because the continuums overlap
beginning at an energy of 0.573 MeV, the higher energy continuum stacks atop the lower energy
continuum, as depicted on the right of Figure 2.7. A valley occurs between the reaction-product
pulse-height spectrum and the background radiation (and electronic noise) that appear in the low
energy region. The valley provides the ability to set the lower level discriminator (LLD) in order
to separate neutron-induced pulses from gamma rays and background events without significantly
sacrificing th.
The wall effect appears in the reaction-product pulse-height spectrum of a 3He
proportional counter regardless of the neutron environment surrounding the detector. However, a
second effect, called the end effect, occurs when incident neutrons can interact within the regions
of the detector where the field tubes are located. As stated previously, a low electric field region
occurs surrounding the field tubes. Within the low electric field regions, the detector functions
essentially as an ionization chamber and the resulting pulse amplitudes are lower than those
produced within the high electric field region where Townsend avalanching occurs [21, 87].
Consequently, the lower-amplitude pulses appear in the lower energy channels of the pulse-height
spectrum. The pulse formation process that occurs within ionization chambers and proportional
counters, as well as discussion of Townsend avalanching, is provided in Ch. 3.
As depicted by scenario d of Figure 2.6, the end effect is produced for neutron absorptions
occurring within the high electric field region near the ends of the anode wire where the field tubes
are located [21]. The end effect occurs due to full energy deposition of one reaction product within
the high electric field region and partial energy deposition from the other reaction product within
the high electric field region before entering the low electric field region. The distribution of energy
deposited within the high electric field region is similar to that depicted by scenario b of Figure
2.6. Neutron absorptions occurring along the border between the two electric field regions (Figure
2.6, scenario e) can result in the full energy of one reaction product being deposited in the high
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electric field region while the full energy of the other reaction product is deposited in the low
electric field region. For neutron absorptions occurring within the low electric field region, the
kinetic energy of one (Figure 2.6, scenario f) or both (Figure 2.6, scenario g) reaction products can
be deposited within the low electric field region. As depicted by scenario f of Figure 2.6, a portion
of the kinetic energy of one reaction product can be deposited within the low electric field region
before depositing the residual energy within the high electric field region. Thus, the amount of
reaction-product kinetic energy deposited within the high electric field region of the detector
volume ranges from zero up to the full energy of the reaction product, as illustrated on the left of
Figure 2.8. The range of deposited energies is dependent on the emission location of the reaction
products, the reaction product trajectories, the size of the detector volume, and the pressure of the
gas. When the kinetic energy of both reaction products is deposited within the low electric field,
as depicted by scenario g of Figure 2.6, the event is essentially lost.

Figure 2.8. (left) Contributions of energy deposition from one or both reaction products within the
low electric field region of the 3He gas spanning the energy range from zero up to the full energy
of either reaction product (either 0.191 MeV or 0.573 MeV corresponding to the triton and proton,
respectively). (right) Conceptual representation of the reaction-product pulse-height spectrum
with wall and end effects represented.
Shown on the right of Figure 2.8 is a conceptual representation of a 3He reaction-product
pulse-height spectrum with wall and end effects represented. The prominence of both effects,
relative to the full energy peak, is dependent on the detector geometry. Thus, as detector length

23

increases, the ratio of the high electric field region to the low electric field region increases and
the prominence of the end effect diminishes. Similarly, as the detector volume increases, the
surface-to-volume ratio of the detector increases resulting in a decrease of the prominence of the
wall effect [21].

Figure 2.9. (left) Contributions of energy deposition from one or both reaction products within the
high electric field region of the 10BF3 gas from the 94% and 6% branches of the 10B(n, α)7Li
reaction. (right) Conceptual representation of a 10BF3 proportional counter reaction-product
pulse-height spectrum including the wall effect.
Similar to 3He proportional counters, 10BF3 proportional counters rely on the 10BF3 gas as
both the neutron converting material and the proportional gas.

10

BF3 proportional counters are

typically operated with 10BF3 gas pressures ranging from 0.2 to 2.0 atm [90] and the th increases
as the pressure is increased. The

10

BF3 gas pressure is limited due to the degradation in

performance of 10BF3 as a proportional gas at elevated pressures [90]. However, the diameter of
10

BF3 proportional counters can be increased in order to compensate for the pressure limitation

[90]. Because the microscopic absorption cross section of 10B is lower than that of 3He, combined
with the lower isotopic content of 10B present in 10BF3 relative to pure-3He gas and the 10BF3 gas
pressure limitation,

10

BF3 proportional counters are a lower th alternative to 3He proportional

counters. Illustrated in Figure 2.9 is a conceptual representation of the reaction-product pulseheight spectrum from a 10BF3 proportional counter. The prominence of the wall effect features are
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10

a function of the detector geometry and

BF3 gas pressure. Clear definition of the wall effect

contributions from the 6% branch of the 10B(n, )7Li reaction is typically not possible due to the
energy resolution of

10

BF3 proportional counters [21]. Although not shown in Figure 2.9, end

effects can also appear in the reaction-product pulse height spectrum of a

10

BF3 proportional

counter for scenarios when neutrons interact within the regions of the detector where the field
tubes are located. A valley is also present in the reaction-product pulse-height spectrum from a
10

BF3 proportional counter. The valley occurs above background radiation and below the lowest-

energy wall effect, allowing for sufficient LLD setting to discriminate background and gammarays from neutron-induced pulses. Thus, the gamma-ray discrimination capabilities of

10

BF3

proportional counters are similar to 3He. Despite the lower cost of 10BF3 relative to 3He, the toxicity
of 10BF3 gas is a significant drawback compared to 3He.
An alternative design to the
proportional counter.

10

10

BF3 gas-filled proportional counter is the

10

B-lined

B-lined proportional counters are advantageous compared to

10

BF3

proportional counters because a more optimal proportional gas can be used instead of 10BF3. The
toxicity of

10

BF3 is also avoided when using a different proportional gas. However,

10

B-lined

proportional counters are limited to a maximum th of approximately 9% [90], which is
significantly lower than that of 3He and
thickness of the

10

10

BF3. Thermal-neutron absorption is a function of the

B layer, much like thin-film-coated semiconductors.

10

B-lined proportional

counters are fabricated by coating the interior of the cylindrical housing with a thin layer of 10B
(thickness of typically 1 – 3 µm [59]). The 10B layer thickness should not exceed the maximum
range of the highest energy reaction product from the 94% reaction branch, the 1.47 MeV alpha
particle, or significant reaction-product self-absorption will occur within the
the interior surfaces of the cylindrical housing are coated with the

10

B,

10

10

B layer. Because

B-lined proportional

counters also suffer from the wall effect and only one reaction product is emitted into the
proportional gas. Neutron absorptions occurring at the interface of the gas and 10B coating result
in the emission of one reaction product into the backfill gas. The full kinetic energy of one reaction
product is deposited within the backfill gas and the kinetic energy of the other reaction product is
deposited within the 10B coating (and potentially the cathode wall for sufficiently-thin coatings).
For neutron absorptions occurring within the

10

B coating, a portion of the kinetic energy of one

reaction product is deposited within the 10B coating before emerging from the coating to deposit
the residual energy in the backfill gas. Self-absorption of both reaction products within the
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10

B

coating may also occur, depending on the 10B-coating thickness as well as the emission location
and trajectories of the reaction products within the 10B coating.

Figure 2.10. (left) Conceptual representation of a reaction-product pulse-height spectrum using a
10
B-lined proportional counter with a sufficiently thin 10B coating that minimizes self-absorption
effects. (right) Conceptual representation of a reaction-product pulse-height spectrum using a 10Blined proportional counter with a thick 10B coating resulting in self-absorption effects.
For sufficiently-thin 10B coatings, reaction-product self-absorption effects are minimized,
yielding a reaction-product pulse-height spectrum with features similar to those shown on the left
of Figure 2.10. As the thickness of the 10B coating increases, the amount of self-absorption also
increases. Based on the emission location and trajectories of the reaction products within the 10B
coating, a distribution of energies is deposited within the proportional gas, ranging from no energy
up to the maximum energy that can be deposited from the 1.777 MeV alpha particle emitted from
the interior surface of the 10B layer (facing radially inward toward the anode wire). The reactionproduct pulse-height spectrum has features similar to those shown on the right of Figure 2.10 where
neutron events blend with electronic noise and gamma-ray events. Consequently, a valley does not
exist in the reaction-product pulse-height spectrum that clearly and discretely separates neutron
events from gamma-ray events and electronic noise. Thus, when setting a non-zero LLD to
discriminate gamma-ray events from neutron events, neutron events that blend with gamma-ray
events are also discriminated and the th decreases accordingly.
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Calculation of Intrinsic Thermal-Neutron Detection Efficiency (th)
The intrinsic thermal-neutron detection efficiency, th, is commonly used as an evaluation
criterion when comparing the neutron-detection performance of different neutron detectors and is
defined as [19]

 th 

Number of incident neutrons counted
.
Number of neutrons incident on detector

(2.12)

Based on a typical neutron-detection process, the number of incident neutrons that are counted is
dependent on the number of neutrons absorbed by the detector, the number of reaction products
that ionize the sensitive volume of the detector, and the number of charge carriers that contribute
to pulse formation within the detector. One method for calculating th is by counting the number
of neutrons emitted from a radioactive source, such as 252Cf, as described by [71],

 Gm 


t Gm 

 th 
,
A  BR   f

(2.13)

where Gm is the number of counts measured, t Gm is the measurement time, A is the source activity
at the time of the measurement, BR is the branching ratio of the radiation source, and  f is the
fractional solid angle between the source and the detector. The time-corrected source activity, A(t)
is defined as [51],
At   A0 e  t ,

(2.14)

where A0 is the assayed source activity,  is the decay constant of the source, and t is the time that
has elapsed between the time of measurement and assay date. The decay constant is defined by
[51],
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ln 2
,
t1 / 2

(2.15)

where t1 / 2 is the half-life of the radioactive source. The fractional solid angle for a rectangular
aperture detector is defined as [91],
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(2.16)

where W and L are the detector aperture width and length, respectively, and D is the distance
separating the source from the detector.

th can also be calculated by comparing the counting performance of the test detector to
that of a calibrated, reference detector. The counting performance of each detector is commonly
measured using a collimated, thermal-neutron beam with a constant flux, thus eliminating the
source activity, A, and branching ratio, BR, terms shown in Eq. (2.13). Furthermore, the diameter
of the thermal-neutron beam is constant for both detector measurements and is sufficiently small
in order to ensure that neutrons are incident only on the sensitive volume of the detectors, thus
eliminating the solid angle,  f , term shown in Eq. (2.13). A ratio is established between theth
and the measured net count rate, n, for each detector as,

 th,m
nm



 th,r
nr

,

(2.17)

where n m and nr are the measured net count rates using the test and reference detectors,
respectively, and  th,m and  th,r are the measured intrinsic thermal-neutron detection efficiencies
of the test and reference detectors, respectively. Rearranging Eq. (2.17) yields,
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 th,m 

nm
 th,r .
nr

(2.18)

The net count rate is defined as the difference between the neutron-detection, g, and background,
b, gross counts rates as,

n  g b 

G B
 ,
tG t B

(2.19)

where G and B are the number of gross counts measured during the neutron-detection and
background measurements, respectively, for the corresponding measurement times, t G and t B .
Combining Eq. (2.18) and Eq. (2.19) yields,

 th,m

 G m Bm 



t
t
  Gm Bm   th,r .
 G r Br 

 
t
 Gr t Br 

(2.20)

The error associated with  th,m of the test detector,   th,m , is a function of the errors associated
with Gm , Bm , G r , B r , and  th,r . The errors associated with the counting times can be assumed
negligible due to the precision of modern counting and measurement equipment. Thus,   th,m can
be calculated by applying error propagation, yielding
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(2.21)

where  Gm ,  Bm ,  G r , and  Br are the counting errors associated with Gm , Bm , G r , and B r ,
respectively.   th,r is the error associated with the intrinsic thermal-neutron detection efficiency
of the reference detector.
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Calculation of Gamma-Ray Rejection Ratio (GRR)
A second evaluation criterion for thermal-neutron detectors is the ability for the detector to
strictly measure neutrons without also detecting gamma rays. Thus, the gamma-ray sensitivity of
the neutron detector is typically measured. One method for assessing the gamma-ray sensitivity of
a neutron detector is to measure the intrinsic response of the neutron detector to the presence of a
gamma-ray field without a neutron source present. The measurement of the intrinsic gamma-ray
response indicates the neutron-to-gamma ray separation. Recently, this intrinsic response has been
referred to as the gamma-ray rejection ratio (GRR) [91]. The GRR is typically assessed by
measuring the detector response to a 60Co exposure rate of 10 mR hr-1 using the following

 G   B 

 
t  t 
G   B 
,
GRR  
A  BR   f

(2.22)

where G and B are the number of gross counts measured from the gamma-ray source and
background measurements, respectively, for the corresponding measurement times, t G and t B .
As will be presented in Section 6.4.2, a

137

Cs exposure rate of 50 mR hr-1 was used when

conducting GRR testing of SFMNDs. The 50 mR hr-1 137Cs exposure rate was used because a 60Co
source capable of a 10 mR hr-1 exposure rate was not available. The elevated exposure rate was
selected to compensate for the lower-energy gamma rays emitted from 137Cs relative to 60Co. The
error associated with the measurement of GRR,  GRR , is also calculated by applying error
propagation as,

2

 GRR

 GRR  2  GRR  2 2
  
 
 ,
 G  G  B  B




(2.23)

based on the counting errors of the gamma-ray source and background measurements,  G and

 B , respectively.
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CHAPTER 3
GAS-FILLED RADIATION DETECTOR
THEORETICAL CONSIDERATIONS
It would be possible to describe everything scientifically,
but it would make no sense; it would be without meaning, as if you
described a Beethoven symphony as a variation of wave pressure.
Albert Einstein

Presented in this chapter are the underlying theoretical considerations pertaining to the
operation of gas-filled radiation detectors. The general radiation detection process using a gasfilled device is addressed first (Section 3.1) before discussing properties of charged particles in
gas-filled media (Section 3.2). Production of charge carriers, their properties, and their interaction
phenomena are then described (Section 3.3). The operating properties of gas-filled radiation
detectors are then presented followed by descriptions of ionization chambers, Frisch grids,
proportional counters, and microstrip electrodes (Section 3.4).

General Detection Process Using a Gas-Filled Device
Gas-filled neutron detectors rely on either the gas or a solid medium as the neutron
converter. Although the neutron-interaction phenomena have already been discussed, the
remaining mechanisms that occur during the detection process need to be addressed as well.
Consider the situation illustrated in Figure 3.1 depicting an anode, the collecting electrode, and a
cathode positioned in a parallel-plate orientation and surrounded by gas. An alpha particle is shown
incident on the sensitive volume (gray-shaded region in Figure 3.1), which is defined as the
electrically-active volume contained between the electrodes. The electrodes are separated by a
distance d and the x-axis of the electrode configuration is perpendicular to the electrodes with the
origin located at the cathode. A positive voltage is applied to the anode, VA, and the cathode is
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maintained at ground potential. Assuming the absence of space charge, Poisson’s equation reduces
to Laplace’s equation and the electrostatic field within the sensitive volume is defined as [92]

 2 V r   0 ,

(3.1)

and for a one-dimensional treatment in the x-direction as

 2 V x  

d 2V x 
0.
dx 2

(3.2)

Figure 3.1. General depiction of the liberation of electrons (e-) and positively-charged ions (i+) as
an alpha particle ionizes the gas between parallel-plate electrodes.
Integrating Eq. (3.2) twice and applying the boundary conditions V 0   0 and V d   V A
yields integration constants of C1 

VA
and C 2  0 . Thus, the potential distribution between the
d

electrodes is defined by

32

V x  

VA
x.
d

(3.3)


The electric field, E , formed between the electrodes is defined by the gradient of the scalar
potential, V, as [92]



E   V .

(3.4)

As the alpha particle traverses the gas within the sensitive volume, charge carriers in the
form of electrons and positively-charged ions are liberated through Coulombic interactions. The
electrons, with charge –q, drift toward the anode and the positively-charged ions, with charge q,
drift toward the cathode. The charge carriers drift toward their respectively-charged electrodes due

to the force, F , acting on the charges in the presence of the electric field, as defined by [92]



F qE.

(3.5)

The motion of the charge carriers results in the flow of current in an external circuit due to
induction. Thus, charge is induced on the collecting electrode as the charge carriers drift toward
their respectively-charged electrodes.
The amount of charge induced can be calculated using Green’s reciprocation theorem.
Consider an isolated system of conductors called a , b , , in which charges Qa , Qb ,, are placed
on the conductors to produce the set of potentials Va , Vb ,  . If these charges are replaced by
different charges Qa , Qb ,, that produce a different set of potentials Va , Vb ,  , Green’s
reciprocation theorem states that the old charges and potentials are related to the new charges and
potentials by [2, 57]

 Q V    Q V
i

i

i

i

i

.

(3.6)

i
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Table 3.1. Green’s reciprocation theorem conditions for analyzing charge induction in a parallelplate gas-filled radiation detector.
Electrode
Charge

c
Qc
0

Potential

Condition 1
a
Qa

m
Q0

c
Q c

0

V0

Vc

Condition 2
a
Q0
Va

m
0
V0

Using Green’s reciprocation theorem, the induced charge for a parallel-plate electrode
setup is determined by applying the two sets of conditions listed in Table 3.1. In Condition 1, a
charge Q 0 is placed on an indefinitely small electrode (electrode m) between the cathode and
anode (electrodes c and a, respectively, in Table 3.1). As a result, electrodes c and a have induced
charges of Q c and Q a , respectively, and the potentials on both electrodes are zero. In Condition
2, the charge Q 0 is removed from electrode m and placed on electrode a. Applying Eq. (3.6) to the
described scenario yields

Qc Vc  Qa Va  Qm Vm  Qc Vc  Qa Va  Qm Vm ,

(3.7)

which, upon application of Conditions 1 and 2, reduces to

Qc Vc  Qa Va  Q0 V0  0 .

(3.8)

Based on the assumption that the anode and cathode completely enclose electrode m, all of the
lines of force from Q 0 end on either the anode or cathode, and thus [57]

Qc  Qa   Q0 .

(3.9)

Combining Eq. (3.8) and Eq. (3.9) and solving yields the induced charges from Condition 1 as

Qc   Q0

V0 Va
Vc  Va

(3.10)
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and

Qa   Q0

Vc V0
.
Vc  Va

(3.11)

Using Eq. (3.10) and Eq. (3.11), the change in induced charge on either electrode can be calculated
for the situation where the charge Q 0 is moved to a separate and new location. At the new location,
the potential on electrode m is now Vn , resulting in the change in induced charge on the anode and
cathode, respectively, of


V  V   
V  V  
V  V 
V  V 
Qc    Q0 n a     Q0 0 a    Q0 n 0  Q0 0 n
Vc Va  
Vc Vc 
Vc Va
Vc Va


(3.12)

and


V  V   
V  V  
V  V 
V  V 
Qa    Q0 c n     Q0 c 0   Q0 n 0   Q0 0 n .
Vc Va  
Vc Va 
Vc Va
Vc Va


(3.13)

The results of Eq. (3.12) and Eq. (3.13) indicate that the change in induced charge on the anode is
equal and opposite relative to the change on the cathode.
Recalling the scenario depicted in Figure 3.1, assume electrons drift toward the anode in
the positive x-direction to position x2 with potential V x 2   V2 and positively-charged ions drift
toward the cathode in the negative x-direction to position x1 with potential V x1   V1 . The
change in induced charge on the anode, Q A , is [21]

Q A   Q0

V0 V2
Vc Va

 Q0
electrons

V0 V1
.
Vc Va ions

(3.14)
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When a unit negative charge is placed on the anode, resulting in a potential  V 0 , the potential
profile is defined using Eq. (3.3) as

V x  

 V0
x.
d

(3.15)

Using Eq. (3.15), the normalized potential difference within the device is calculated as

V x2  V x1  x2 x1 x2  x1


 
,
 V0
 V0
d
d
d

(3.16)

and indicates that the potential difference between the electrodes is equal to the displaced distance
divided by the distance separating the electrodes. Applying Eq. (3.16), the electron and positivelycharged ion components shown in Eq. (3.14) become

 Q0

V0  V2
Vc  Va

  Q0
electrons

x0  x 2
d

(3.17)

and

Q0

V0  V1
x  x1
.
 Q0 0
Vc  Va ions
d

(3.18)

Substitution of Eq. (3.17) and Eq. (3.18) into Eq. (3.14) yields the change in induced charge on
the anode as

Q A   Q0

x0  x 2
d

 Q0
electrons

x0  x1
d

 Q0
ions

 x0  x1  x0  x 2
x  x1
 Q0 2
.
d
d

(3.19)

A similar approach can be taken to calculate the change in induced charge on the anode when
space charge is present between the anode and cathode. The result of such analysis is identical to
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Eq. (3.19) and indicates that space charge has no effect on the change in induced charge attributed
to the mobile charge [21]. Additional discussion of charge induction as well as the underlying
theory are provided in the literature [2, 21, 57, 92-94].
The induced current resulting from the motion of charge carriers can be measured directly
or stored in a capacitor. In the former case, the detector is operated in current mode, which is
typically used in high radiation fields and provides a relative measure of the radiation environment.
Due to the frequency of radiation interactions, individual radiation interactions often cannot be
resolved [57]. The amount of induced current can be very small and difficult to measure when
current mode is used under low irradiation conditions [21]. Under such conditions, the detector is
operated in pulse mode, which requires that the induced current be stored in a capacitor and the
resulting voltage measured across the capacitor. Pulse mode operation allows for counting of
individual radiation interactions and is used for low radiation fields. When pulse mode operation
is used in high radiation fields, pulse pile up can occur when a radiation interaction occurs while
the capacitor is integrating or discharging the induced current from a previous radiation interaction.
Significant detector dead time, the duration of time when the detector is insensitive to radiation
interactions, can occur when pulse mode operation is used in a high radiation field, yielding
inaccurate measurement results [21].
In order to adequately describe pulse mode operation, the definition of capacitance must
be provided. Thus, the capacitance, C, of a parallel-plate electrode configuration is defined as [21]

Q
,
V

C

(3.20)

based on the charge magnitude, Q, on either electrode and the magnitude of the potential
difference, V, between the electrodes. Rearranging Eq. (3.20), the voltage measured across the
capacitor, V, is determined by the ratio of the charge stored in the capacitor, Q, to the capacitance,
C, as

V 

Q
.
C

(3.21)
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A relatively long duration of time is required for the positively-charged ions to fully induce charge
due to their slow velocity relative to electrons (discussed in Section 3.3). The time response of the
detector can be reduced by connecting an RC circuit [21, 87], however the capacitor typically
discharges before all of the positively-charged ions are collected.

Heavy Charged-Particle Properties in Gas-Filled Media
Heavy charged particles are defined as particles with rest masses greater than or equal to
the mass of a proton [21]. The mass of a heavy charged particle is on the order of at least 103 times
larger than the mass of an electron. Due to the sizeable mass difference, heavy charged particles
travel almost entirely in a straight line and negligible deflection occurs along the path of travel
[95]. Rarely, deflection occurs due to nuclear elastic scattering, typically after most of the kinetic
energy of the particle is lost [21, 95]. As a heavy charged particle traverses a gaseous medium, the
kinetic energy of the particle is reduced almost entirely through a series of Coulombic interactions.
The Coulombic interactions predominantly occur in the form of inelastic collisions with bound
atomic electrons1 resulting in the transition of one or more atomic electrons to an excited state
(excitation) or an unbound state (ionization) [95]. Excitation occurs when the energy transferred
to an atom or molecule of the surrounding media is less than the minimum ionization energy, I0
[21]. Upon transitioning to the excited state, the atomic electron decays from the excited state
resulting in the emission of conversion electrons and/or gamma rays [58]. Ionization occurs when
the energy transferred to atomic electrons from Coulombic interactions is greater than I0 resulting
in the liberation of separate charge carriers [21].

1

Heavy charged particles can also interact with the surrounding medium by other means that are described in detail

in the literature [95].
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Figure 3.2. (left) Population of heavy charged particles as a function of penetration distance with
the mean and extrapolated ranges, Rm and Re , respectively, identified. (right) Gaussian
distribution of heavy charged particle ranges about the mean range due to range-straggling
effects. The range-straggling parameter, , is defined based on the standard deviation,  R , about
the mean range, Rm .
Initially, a heavy charged particle has a nuclear charge qz (where z is +2 for alpha particles,
+1 for protons, etc.). However, exchange of electrons between the particle and the surrounding gas
occurs (although loss of charge is more typical). When considering a beam of heavy charged
particles with identical initial charge, the exchange of electrons as the particles traverse the gas
results in an average charge that is smaller than the nuclear charge of the particle [95]. The
frequency of the exchange of electrons increases as the particle velocity reduces near the end of
its range [95], the maximum distance traveled by the particle before being stopped [21]. However,
a beam of heavy charged particles of equal mass and initial kinetic energy traveling in a straight
line will not have identical ranges. Shown on the left of Figure 3.2 is a conceptual representation
of the distribution of particle ranges attributed to a beam of heavy charged particles of equal mass
and initial kinetic energy traveling in a straight line. A Gaussian distribution of ranges appears
about the mean range, Rm , the range when the beam intensity is halved [21, 95]. The Gaussian
distribution occurs due to the stochastic nature of particle interactions as well as the potential for
elastic nuclear scattering after most of the kinetic energy of the particle is lost, an effect called
range straggling [21, 95]. Due to the approximately linear slope of the curve about the location of
Rm , the extrapolated range, Re , is defined by drawing the tangent to the curve at the point of
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inflection about Rm and extrapolating the tangent to the x-axis [21]. As shown on the right of
Figure 3.2, the distribution of range straggling is defined using the range-straggling parameter, ,
which is a function of the standard deviation about the mean range,  R [95]. Energy straggling
also occurs and is defined as the distribution of particle energies after the particles have traveled a
given distance within the gas [95]. The distribution occurs due to fluctuations in the amount of
particle energy lost based on the average number of Coulombic interactions that particles
experience as a function of distance [95].
The amount of energy lost by a heavy charged particle from Coulombic interactions as a
function of distance traveled within the gas is the stopping power, S, as represented by [58]

S 

dE
.
dx

(3.22)

More specifically, the Bethe-Bloch formula defines the average amount of energy lost1 per unit
distance traveled by heavy charged particles with velocity, v, and charge, z, as [95]



 2 m0 v 2

dE 4  q 4 z 2
v2  v2 

 2,

N
Z
ln

ln
1


2 

dx
I
m0 v 2
c

 c 


(3.23)

where q and m0 are the electron charge and rest mass, respectively, c is the speed of light, and Z
is the atomic number of the absorber medium. The atomic density of the absorber medium, N, is a
function of the density, , of the absorber medium. The average ionization and excitation potential
of the absorber medium, I, is a constant that cannot be calculated accurately from first principles
and must be determined experimentally [95]. Eq. (3.23) is valid only if the particle energy is small
enough that polarization of the medium is unimportant, qz remains constant and is not too large to
strongly violate the Born approximation, and v greatly exceeds the speed of any atomic electron
[95].

1

From ionization and excitation.
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The specific ionization is defined as the number of electron-ion pairs liberated per unit path
length from a heavy charged particle traversing a gas and can be graphically represented by a
specific ionization curve [95]. However, the specific ionization curve represents the Coulombic
interactions experienced by an individual particle and, thus, does not account for straggling effects.
A Bragg ionization curve is often used to depict the average specific ionization of a group of
particles relative to the distance traveled by the particles [95]. Straggling effects appear in a Bragg
ionization curve and are represented by a curved tail beyond the mean range [95]. Ziegler and
Biersack developed a computational tool often used to determine the Bragg ionization curve of a
specific particle type and energy traversing a given medium that also accounts for straggling effects
known as SRIM/TRIM (Stopping and Range of Ions in Matter/Transport of Ions in Matter) [96].
Using SRIM/TRIM [96], the Bragg ionization curves and mean range of ions as a function of ion
type, ion energy, and gas density are investigated based on the terms shown in Eq. (3.23). Different
ion types (3H, 4He, and 7Li) of equal initial energy (5 MeV) are considered within the same pressure
of argon (Ar) gas. Next, different Ar gas pressures (1 – 5 atm in 1 atm increments), corresponding
to different gas densities, for equal initial energy 4He ions (5 MeV) are explored. Finally, different
initial energies of 4He ions (1 – 5 MeV in 1 MeV increments) within the same pressure of Ar gas
(1 atm) are studied. In each scenario, the ions begin with their nuclear charge (qz = +1 for 3H and
7

Li, qz = +2 for 4He). Bragg ionization curves for each scenario are shown in Figure 3.3, Figure

3.4, and Figure 3.5, respectively, and correspond to the left ordinate of each figure with units of
MeV/mm. The particle energy as a function of ion penetration distance is also shown in each of
the figures and corresponds to the right ordinate with units of MeV. The mean ranges for each
scenario are listed in Table 3.2.
Table 3.2. Summary of the ranges of different ion types with initial energy of 5 MeV traversing Ar
gas pressurized to 1 atm (left column), 5 MeV 4He ions traversing various pressures of Ar gas
(center column), and different energies of 4He ions traversing 1 atm of Ar gas (right column).
Ion Type
Ion
Range
(mm)
3
H
164.11
4
He
36.35
7
Li
15.68

Ar Gas Pressure
Pressure
Range
(atm)
(mm)
1
36.35
2
18.17
3
12.12
4
9.09
5
7.27
41

Alpha-Particle Energy
Energy
Range
(MeV)
(mm)
5
36.35
4
26.40
3
17.89
2
10.87
1
5.41

Figure 3.3. The solid lines, corresponding to the left ordinate, represent the Bragg ionization
curves of 5 MeV 3H, 4He, and 7Li ions in 1 atm of Ar gas. The dashed lines correspond to the right
ordinate and represent the particle energy as a function of ion penetration distance.

Figure 3.4. The Bragg ionization curves, represented by solid lines and corresponding to the left
ordinate, of 5 MeV 4He ions in Ar gas with pressures ranging from 1 to 5 atm. The energy of the
4
He ions as a function of penetration distance is denoted by the dashed line for each gas pressure
and corresponds to the right ordinate.
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Figure 3.5. The solid lines correspond to the left ordinate and represent the Bragg ionization
curves of 4He ions with discrete initial energies ranging from 1 to 5 MeV in 1 atm of Ar gas. The
dashed lines correspond to the right ordinate and represent the 4He ion energy as a function of
penetration distance.

Charge-Carrier Properties in Gases
Electron-ion pairs are produced due to the Coulombic interactions experienced by a heavy
charged particle in a gaseous medium. The total number of electron-ion pairs created, N T , based
on the amount of particle energy absorbed, E, is defined as [97]

NT 

E
,
W

(3.24)

where W is the average energy required to produce an electron-ion pair. W is used instead of the
minimum ionization energy I0 due to the competing energy loss mechanisms that occur as the
kinetic energy of a charged particle is reduced in a gaseous medium [21, 97]. Examples of W values
for various gaseous media are provided in the literature [97].
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Recalling Eq. (3.5), the force exerted by the electric field on a charge carrier causes the
charge carrier to drift in the direction of the electric field. The drift direction is dependent on the
charge of the charge carrier relative to the charges of the electrodes. The charge-carrier drift
velocity, v, in the presence of an electric field, E, is defined as [93]
vE,

(3.25)

where  is the charge-carrier mobility. The value of  is dependent on the particle type as well as
the pressure, p, and temperature, T, of the gas as defined by [98]

 T , p  

T p0
 0 T0 , p0  .
T0 p

(3.26)

The term  0 is the mobility at standard temperature, T0 , and pressure, p 0 , values of 20°C and 1
atm, respectively. As the velocity of electrons increases, the kinetic energy also increases.
Eventually, the kinetic energy is sufficient to cause additional ionization, referred to as impact
ionization, resulting in the production of additional electron-ion pairs. The additional ionization
reduces the mean free path of the electrons and the electrons reach a saturation velocity at electric
field strengths approaching the saturation electric field strength. Thus, Eq. (3.25) is valid for
electrons drifting under the influence of electric fields below a saturation electric field strength.
Beyond the saturation electric field strength, the drift velocity is determined by the amount of
charged particle scattering that occurs [21]. The drift velocity of ions, however, typically follows
Eq. (3.25) for electric field strengths commonly used in gas-filled radiation detectors due to the
higher mass and lower mobility of ions relative to electrons [21]. Examples of charge-carrier
mobilities and drift velocities for different ions and gas media as a function of reduced electric
field strength1, E/p, are provided in the literature [21, 99, 100].

1

The reduced electric field strength is defined as the ratio of the electric field strength to the gas pressure, typically

reported with units of V cm-1 Torr-1.
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The initial electron-ion pairs liberated from the incident radiation event due to primary
ionization are referred to as primary charge carriers. Any subsequent impact ionization events are
referred to as secondary ionization and the additional electron-ion pairs produced are referred to
as secondary charge carriers1. Impact ionization can also occur from secondary electrons with
sufficient kinetic energy [87]. The cascade of subsequently liberated electrons attributed to impact
ionization is referred to as a Townsend avalanche [57]. The process is named after J.S. Townsend
who characterized the increase in measured current, due to impact ionization, as a function of the
reduced electric field strength [101]. The work resulted in the definition of the first Townsend
ionization coefficient,  M , which is the reciprocal of the mean free path for impact ionization, i
[2]. The first Townsend ionization coefficient is a representation of the number of secondary
charge carriers produced from a single electron traveling 1 cm in the electric field direction of a
given gas [93, 101]. Thus, the increase in the number of charge carriers, dn, produced by n
electrons traveling a distance dx is defined as [93, 101]

dn  n  M dx .

(3.27)

Integrating Eq. (3.27), the number of charge carriers produced, n(x), within a given distance x is
nx  n0 e M x ,

(3.28)

where n0 is the initial quantity of charge carriers. Eq. (3.28) is an important relation that defines
the gas multiplication, M, that occurs between the initial position of the primary ionization and the
position x. Thus, M is defined by dividing n(x) by n0 , yielding [98]

M

1

nx 
 e M x .
n0

(3.29)

At times, the term secondary electrons will be used when describing phenomena attributed to the electrons created

from secondary ionization.
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Following impact ionization, positively-charged ions are sometimes left in an excited state,
which can result in the emission of a photon as the ion returns to the ground state. The photon can
then undergo a photoelectric interaction within the cathode or elsewhere in the gas resulting in the
liberation of a photoelectron. Photoelectrons can also be liberated by two different mechanisms
once a positively-charged ion has arrived at the cathode wall. Both mechanisms rely on the energy
difference between the ionization potential of the positively-charged ion and the work function of
the cathode. The energy difference may be radiated as a photon, which can then undergo a
photoelectric interaction within the cathode or elsewhere in the gas and produce a photoelectron,
or may result in the radiationless liberation of a photoelectron from the cathode. In all cases when
a photoelectron is liberated, additional Townsend avalanching can occur and potentially lead to a
self-sustaining discharge (for sufficiently high electric field strengths) [21, 57, 93].
To prevent a self-sustaining discharge, the addition of a quenching gas, with a lower
ionization potential than the host gas, is used and is typically a polyatomic gas. When primary
ionization occurs, both the host and quenching gases are ionized. Unlike the host gas, the
quenching gas dissociates upon returning from an excited state instead of emitting a photon. As
both positively-charged ion types drift toward the cathode, collisions between the positivelycharged ions of the host gas and the quenching gas molecules occur. The collisions result in almost
all of the positive charge being transferred to the quenching gas molecule. The quenching gas
molecule then carries the positive charge and continues to drift toward the cathode wall. Upon
collision with the cathode wall or the absorption of a photon (liberated from the cathode or
elsewhere in the gas), the quenching gas molecule dissociates [21, 57, 93].
Electron collisions can also elevate a positively-charged ion to a long-lived metastable state
that cannot undergo radiative transitions to the ground state due to selection rules [93]. As a result,
the metastable state does not produce ionization and, thus, does not contribute to the induced
charge signal. However, a small amount of a gas can be added with a lower ionization potential
relative to the energy of the excited metastable state. Through collision, the energy of the
metastable state can be transferred to the additive gas and result in the liberation of an electronion pair. The energy transfer and subsequent ionization process is referred to as the Penning effect.
The addition of a Penning gas can substantially increase ionization resulting in an increase in the
amount of charge induced from the initial radiation interaction [21, 93].
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Immediately following ionization, a dense charge cloud is formed and charge carriers
diffuse within the gas toward regions with lower charge densities, as described by Fick’s law of
diffusion [93]. Electrons diffuse more rapidly, relative to positively-charged ions, due to their
smaller masses and larger mean free paths. The diffusion occurs parallel and perpendicular to the
electric field resulting in a Gaussian broadening of the charge-cloud distribution as a function of
time. The uncertainty in the one-dimensional Gaussian distribution, referred to as the diffusion
width,  D , as a function of time, t, is defined by [93]

 D  2 Dt ,

(3.30)

where D is the diffusion coefficient. The relationship between the diffusion coefficient and
mobility is defined using the Nernst – Townsend formula1 as [97, 100]

D





kT
,
q

(3.31)

where k is Boltzmann’s constant.
As charge carriers drift under the influence of an electric field, they can also experience
electron attachment, charge transfer, and recombination effects. Electron attachment occurs when
a free electron becomes attached to a neutrally-charged gas molecule or atom. In some electron
attachment processes, an electron is re-emitted and the electron attachment is effectively nullified.
However, when electron attachment results in the formation of a stable, slow-moving, negativelycharged ion, the mobility of the negative charge carrier is reduced by three or more orders of
magnitude [21]. The average probability of an electron attaching to a gas molecule per collision is
defined by the attachment coefficient [97]. The number of collisions experienced by an electron is
dependent on the gas type and pressure, the detector geometry, and the electric field strength [57].
Impurities such as O2 and water vapor (H2O) have high electron attachment coefficients.

1

The Nernst-Townsend formula is sometimes called the Einstein relation because of Einstein’s use of the formula in

1905 when conducting theoretical investigations of Brownian movement. However, Nernst first deduced the formula
in 1889 for electrolytic ions and Townsend applied the formula to gases, as described in his 1899 paper [100].
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Contamination of the detector gas with O2 and/or water vapor can result in signal degradation due
to electron attachment [57]. Charge transfer occurs when an electron is transferred from a
neutrally-charge gas atom to a positively-charged ion. Often times, charge transfer is exploited by
adding a second gas, with a lower ionization potential, to the host gas to alter the ion transport
characteristics [93]. Recombination occurs when an electron combines with a positively-charged
ion to form a neutral gas molecule. Three important types of recombination can occur which are
volumetric recombination, columnar recombination, and preferential recombination. Volumetric
recombination occurs between positively- and negatively-charged ions from separate and
unrelated particle tracks. When the ionization density is initially very high, columnar
recombination occurs between positively- and negatively-charged ions from separate parent atoms
within the same particle track. Finally, preferential recombination, which is the only true form of
recombination, occurs when an electron recombines with its positively-charged ion counterpart
initially created from ionization [2].

Operating Properties of Gas-Filled Radiation Detectors
Gas-filled radiation detectors operate differently according to the strength of the electric
field region that charge carriers traverse. Five regions of operation exist based on the measured
pulse amplitude, or pulse height, as a function of the electric field strength, as shown by the pulseheight curve in Figure 3.6. The measured pulse amplitude is dependent on the amount of charge
induced by charged carriers as they drift toward their respective electrodes within the time response
defined by the RC time constant. The measured pulse amplitude is also dependent on the physics
of charge-carrier production. When no electric field is present within a device, charge carriers
thermally diffuse within the gas toward regions with lower charge densities, as described by Fick’s
law of diffusion [93], and eventually recombine. As the electric field strength is increased,
recombination of charge carriers is reduced due to the force exerted on both charge-carrier types.
The force exerted by the electric field accelerates the charge carriers toward their respectivelycharged electrodes in the direction of the electric field lines.
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Figure 3.6. Gas-filled radiation detector operating regions defined by the measured pulse height
as a function of electric field strength. Regions I – V are the recombination, ionization chamber,
proportional, Geiger-Müller, and continuous-discharge regions, respectively. Region IIIA is the
limited proportionality region.
In the first region of the pulse-height curve, the recombination region, the strength of the
electric field is weak enough that charge carriers recombine following their liberation. As the
electric field strength increases, the recombination rate decreases to effectively zero leading into
region II. In region II, the ionization chamber region, charge carriers drift toward their
respectively-charged electrodes and negligible recombination occurs. A plateau occurs within the
ionization chamber region because recombination is minimal and no additional charge carriers are
produced through multiplication. As the electric field strength is increased further, the kinetic
energy of electrons increases and eventually is sufficient to cause impact ionization. An increase
in pulse amplitude occurs due to the liberation of additional charge carriers from Townsend
avalanching, as depicted by the proportional region (region III). The pulse amplitude is
proportional to the amount of energy deposited by the initial radiation event. As the electric field
strength increases, the amount of impact ionization also increases. Eventually, positive space
charge begins to accumulate around the anode due to the slow motion of the positively-charged
ions produced from Townsend avalanching. The amount of positive space charge is dependent on
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the amount of Townsend avalanching, which is a function of the initial radiation energy deposited.
The electric field strength decreases as positive space charge accumulates near the anode resulting
in a slight decrease of gas multiplication. Therefore, the accumulation of positive space charge
near the anode can introduce non-proportionality in the detector response, resulting in the limited
proportionality region (region IIIA). Beyond region IIIA is region IV, the Geiger-Müller region.
In region IV, the electric field strength results in a substantial amount of Townsend avalanching
near the anode that produces a large and dense cloud of charge carriers. Positive space charge
accumulates near the anode and eventually reduces the electric field strength below the threshold
necessary for impact ionization. As a result, Townsend avalanching is halted and the electric field
strength recovers as the positively-charged ions drift toward the cathode. Pulses formed in the
Geiger-Müller region have nearly identical amplitudes that are independent of the type or energy
of the incident radiation. Consequently, a device operated in the Geiger-Müller region can only
function as a counter. Finally, region V, the continuous-discharge region, occurs when the electric
field strength is so high that sporadic arcing can occur and potentially cause damage to the detector
[2, 21, 102].

3.4.1

Ionization Chambers

Ionization chambers are detectors that are operated in region II of Figure 3.6. A common
electrode configuration of an ionization chamber is a parallel-plate electrode setup, such as the one
depicted in Figure 3.1, where the electrodes are separated by a distance d with the cathode
positioned at x  0 . Recalling Eq. (3.24), N T electron-ion pairs are liberated following a radiation
interaction at position x0 , resulting in an initial charge, Q 0 , of
Q0  q N T .

(3.32)

The motion of the charge carriers as they drift toward their respectively-charged electrodes causes
a change in induced charge on the electrodes (see Eq. (3.19)). The assumption is made that no
electron attachment occurs, thus limiting the charge carriers to only electrons and positivelycharged ions. The charge-carrier sweep-out time is defined as the distance displaced by the charge
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carrier divided by the charge-carrier velocity. Thus, if a radiation interaction occurs at position
x0 , the sweep-out times of electrons, t e , and ions, t i , are defined as

te 

d  x0 

(3.33)

ve

and

ti 

x0
,
vi

(3.34)

where v e and v i are the electron and positively-charged ion velocities and t e  ti because

ve  vi (due to  e   i ). Eq. (3.33) and Eq. (3.34) are defined assuming that sufficient time is
provided for electrons and ions to drift the entire distance from x0 toward their respective
electrodes.
Assuming the detector is operated in pulse mode, the time-dependent rise in voltage from
induced charge within the ionization chamber with intrinsic capacitance (see Eq. (3.21)) is [21]

V t  

Q q N T t
ve  vi  ,

C
dC

(3.35)

where t is the duration of time following the radiation interaction event. However, commonly the
RC time constant does not provide sufficient time for the positively-charged ions to contribute
appreciably to the total induced charge. Thus, for t e  t  ti , ion contributions are considered
negligible and Eq. (3.35) can be approximated as [2, 21]

V t  

q NT t
ve .
dC

(3.36)
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Applying Eq. (3.33) to Eq. (3.36) for t  t e yields

V t  

q NT
d  x0   q N T 1  x0  .
dC
C 
d 

(3.37)

Figure 3.7. Frisch grid positioned between the anode and cathode of a parallel-plate ionization
chamber. The operating voltage condition of VA > VFG > VC is required in order to drift electrons
from their site of origin within the drift region, past the Frisch grid, and toward the anode in the
detection region. Charge induction occurs only within the detection region.
Eq. (3.37) indicates that the pulse amplitudes measured using an ionization chamber are
position-dependent. The position-dependency of an ionization chamber can be corrected by
implementing a non-collecting grid electrode, such as a Frisch grid, between the anode and
cathode. The Frisch grid was introduced in 1942 by Otto Frisch [103] and segments the sensitive
volume of a device into two regions, the drift region and the detection region. Shown in Figure
3.7 is an alpha-particle incident on a parallel-plate ionization chamber with a Frisch grid. Electrons
and positively-charged ions are liberated as the alpha particle ionizes the gas within the drift region.
The electrons drift toward the Frisch grid and the positively-charged ions drift toward the cathode
under the influence of the electric field formed by the potential difference between the operating
voltages of the Frisch grid, VFG, and cathode, VC, where VFG > VC. Once beyond the Frisch grid,
electrons drift toward the anode due to the potential difference between the operating voltages of
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the Frisch grid and anode, VA, where VA > VFG. The motion of electrons within the detection region
induces charge on the anode. Although motion of the charge carriers occurs in the drift and
detection regions, only charge induced within the detection region is measured and the resulting
pulse amplitude is defined as [2, 21]

V t  

q NT t m
ve ,
d FG C

(3.38)

where d FG is the distance separating the anode and Frisch grid for a planar configuration and t m
is the drift time in the detection region. Under the assumption that radiation interactions occur only
within the drift region, Eq. (3.38) indicates that the position dependence of pulse heights is
eliminated with the implementation of a Frisch grid.

3.4.2

Proportional Counters

Detectors operated in region III of Figure 3.6 are referred to as proportional counters
because the electric field strength within the device is sufficient to cause impact ionization,
yielding pulse amplitudes that are proportional to the energy deposited by the initial radiation
event. Proportional counters are commonly designed with a coaxial electrode configuration, in
which a small-diameter anode wire is positioned axially within a cylinder that functions as the
cathode. The potential distribution as a function of radial position, r, within a coaxial proportional
counter is defined using Laplace’s equation (see Eq. (3.1)) as [21]

V r   V0

ln r r1 
.
ln r2 r1 

(3.39)

Recalling Eq. (3.4) and differentiating Eq. (3.39) with respect to r yields the electric field strength
distribution as

E r  

V0
.
r ln r2 r1 

(3.40)
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The form of Eq. (3.40) indicates that the electric field strength increases rapidly near the surface
of the anode wire.
Because impact ionization occurs within a coaxial proportional counter, the change in
induced charge, Q, is a function of the initial charge, Q 0 , and the gas multiplication factor, M, as
defined by

Q  M Q0  M q NT .

(3.41)

Following a radiation interaction event at an initial radial position r0 , electrons and positivelycharged ions are liberated. The assumption is made that no electron attachment occurs, thus
limiting the charge carriers to only electrons and positively-charged ions. Electrons drift toward
the anode wire while the positively-charged ions drift toward the cathode wall. The change in
induced charge within a coaxial proportional counter can be calculated using Green’s reciprocation
theorem (described in Section 3.1). Assuming the absence of space charge, the change in induced
charge on the anode wire after electrons and ions drift to radial positions re and ri , respectively,
is [57]

Q A  Q

 ln re r1   ln ri r1   Q ln ri re   M q N ln ri re  ,
T
ln r2 r1 
ln r2 r1 
ln r2 r1 

(3.42)

where the exterior radius of the anode is r1 and the interior radius of the cathode is r2 . Assuming
the detector is operated in pulse mode, application of Eq. (3.42) to Eq. (3.21) for a coaxial
proportional counter with intrinsic capacitance defines the time-dependent rise in voltage as

V t  

M q N T ln ri re 
.
C
ln r2 r1 

(3.43)

Recalling from Section 3.3, as the electric field strength increases, the kinetic energy of
electrons also increases and eventually is sufficient to cause impact ionization. Thus, as electrons
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drift within close proximity of the anode wire surface1, Townsend avalanching occurs and
produces a large cloud of electron-ion pairs. Due to the close proximity relative to the anode wire,
electrons drift a relatively short distance before reaching the anode wire while the positivelycharged ions produced from Townsend avalanching drift away from the anode wire toward the
cathode wall. A substantial amount of charge is induced within the high electric field region
surrounding the anode wire due to the motion of the positively-charged ions as they drift toward
the cathode wall. The contribution to Q A from the motion of electrons before reaching the anode
wire is very small and can be considered negligible. Thus, the time-dependent rise in voltage of a
coaxial proportional counter is ion dominated and Eq. (3.43) reduces to

V t  

M q N T ln ri 
.
C
ln r2 r1 

(3.44)

The drift velocity of the positively-charged ions is defined by

vi 

dri
 i V0
 i E 
.
dt
r ln r2 r1 

(3.45)

Integrating Eq. (3.45) defines ri as a function of time t as [57]

ri t  

2 V0  i t
2
 r1 ,
ln r2 r1 

(3.46)

based on the approximation that all positively-charged ions start at r1 when t = 0. Substitution of
Eq. (3.46) into Eq. (3.44) yields

1

The radial distance from the surface of the anode wire where Townsend avalanching occurs is dependent on the

detector geometry, the gas pressure and type, and the applied voltage.
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V t  

M q NT
C

 2 V t

ln  2 ion 0  1 
 r ln r r 

2 1
 1
.
ln r2 r1 

(3.47)

Finally, substituting ri  r2 into Eq. (3.46) defines the collection time for positively-charged ions
as

ti 

r

2

2



 r1 ln r2 r1 
.
2 V0  i
2

(3.48)

Similar to an ionization chamber, the RC time constant of a coaxial proportional counter
often does not provide sufficient time for the positively-charged ions to drift the entire distance
from the site of liberation to the cathode wall. However, typically half of the maximum pulse
amplitude is achieved due to positively-charged ion motion within approximately 500 µm of the
anode wire surface for common coaxial proportional counter designs [21]. Thus, the RC time
constant can be set to provide sufficient time for large amplitude pulses to be formed without the
significant risk of pulse pile-up occurring. Due to a majority of the pulse formation occurring near
the anode from Townsend avalanching, the position dependence of pulse formation within a
coaxial proportional counter is significantly reduced when measuring a monoenergetic radiation
source. However, position dependence can still occur for radiation paths occurring within a coaxial
proportional counter that are not parallel to the anode wire. In such a scenario, a distribution of
distances are traveled by electrons before undergoing Townsend avalanching, resulting in a
distribution of measured pulse amplitudes.

3.4.3

Microstrip Electrodes

In 1967, Charpak developed the first MWPC1 due to the increasing demand for large-area,
position-sensitive detectors in high-energy particle physics experiments [98, 104]. The success of

1

The development would lead to Charpak receiving the 1992 Nobel Prize for Physics.
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MWPCs combined with the increasing popularity of photolithography fabrication methods
eventually led to the development of micropattern-electrode based detectors, the first of which was
the microstrip gas counter (MSGC). The first MSGC was introduced in 1988 by Oed as an
alternative to MWPCs with improved position resolution and rate capability [98, 105]. MSGCs
feature a microstrip electrode positioned a distance away from a planar, drift electrode, as
illustrated in Figure 3.8. The microstrip electrode is commonly fabricated using photolithography
methods and has interdigitated metal anode and cathode strips adhered to an insulating substrate.
Depending on the application, the range of widths of the anode and cathode strips are 8 – 30 µm
and 90 – 500 µm, respectively with anode-to-anode pitches ranging from 200 to 1000 µm [105109]. Microstrip electrodes are advantageous relative to MWPCs because the distance between
neighboring anode and cathode strips can be reduced below the limiting distance between
neighboring wires in MWPCs [105]. The anode strips are operated at a higher potential relative to
the cathode strips. The difference in operating potential combined with the close proximity of the
strips produces an electric field region of sufficient strength to cause impact ionization. A
geometric weighting condition also exists due to the difference in strip width of the anode and
cathode strips.

Figure 3.8. Example of a MSGC depicting the orientation of the microstrip and drift electrodes
with gas located in between. The microstrip electrode is typically fabricated using
photolithography processes and has interdigitated metal anode and cathode strips.
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When an incident particle ionizes the gas, primary charge carriers are liberated. The charge
carriers drift toward their respectively-charged electrodes under the influence of the electric field
formed from the potential difference between the drift and microstrip electrodes. The drift
electrode is maintained at a lower potential relative to the anode and cathode strips in order to drift
electrons toward the microstrip electrode and positively-charged ions toward the drift electrode.
As electrons approach the surface of the microstrip electrode, the electric field strength increases
by several orders of magnitude and electrons gain sufficient kinetic energy to cause impact
ionization. The region where Townsend avalanching occurs is denoted as the gas-multiplication
electric field region in Figure 3.8. Secondary charge carriers are liberated due to Townsend
avalanching which are rapidly swept to the nearest anode and cathode strips due to the close
proximity of the strips and the high electric field strength.

3.4.4

Counting Curves

The measurement capabilities of gas-filled radiation detectors are inherently dependent on
the electric field strength distribution within the device. Proportional counters and microstripelectrode based devices are especially sensitive to changes in the electric field strength distribution
that are attributed to fluctuations in the applied voltage setting(s). The sensitivity of proportional
counters and microstrip-electrode based devices is attributed, in part, to Townsend avalanching
that occurs during the charge induction process. Thus, counting curves are often defined to
understand the counting stability when measuring a specific type of radiation with a device relying
on Townsend avalanching. Before defining a counting curve, a series of measurements are
conducted in order to sufficiently set the LLD of the counting system. Typically, the LLD is set to
reject pulses with lower amplitudes than the pulse amplitudes produced from the radiation particle
of interest. With the LLD set, the counting curve is developed by counting pulses with amplitudes
above the LLD setting over a range of applied voltages. The pulses are attributed to a specific
energy and type of particle emitted from a radioactive source. Each counting measurement is
conducted for the same duration of time. When measuring a monoenergetic radiation source, as
the applied voltage is increased, the pulse amplitude increases because the amount of charge
induced on the anode increases. The increase in induced charge occurs due to an increase in chargecarrier velocity and, at sufficiently high electric field strength, Townsend avalanching. For pulses
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with amplitudes below the LLD setting, no counts will be recorded. After the pulse amplitudes
exceed the LLD setting, the measured count rate will increase. Eventually the count rate will
stabilize because all of the pulses have amplitudes exceeding the LLD setting. The stable counting
region where the count rate does not fluctuate appreciably is called the counting curve plateau.
The counting curve plateau identifies the range of stable operating voltages for the detector to
accurately count particles of a particular type and energy. The slope of the counting curve plateau
is often calculated to provide a performance metric for a proportional counter. The slope is
calculated based on the counts measured at the beginning, CTS 1 , and end, CTS 2 , of the counting
curve plateau, as defined by [21]

CC Plateau slope 

CTS 2  CTS1  
V2  V1


2
 CTS  CTS  ,
2
1 


(3.49)

where V1 and V2 are the applied voltage settings at the beginning and end of the counting curve
plateau, respectively. The slope is also reported in percent change per 100 volts, as defined by

 100 CTS 2  CTS1   

2
 
 .
% CC Plateau slope  100 
V

V
CTS

CTS
2
1
2
1 



(3.50)

As the applied voltage is further increased, the gas multiplication factor, M, will increase due to
an increase in the electric field strength within the device. Eventually, the measured count rate will
increase again with an increase in applied voltage. The increase in count rate occurs due to pulses
created from background and low-energy events having amplitudes above the LLD setting. Once
the counting curve plateau is defined, the applied voltage setting is set in the middle of the plateau
region in order to minimize counting fluctuations attributed to variations in the applied voltage
setting(s).
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CHAPTER 4
PRELIMINARY EMBODIMENTS OF NEUTRON
CONVERSION MEDIA: BACKGROUND,
INVESTIGATION METHODS, AND RESULTS
An expert is a person who has made all the mistakes that
can be made in a very narrow field.
Niels Bohr

Prior to selecting 6Li foils as the neutron-conversion medium for SFMNDs, 10B4C-coated
RVC foam and aluminum honeycomb were investigated as neutron-conversion media. Thus, first,
an overview of common thin-film-coating materials is provided (Section 4.1). A brief discussion
of the general reaction-product emission scenarios associated with thin-film-coated substrates
suspended within a gas-filled medium follows (Section 4.1). The background of each conversion
medium is then discussed before detailing the methodology employed to characterize each
medium. The characterization and neutron-sensitivity testing results follow for each medium
(Section 4.2 for RVC foams and Section 4.3 for aluminum honeycomb). Finally, the simulation of
thin-film-coated aluminum honeycomb is discussed and the results provided (Section 4.3).

Thin-Film-Coated Substrates Suspended in Gas-Filled Media
Illustrated in Figure 4.1 are three general reaction-product emission scenarios that can
occur when using a thin-film-coated substrate for detecting neutrons. Because the thin-film coating
must be applied to a substrate, only the energy of one reaction product can be deposited within the
gas upon the reaction product escaping the thin-film coating (scenarios 1 and 2). The other reaction
product is absorbed within the thin-film coating and/or the substrate material. The scenario also
exists where both reaction products are absorbed within the thin-film coating layer and/or substrate
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(scenario 3). The amount of reaction-product energy lost within the thin-film coating due to selfabsorption effects is dependent on the position of reaction-product emission within the thin-film
coating as well as the reaction-product trajectory. The amount of reaction-product energy
deposited within the gas is dependent on the amount of energy retained by the reaction product
upon escaping the thin-film coating. Thus, the full energy of one of the reaction products can be
deposited within the gas for reaction products emitted at the interface of the gas and the thin-film
coating. As the reaction product ionizes the gas, charge carriers are liberated. Charge is induced as
charge carriers drift toward their respectively-charged electrodes under the influence of the electric
field formed by the potential difference between the electrodes. Similar to 10B-lined proportional
counters and thin-film-coated semiconductors, the thin-film-coating thickness should not exceed
the range of the highest energy reaction product or significant reaction-product self absorption
likely will occur within the thin-film coating. Due to self-absorption effects within the thin-film
coating, reaction-product pulse-height spectra measured with a thin-film-coated device typically
have an energy distribution ranging from zero up to the highest energy reaction product (similar
to the spectrum depicted in Figure 2.10 when using a 10B-lined proportional counter) [86].

Figure 4.1. General reaction-product emission scenarios from conversion of neutrons using a thinfilm-coated substrate surrounded by gas [110].
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A single layer of 10B or 6LiF thin-film-coating has a maximum th of approximately 4.5%
[42, 59] and, therefore, several alternating converter-ionization volume layers are required to
achieve the performance of commercially-available 3He proportional counters [59]. In order to
increase th, a variety of approaches have been explored to implement consecutive thin-film
coatings contained within various sizes and shapes of sensitive volumes [27, 44, 111-114]. RVC
foam and aluminum-honeycomb substrates are capable of having a large number of coating
surfaces, and thus a large amount of surface area, to apply thin-film coatings within a compact
substrate size.
10

B, 10BN, 10B4C, and 6LiF are some common thin-film-coating materials. Listed in Table

4.1 are the microscopic thermal-neutron interaction cross sections () of the isotopes associated
with 10B, 10BN, 10B4C, and 6LiF. 6Li is provided for comparison despite not typically being used
as a thin-film-coating material due to its reactive nature [59]. The  values associated with 10B and
6

Li represent absorption cross sections, while the  values of N, C, and F are total interaction cross

sections. Also listed in Table 4.1 are the material densities () and macroscopic thermal-neutron
interaction cross sections () of

10

B,

10

BN,

10

B4C, 6Li, and 6LiF. The  values were calculated

using Eq. (2.1) – (2.3).
Table 4.1. (left) Microscopic thermal-neutron interaction cross sections () for the isotopes
associated with 10B, 10BN, 10B4C, 6Li, and 6LiF [60]. (right) Common neutron-conversion materials
with associated densities () [59, 115, 116] and macroscopic thermal-neutron interaction cross
sections ().
Isotope
10
B
N
C
6
Li
F

 (b)

Material
10
B
10
BN
10
B4C
6
Li
6
LiF

3842.6
11.8
4.7
938.5
3.7

Thin-film-coated devices commonly rely on either

10

 (g cm-3)
2.16
2.18
2.45
0.463
2.54

 (cm-1)
499.5
210.8
436.0
43.5
57.7

B or 6Li as the neutron-converting

isotope, depending on the size and geometry of the neighboring ionization volume. For smaller
ionization volumes,

10

B and

10

B-based compounds such as

10

B4C and

10

BN are used due to the

higher  compared to 6Li and 6LiF. Likewise, recalling Eq. (2.10) and Eq. (2.11), the 10B(n, )7Li
reaction results in the emission of lower-energy reaction products with smaller ranges relative to
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the 6Li(n, )3H reaction.

10

B4C and

10

BN are often used instead of

10

B as a thin-film-coating

material because of desirable material and adhesion properties [117-120]. As listed in Table 4.1,
10

B4C has a slightly lower  and a higher  relative to 10B. The  of 10BN is significantly lower

than that of

10

B and, therefore,

10

B4C was selected as the thin-film-coating material for

investigating RVC foam and aluminum-honeycomb substrates as thin-film-coated neutronconversion materials.

10

B4C-Coated Reticulated Vitreous Carbon Foam

RVC foams have recently emerged as a thin-film-coated substrate for neutron-detection
applications [46, 121-124] due to the amount of coating surface area contained within a compact
substrate size. RVC foam is produced by ERG Aerospace Corporation and features a semirandomized network of pores, cells, and struts, in which the pores and cells are defined by the
vacancies between neighboring struts [125], as shown in Figure 4.2. The size and number of struts
defines the linear pore density of the material and RVC foams are produced with linear pore
densities ranging from 5 to 100 pores per linear inch (PPI) [126], as shown in Figure 4.3. For linear
pore densities of 5 to 80 PPI, pore diameters can range from 4.85 ± 0.81 mm to 0.63 ± 0.12 mm,
respectively [124]. Similarly, the strut thicknesses can range from 418 ± 117 µm to 50 ± 11 µm
for linear pore densities of 5 to 80 PPI, respectively [124]. Thus, an inverse relationship exists
between the linear pore density of a sample and the size of the pores and struts contained within
the sample. RVC foams are used for a variety of applications such as energy absorbers, heat
shielding, and fuel cells [127] and, therefore, the manufacturing infrastructure already exists.
The intended neutron-detection process when using 10B4C-coated RVC foam is similar to
other thin-film-coated neutron-conversion media. Following neutron absorption within the 10B4C
thin-film coating, charged-particle reaction products are emitted. One of the reaction products is
absorbed within the
10

10

B4C and/or the RVC foam and the other reaction product may escape the

B4C to ionize the gas, as illustrated in Figure 4.4. Charge carriers are liberated as the reaction

product ionizes the gas. Listed in Table 4.2 are the ranges of the 10B(n, )7Li reaction products in
10

B4C, RVC foam, and 1 atm of P-10 proportional gas (90% argon and 10% methane) [96]. Due

to the network of pores, cells, and struts featured within the bulk of RVC foam, a reaction product
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may ionize the gas within one or more pores and/or cells before stopping within the gas or colliding
with a strut. Thus, a distribution of reaction-product energy can be deposited within the pore(s)
and/or cell(s) contained within the bulk of RVC foam. The amount of reaction-product energy
deposited is dependent on the size of the pore(s) and/or cell(s), the site of reaction-product emission
within the 10B4C, and the trajectory of the reaction product.

Figure 4.2. RVC foam structural definitions indicating the pores and cells formed by neighboring
struts [125].

Figure 4.3. Sizes of pores, cells, and struts in RVC foam samples with linear pore densities of 5,
10, 20, 30, 45, 80, and 100 PPI.
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Figure 4.4. Illustration of potential reaction-product emission scenarios within the bulk of 10B4Ccoated RVC foam.
Table 4.2. The ranges of 10B(n, )7Li reaction products in 10B4C, RVC foam, and 1 atm of P-10
gas [96]. The density, , of each material is also listed [96, 115].
Material
Thin-Film Coating
10
B4C

 (g

cm-3)

0.840 MeV 1.015 MeV 1.470 MeV 1.777 MeV
7Li (µm)
7Li (µm)
4He (µm)
4He (µm)

2.16

1.63

1.83

3.23

3.99

Substrate
RVC Foam

2.20

1.87

2.1

4.01

4.91

P-10 Gas
1 atm

0.00156

4210

4690

8040

9900

4.2.1

Charge-Carrier Propagation Properties

Although the neutron-detection capabilities of RVC foam have been studied both
experimentally [46, 121, 122] and computationally [123, 124], the ability for charge carriers to
drift through the bulk of the material was not previously characterized. Shown in Figure 4.5 is an
illustration of potential reaction-product trajectories. Also depicted are the paths required of charge
carriers to drift toward their respectively-charged electrodes. The charge carriers drift under the
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influence of the electric field formed from the potential difference between the anode and cathode.
If charge carriers are able to drift within the bulk of the material in the direction of the electric
field and, therefore, induce charge on the electrodes, then the number of active thin-film-coating
layers can be quite large for a compact substrate size. However, if charge carriers are not capable
of drifting through the bulk of the substrate, then the motion of charge carriers liberated within the
bulk of the material may not be measured. Therefore, charge induction may only occur due to the
motion of charge carriers liberated at or near the exterior surfaces of the substrate.

Figure 4.5. Illustration of reaction-product trajectories within the bulk of 10B4C-coated RVC foam.
The paths required of charge carriers to drift through the bulk of the RVC foam toward their
respectively-charged electrodes are also shown.
Thus, a method was devised to determine whether electrons could traverse the bulk of RVC
foam with linear pore densities ranging from 5 to 100 PPI. The pulse-height spectrum and count
rate were measured for each sample. A parallel-plate electrode setup was assembled and each RVC
foam sample was separately positioned between the parallel plate electrodes using a plastic support
structure, as shown in Figure 4.6. The thickness and diameter of each RVC foam sample was
approximately 6.35 mm (0.25 in.) and 25.4 mm (1 in.), respectively, and the samples were cut
using a razor blade. The plastic support structure was fabricated using #6-32 nylon threaded rods,
1.5-mm (0.06-in.) thick nylon washers, and 0.76-mm (0.03-in.) thick polycarbonate film. The
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nylon plastic washers had an inside diameter of 3.3 mm (0.13 in.) and an outside diameter of 7.4
mm (0.29 in.). The materials that were used for fabricating the plastic support structure were
selected due to their availability within the laboratory. The planar, aluminum electrodes were
waterjet-cut with a diameter of 12.7 mm (0.50 in.). The electrode diameter was intentionally
designed to be smaller than the RVC foam sample diameter in order to ensure that charge carriers
would drift through, rather than around, each RVC foam sample. Using the plastic support
structure, the electrodes were separated by a distance of approximately 25.4 mm.

Figure 4.6. Parallel-plate electrode test configuration used for determining whether electrons
could traverse the bulk of RVC foam. The collimated 241Am alpha-particle was positioned in order
to inject alpha particles between the cathode and RVC foam sample location [128].
Based on the Bragg ionization curve of alpha particles, a collimated 241Am alpha-particle
source was positioned so that a majority of the energy of the 5.48 MeV alpha particles was
deposited between the RVC foam sample and cathode [96]. Charge carriers were liberated as the
alpha particles ionized the gas between the cathode and RVC foam sample. The anode operating
voltage, VA, was 700 V and the cathode was maintained at ground potential to attain a reduced
electric field strength of approximately 0.3 V cm-1 Torr-1 in 4 psig of P-10 gas [99, 129]. The
potential difference between the electrodes resulted in electrons drifting toward the anode and
positively-charged ions drifting toward the cathode. Throughout the duration of each
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measurement, the testing apparatus and collimated

241

Am alpha-particle source were contained

within a sealed aluminum enclosure backfilled with 4 psig of P-10 gas.
A two-hour measurement was conducted without an RVC foam sample that served as a
control measurement. Subsequent two-hour measurements were then performed for RVC foam
samples with linear pore densities of 5, 10, 20, 30, 45, 80, and 100 PPI. In each scenario with an
RVC foam sample installed, the sample was consistently positioned above the cathode surface.
The position of the collimated

241

Am alpha-particle source relative to the test configuration was

maintained throughout all measurements to ensure that the same amount of energy was deposited
between the cathode and RVC foam sample location. The consistent positioning of the RVC foam
sample and collimated 241Am alpha-particle source, relative to the anode and cathode, maintained
the distance displaced by charge carriers as positively-charged ions drifted toward the cathode and
electrons drifted toward the bottom of the sample in the direction of the anode.
The measured net count rates from the RVC foam samples are listed in Table 4.3 and
suggest that charge induction occurred for all of the measurements. Shown in Figure 4.7 are the
pulse-height spectra measured for each RVC foam sample relative to the no sample scenario. The
down-shift in peak channel number of the pulse-height spectra measured with the RVC foam
samples relative to the no sample case suggests that electrons drifted a shorter distance, thus less
charge was induced when an RVC foam sample was present. Furthermore, the peak channel
location of the 5 PPI RVC foam sample suggests that more charge was induced relative to the other
RVC foam samples. Thus, the distance displaced by electrons was suspected to have occurred
between the site of charge-carrier liberation and the sample, as well as potentially shallow depths
within each sample.
Table 4.3. Net count rates measured using the testing configuration shown in Figure 4.6 [128].
Net Count Rate (counts second-1)
2.66 ± 0.02
2.53 ± 0.02
2.52 ± 0.02
2.60 ± 0.02
2.54 ± 0.02
2.41 ± 0.02
2.40 ± 0.02
2.42 ± 0.02

Sample
No Sample
5 PPI
10 PPI
20 PPI
30 PPI
45 PPI
80 PPI
100 PPI
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Figure 4.7. Pulse-height spectra measured using the testing configuration shown in Figure 4.6.
The presence of pulses above background indicates that charge induction occurred, however the
distance displaced by electrons was suspected to be between the site of charge-carrier liberation
and the sample, as well as potentially shallow depths within each RVC foam sample [128].
In order to clarify whether electrons could traverse the bulk of RVC foam, the measurement
method was refined. A parallel-plate electrode setup was again used, however a Frisch grid was
installed between the sample location and the anode. The implementation of the Frisch grid
allowed for determining whether electrons were actually traversing the thickness of each RVC
foam sample because the measured pulse amplitude was defined by the distance displaced by
electrons only between the Frisch grid and anode. However, prior to conducting measurements
using the Frisch grid parallel-plate electrode setup, the parallel-plate electrode setup shown in
Figure 4.8 was used to ensure that similar results to those listed Table 4.3 and shown in Figure 4.7
could be measured. The same plastic support structure and 6.35-mm (0.25-in.) thick, 25.4 mm (1in.) diameter RVC foam samples were used. The 12.7-mm (0.50-in.) diameter planar, aluminum
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electrodes were separated by a distance of approximately 29 mm. Teflon™ collars, with internal
diameter of approximately 12.7 mm, were positioned between the RVC foam sample and the anode
to ensure that electrons were streaming through, rather than around, the bulk of the RVC foam
sample.

Figure 4.8. Refined parallel-plate electrode test configuration used for studying whether electrons
could traverse the bulk of various linear pore densities of RVC foam [130].

Figure 4.9. Top-down view of the collimated 241Am alpha-particle source orientation relative to
the test configuration. An RVC foam sample is positioned between the cathode and Teflon™
collars. The cathode is located below the sample.
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A collimated 241Am alpha-particle source was positioned so that a majority of the energy
of the 5.48-MeV alpha particles was deposited between the RVC foam sample and cathode, based
on the Bragg ionization curve of alpha particles in 1 psig of P-10 gas [96]. The anode operating
voltage, VA, was 700 V with the cathode maintained at ground potential to attain a reduced electric
field strength of approximately 0.3 V cm-1 Torr-1 in 1 psig of P-10 [99, 129]. Throughout the
duration of each measurement, the testing apparatus and collimated

241

Am alpha-particle source

were contained within a sealed aluminum enclosure backfilled with a constant pressure of 1 psig
of P-10 gas. Shown in Figure 4.9 is a top-down view of the test configuration with an RVC foam
sample positioned between the cathode and Teflon™ collars. The position of the collimated 241Am
alpha-particle source relative to the test configuration is also shown.
The same testing procedure was used in which a two-hour measurement was conducted
without an RVC foam sample that served as a control measurement. Two-hour measurements were
then performed for RVC foam samples with linear pore densities of 5, 10, 20, 30, 45, 80, and 100
PPI. The sample was consistently positioned above the cathode surface to ensure that any charge
motion occurring from the site of charge injection to either the cathode or the bottom of the sample
was maintained throughout all trials. Likewise, the position of the collimated 241Am alpha-particle
source was maintained throughout all measurements to ensure that the same amount of energy was
deposited between the cathode and RVC foam sample location.
The measured net count rates are listed in Table 4.4 and the pulse-height spectra are shown
in Figure 4.10. The results are similar to those listed in Table 4.3 and shown in Figure 4.7 and
suggest that charge induction occurred for each measurement. The same down-shift in peak
channel number of the pulse-height spectra measured with the RVC foam samples relative to the
no sample case occurred. The down-shift again suggests that electrons drifted a shorter distance,
thus less charge was induced when an RVC foam sample was present. The pulse-height spectrum
measured using the 5 PPI sample was not in the same location as shown in Figure 4.7, which
suggests that electrons did not displace the same distance for both measurements. However, the
measured net count rates and pulse-height spectra again suggest that the distance displaced by
electrons was suspected to have occurred between the site of charge-carrier liberation and the
sample, as well as potentially at shallow depths within each sample.
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Table 4.4. Net count rates measured using the testing configuration shown in Figure 4.8. The
collimated 241Am alpha-particle source was positioned between the cathode and RVC foam sample
locations [130].
Net Count Rate (counts second-1)
3.47 ± 0.02
3.31 ± 0.03
3.37 ± 0.03
3.00 ± 0.03
2.74 ± 0.03
3.25 ± 0.03
3.04 ± 0.03
2.89 ± 0.03

Sample
No Sample
5 PPI
10 PPI
20 PPI
30 PPI
45 PPI
80 PPI
100 PPI

Figure 4.10. Pulse-height spectra measured using the testing configuration shown in Figure 4.8.
The presence of pulses above background indicates that charge induction occurred, however the
location of the charge induction was suspected to be between the site of charge-carrier liberation
and the sample, as well as shallow depths within each RVC foam sample [130].
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In order to determine whether electrons were traversing the bulk of the RVC foam samples,
a Frisch grid was positioned approximately 0.79-mm below the surface of the anode, as shown in
Figure 4.11. Using the testing configuration shown in Figure 4.11, the measured pulse-height
spectrum and net count rate were representative of the charge-carrier motion only between the
Frisch grid and anode. Shown in Figure 4.12 is the custom-designed 25.4-µm thick Frisch-grid
electrode that was fabricated by Tech-Etch, Inc. The Frisch grid design featured 25.4-µm wide
strips of BeCu with horizontal and vertical pitches of approximately 1.6 mm. The positions of the
electrodes and collimated

241

Am alpha-particle source were the same as those used without the

Frisch grid installed, as shown in Figure 4.13. P-10 gas at 1 psig was used for the measurements.
Prior to inserting an RVC foam sample, the testing setup with the Frisch grid installed was
characterized to determine the appropriate anode operating voltage. The Frisch-grid operating
voltage, VFG, was maintained at 700 V, and the cathode was maintained at ground potential. The
anode operating voltage was increased in increments of 50 V from 0 V to 1650 V. The anode
applied voltage was determined to be 1500 V. The RVC foam samples were then tested in the
same manner as conducted without the Frisch grid installed.

Figure 4.11. Parallel-plate electrode test configuration with a Frisch grid positioned between the
sample and the anode [130].
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Figure 4.12. Frisch grid design featuring 25.4-µm wide strips of BeCu metal with vertical and
horizontal pitches of approximately 1.6 mm [130].

Figure 4.13. Top-down views of the test configuration, relative to the collimated 241Am alphaparticle source, with (right) and without (left) an RVC foam sample positioned between the cathode
and Teflon™ collars. The Frisch grid, positioned in between the Teflon™ collars, is also shown
relative to the cathode (left) and RVC foam sample positioned above the cathode (right).
Shown in Figure 4.14 are the measured pulse-height spectra with the Frisch grid installed
for the various RVC foam linear pore densities compared to the no sample case. Due to the
blending of the measured pulse-height spectra with the background signal, negligible net count
rates were measured for each of the RVC foam samples. Minimal, if any, charge motion occurred
between the Frisch grid and anode for all RVC linear pore densities tested as indicated by the
substantial reduction in peak channel number compared to the no sample case. Thus, electrons did
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not traverse the bulk of RVC foam with linear pore densities ranging from 5 to 100 PPI, based on
the measured pulse-height spectra and negligible net count rates for charge motion occurring
between the Frisch grid and anode [130]. This result indicates that charge carriers liberated within
the bulk of the substrate may not be measured and, therefore, only charge carriers created at or
near the exterior substrate surfaces are capable of being measured. Thus, a

10

B4C-coated RVC

foam sample is expected to be limited to functioning essentially as a thin-film-coated planar
device. The maximum th of 10B4C-coated RVC foam is expected to be 4 – 5%, which is common
for thin-film-coated planar devices [59].

Figure 4.14. Measured pulse-height spectra resulting from electrons that traversed beyond the
Frisch grid for various linear pore densities of RVC foam [130].
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4.2.2

Neutron-Sensitivity Testing

Based on the results from the charge-carrier propagation study (Section 4.2.1), the th of a
10

B4C-coated RVC foam sample was measured to determine if the sample would function

essentially as a thin-film-coated planar substrate. A 6.35-mm (0.25-in.) thick 45 PPI RVC foam
sample was waterjet-cut with a diameter of 4.1275 cm (1.625 in.). Exothermics, Inc. applied the
10

B4C coating to the sample using magnetron sputtering. The desired coating thickness of the

sample was specified as 0.4 µm in an attempt to achieve a th of 53.2 ± 0.23% with a 75 keV LLD
setting, as predicted in the literature [124]. However, the thickness of the 10B4C coating applied to
the samples was measured to be 1.29 ± 0.47 µm using a Hitachi S-3400 N scanning electron
microscope. Sixty-seven sample locations were measured in order to establish a distribution of
coating thicknesses about the entire sample. Representative measurements of the

10

B4C coating

thickness are shown in Figure 4.15.

Figure 4.15. Scanning electron microscope images of 10B4C coatings applied to the 45 PPI RVC
foam sample. An average 10B4C coating thickness distribution of 1.29 ± 0.47 µm was calculated
based on the coating thicknesses measured at several sample locations.
Neutron-sensitivity measurements were conducted with the sample positioned within a
continuous-gas-flow proportional counter, as shown in Figure 4.16. The continuous-gas-flow
proportional counter featured a 25.4-µm diameter tungsten anode wire. The operating voltage of
the anode wire was 700 V and the proportional counter walls were maintained at ground potential.
P-10 gas was continuously flowed through the continuous-gas-flow proportional counter
throughout the neutron-sensitivity measurements. th measurements were conducted using the
diffracted neutron beam of the KSU Training, Research, Isotopes, General Atomics (TRIGA)
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Mark (Mk) II research reactor. The thermal-neutron beam was aligned with the side of the sample
using a laser. The laser was previously calibrated to be aligned with the thermal-neutron beam. A
5-mm diameter aperture cadmium collimator was used to ensure the thermal-neutron beam was
incident strictly on the side of the sample, thus eliminating solid-angle effects. The th was
calculated using Eq. (2.20) and Eq. (2.21) in reference to a 4.0-atm, 5.08-cm (2-in.) diameter,
15.24-cm (6-in.) long Reuter Stokes 3He proportional counter with a measured th of 80.7 ± 0.5%
[89]. Energy calibration of the reaction-product pulse-height spectrum was conducted using a
148

Gd alpha-particle source. The energy calibration measurement was performed upon completion

of neutron-sensitivity testing.

Figure 4.16. Top-down view of the 45 PPI RVC foam sample positioned within the continuousgas-flow proportional counter testing device. The thermal-neutron beam was incident on the
center of the side of the sample. During the th and energy-calibration measurements, P-10 gas
continuously flowed through the chamber.
Shown in Figure 4.17 are the reaction-product pulse-height spectra for the cases when the
reactor was off (i.e. background), with the reactor on and the cadmium shutter closed, and with the
reactor on and the cadmium shutter open. The th was calculated to be 3.40 ± 0.09% for an LLD
setting of 50 keV in reference to the energy-calibration measurement. The measured th indicates
that the 10B4C-coated 45 PPI RVC foam sample functioned essentially as a thin-film-coated planar
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device. Thus, the measured th suggests that neutron-induced pulses are formed from charge
carriers liberated at or near the exterior surfaces of the coated substrate and not from those liberated
deep within the bulk of the sample. In order to achieve the performance of commercially-available
3

He proportional counters, several consecutive layers of thin-film-coated RVC foam substrates are

required. Therefore, because of the observed results, further investigations of thin-film-coated
RVC foams as neutron-conversion media were suspended.

Figure 4.17. Measured reaction-product pulse-height spectrum of the 10B4C-coated 45 PPI RVC
foam sample relative to a background measurement and a measurement in which a cadmium
shutter blocked the incident thermal-neutron beam. The LLD setting was calculated to be 50 keV
[128].
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10

B4C-Coated Honeycomb Substrates

Honeycomb substrates have recently emerged as a thin-film-coated substrate for thermalneutron detection applications [46, 113, 114, 131, 132] due to the amount of coating surface
contained within a light-weight, compact substrate size. Honeycomb substrates feature an array of
hexagonal cells, as shown in Figure 4.18. The cell size, wall thickness between neighboring
hexagonal cells, and the thin-film coating thickness are defined in Figure 4.19. The nominal wall
thickness between neighboring hexagonal cells ranges from approximately 36 – 200 µm (0.0007
– 0.004 in.), depending on the cell size [133]. Honeycomb substrates are commonly used in
commercial industries as structural materials, directional flow guides, and energy absorbers due to
their high strength-to-weight ratio [134]. Several companies manufacture honeycomb substrates
[134-137] using materials such as aluminum and plastics and the size of the cells can be adjusted
depending on the desired application [134, 135, 138]. Shown in Figure 4.20 are aluminum
honeycomb samples with cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), or 0.15875 cm
(0.0625 in.).

Figure 4.18. Lattice of hexagonal cells contained within an aluminum-honeycomb substrate [133].
A compact neutron counter capable of high th can be fabricated by applying a thin-film-coating
layer to the walls of the honeycomb substrate.
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Figure 4.19. Top-down illustration of the thin-film coating (gray) relative to the honeycomb
material (horizontal cross-hatching) and the gas contained within each cell (white) [110].

Figure 4.20. Aluminum honeycomb samples with cell sizes of 0.635 cm (left), 0.3175 cm (center),
or 0.15875 cm (right).
The intended neutron-detection process using

10

B4C-coated aluminum honeycomb is

similar to other thin-film-coated neutron-conversion media. Charged-particle reaction products are
emitted following the absorption of a neutron within the

10

B4C thin-film coating. Based on the

ranges of the 10B(n, )7Li reaction products in aluminum and 10B4C (listed in Table 4.5 [96]), one
of the reaction products is absorbed within the 10B4C and/or aluminum honeycomb substrate, while
the other may escape the 10B4C to ionize the gas, as illustrated in Figure 4.21. Charge carriers are
liberated as the reaction product ionizes the gas. The charge carriers then drift toward their
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respectively-charged electrodes under the influence of the electric field formed by the potential
difference between the anode and cathode.

Figure 4.21. Neutron-detection process using a thin-film-coated aluminum honeycomb sample.
Table 4.5. The ranges of 10B(n, )7Li reaction products in 10B4C, aluminum honeycomb, and 1 – 5
atm of P-10 gas [96]. The density, , of each material is also listed [96, 115].
Material
Thin-Film Coating
10
B4C

 (g

cm-3)

0.840 MeV 1.015 MeV 1.470 MeV 1.777 MeV
7Li (µm)
7Li (µm)
4He (µm)
4He (µm)

2.16

1.63

1.83

3.23

3.99

Substrate
Aluminum Honeycomb

2.70

2.25

2.59

4.65

5.71

P-10 Gas
1 atm
2 atm
3 atm
4 atm
5 atm

0.00156
0.00312
0.00468
0.00624
0.00780

4210
2100
1400
1050
842

4690
2340
1560
1170
939

8040
4020
2680
2010
1610

9900
4950
3300
2470
1980

A distribution of reaction-product energy can be deposited within the hexagonal cells
depending on the cell size, the location of reaction-product emission within the 10B4C coating, and
the trajectory of the reaction product. Shown in Figure 4.22 are the distribution of reaction-product
trajectories for shorter- (7Li ions) and longer-range (4He ions) reaction products emitted at the
interface of the 10B4C coating and the gas within the hexagonal cell. The distribution of reaction81

product trajectories depicted in scenario a shows the energy of the shorter-range reaction product
(shaded yellow) being deposited within the cell without the reaction product colliding with the
surrounding

10

B4C coating (shaded gray). However, some of the longer-range reaction-product

trajectories (shaded blue) result in a portion of the reaction-product energy being deposited within
the cell before the reaction-product collides with a cell wall. When the reaction-product is emitted
within close proximity of a nearby cell wall (scenario b), some of the shorter- and longer-range
reaction-product trajectories result in a portion of the reaction-product energy being deposited
within the cell before the reaction-product collides with any of the surrounding 10B4C-coated cell
walls.

Figure 4.22. Distribution of potential reaction-product trajectories for reaction products emitted
at the interface between the thin-film coating and the gas.
As the location of reaction-product emission occurs deeper within the 10B4C coating, selfabsorption effects occur. Consequently, a portion of the reaction-product energy is deposited
within the 10B4C coating before the reaction product escapes the 10B4C coating. Thus, the range of
the reaction product within the gas is dependent on the amount of energy retained by the reaction
product upon emerging from the

10

B4C coating. The reduction in reaction-product range as a

function of the location of reaction-product emission within the

10

B4C coating is depicted in

scenarios c – e of Figure 4.23. Therefore, the amount of reaction-product energy deposited within
the hexagonal cells is dependent on the reaction-product emission location within the
coating as well as the reaction-product trajectory.
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10

B4C

Figure 4.23. Examples of reaction-product emission locations within the thin-film coating of an
aluminum honeycomb sample. The distribution of potential reaction-product trajectories are also
shown.

Figure 4.24. Example of a reaction-product trajectories when the cell size is sufficiently small that
the longer-range reaction-product collides with the thin-film-coating layer.
The cell size of the honeycomb cells can also affect the amount of reaction-product energy
deposited within a hexagonal cell. Consider scenario f depicted in Figure 4.24, in which the cell
size is small enough that a portion of the longer-range reaction product is deposited within the cell
before the reaction-product collides with the surrounding 10B4C coating, regardless of the reaction-
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product trajectory. Some of the shorter-range reaction-product trajectories also result in a portion
of the reaction-product energy being deposited within the cell before the reaction product collides
with the surrounding

10

B4C coatings. The range of the reaction products can be reduced by

increasing the gas pressure within the cells. For sufficiently high gas pressures, the reactionproduct ranges depicted in scenario f can be reduced to be similar to those depicted in scenario a
of Figure 4.23. However, recalling Eq. (3.26), the charge-carrier mobilities will be affected by an
increase in the gas pressure. Therefore, recalling Eq. (3.25), in order to retain the charge-carrier
velocities, the electric field strength must be increased to compensate for the increase in gas
pressure.

4.3.1

Neutron-sensitivity Testing

A 1.27-cm (0.5-in.) thick aluminum-honeycomb sample was waterjet-cut with a diameter
of 4.1275 cm (1.625 in.). The sample contained hexagonal cells with a cell size of 0.15875 cm
(0.0625 in.). Exothermics, Inc. applied the

10

B4C coating using magnetron sputtering. Using a

Hitachi S-3400N scanning electron microscopic, the 10B4C coating thickness was measured to be
4.68 ± 1.25 µm. Twenty-four sample locations were measured in order to establish a distribution
of coating thicknesses about the entire sample. Representative measurements of the 10B4C coating
thicknesses are shown in Figure 4.25.

Figure 4.25. Scanning electron microscope measurements of the 10B4C coating thicknesses at
different sample locations. An average 10B4C coating thickness distribution of 4.68 ± 1.25 µm was
calculated based on the coating thicknesses measured at several sample locations [110].
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Figure 4.26. Top-down view of the 10B4C-coated aluminum-honeycomb sample position relative
to the thermal-neutron beam. The sample was positioned within a continuous-gas-flow
proportional counter testing device. Throughout the th and energy-calibration measurements, P10 gas continuously flowed through the chamber.
Neutron-sensitivity measurements were conducted in the same manner as with

10

B4C-

coated 45 PPI RVC foam. The sample was positioned within a continuous-gas-flow proportional
counter featuring a 25.4-µm diameter tungsten anode wire, as illustrated in Figure 4.26. The
operating voltage of the anode wire was 700 V and the proportional counter walls were maintained
at ground potential. P-10 gas was supplied to the proportional counter throughout the duration of
the th measurements. The diffracted neutron beam of the KSU TRIGA Mk II research reactor was
used to perform the th measurements. A laser was used when aligning the thermal-neutron beam
with the side of the sample. The laser was previously calibrated to be aligned with the thermalneutron beam. A cadmium collimator with a 5-mm diameter aperture was used to ensure that the
thermal-neutron beam was incident only on the sample. The measured th of the

10

B4C-coated

aluminum-honeycomb sample was calculated using Eq. (2.20) and Eq. (2.21). A 4.0 atm, 5.08-cm
(2 in.) diameter, 15.24-cm (6 in.) long Reuter Stokes 3He tube with a measured th of 80.7 ± 0.5%
[89] was used as a reference detector. After the neutron-sensitivity measurement, energy
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calibration of the reaction-product spectrum was accomplished with a 148Gd alpha-particle source
positioned within the continuous-gas-flow proportional counter.

Figure 4.27. Reaction-product pulse-height spectrum measured for the 10B4C-coated aluminumhoneycomb sample with an LLD setting of 50 keV relative to the background measurement. Also
shown is the measurement when the neutron beam was blocked by the cadmium shutter [110].
Shown in Figure 4.27 are the measured reaction-product pulse-height spectra for the cases
when the reactor was off (i.e. background), with the reactor on and cadmium shutter closed, and
with the reactor on and the cadmium shutter open. For an LLD setting of 50 keV in reference to
the energy-calibration measurement, the measured th was calculated to be 21.45 ± 0.26%, which
is the highest measured th to date for coated honeycomb media. The measured th was
benchmarked by simulating the th for the distribution of measured

10

B4C coating thicknesses

applied to the aluminum-honeycomb sample. The simulations were conducted using MCNP6. The
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dimensions of the measured sample were used for the simulation (1.27-cm (0.5-in.) thick, 4.1275cm (1.625-in.) diameter, 0.15875-cm (0.0625 in.) cell size). The simulation environment was
modeled with P-10 proportional gas at ambient pressure and a 5-mm diameter thermal-neutron
beam incident on the center of the side of the sample. The th was simulated for uniform
coating thicknesses between 3.5 – 6.0 µm in 0.1 µm increments. The range of

10

10

B4C

B4C coating

thicknesses implemented into the simulations was based on the measured average coating
thickness and associated error (4.68 ± 1.25 µm).

Figure 4.28. MCNP6-simulated th as a function of 10B4C coating thickness ranging from 3.5 to
6.0 µm for various LLD settings. For a given coating thickness, the simulated th decreases as the
LLD setting is increased [110].
The distributions of simulated th as a function of 10B4C coating thickness for LLD settings
ranging from 0 to 100 keV are shown in Figure 4.28. For a 50 keV LLD setting, the simulated th
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varies from approximately 33% to 19% for 10B4C coating thicknesses ranging from 3.5 to 6.0 µm,
respectively. A comparison of the measured and simulated th reveals that the measured th falls
within the ranges of simulated values for similar LLD settings. Upon closer inspection, the
simulated th for a 10B4C coating thickness of 4.68 µm, the average coating thickness measured
from the sample, was approximately 24% with an LLD setting of 50 keV. The difference between
measured and simulated th at the average coating thickness is suspected to be due to the measured
distribution of 10B4C coating thicknesses. Specifically, the measured average coating thickness and
associated error (4.68 ± 1.25 µm) were a representation of several locations measured on the
exterior surfaces of the sample. A broader distribution of coating thicknesses may have been
present about the sample for both internally- and externally-located coating surfaces.

4.3.2

Coating Thickness Optimization and Simulated Neutron Sensitivity

Simulation studies to define the thermal-neutron detection capabilities of thin-film-coated
aluminum-honeycomb substrates are limited to either the benchmarked results described in Section
4.3.1 or the optimization of natural boron coatings [114, 131]. Therefore, additional MCNP6
simulations of th were performed to define the optimal 10B4C coating thickness for commerciallyavailable honeycomb cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), and 0.15875 cm
(0.0625 in.). The angular sensitivity of the substrate to incident neutrons was also simulated for
each cell size. Finally, the effects of gas pressure on the th as a function of LLD setting were
studied to further-optimize the theoretical operating parameters of each cell size. For all simulation
studies, the height and diameter of the substrate were defined as 1.27 cm (0.5 in.) and 4.1275 cm
(1.625 in.), respectively. The wall thickness of the 5052 aluminum between neighboring cells was
defined as 130 µm, 75 µm, or 60 µm corresponding to cell sizes of 0.635 cm (0.25 in.), 0.3175 cm
(0.125 in.), or 0.15875 cm (0.0625 in.), respectively. The 10B4C-coating thickness was assumed to
be uniform about the interior of each cell.
MCNP6 simulations were performed to determine the optimal 10B4C coating thickness for
each cell size. The th was simulated for 10B4C coating thicknesses ranging from 0 to 5 µm in 0.1
µm increments. Shown in Figure 4.29 is an illustration of the simulation environment. The thinfilm-coating, wall, and cell size definitions are also shown in Figure 4.29. P-10 gas at a pressure
of 2.8 atm was initially defined as the backfill gas. The center of a 5-mm diameter thermal-neutron
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beam was positioned at the center of the height of the substrate, normal to the substrate surface.
The simulation environment was defined to emulate the expected testing environment for 10B4Ccoated aluminum-honeycomb samples that would be deployed as a 3He-alternative technology
with a similar form factor to commercially-available 3He proportional counters. Therefore, the
10

B4C-coated aluminum-honeycomb sample was positioned within a 5.08-cm (2-in.) diameter

cylindrical aluminum enclosure with a wall thickness of 0.15875 cm (0.0625 in.). A spacing of
0.3175 cm (0.125 in.) was implemented between the exterior surfaces of the

10

B4C-coated

aluminum-honeycomb sample and the cylindrical aluminum enclosure interior surfaces.

Figure 4.29. MCNP6 simulation environment used for determining the optimal
thickness of aluminum-honeycomb substrates.

10

B4C coating

Shown in Figure 4.30 are the simulated th as a function of 10B4C coating thickness for the
0.635-cm (0.25-in.), 0.3175-cm (0.125-in.), and 0.15875-cm (0.0625-in.) cell sizes with a 0 keV
LLD setting. A 0 keV LLD setting was used to simulate the ideal th distribution as a function of
10

B4C coating thickness for each cell size. However, a 0 keV LLD setting is rarely used when

performing neutron-detection measurements due to the presence of electronic noise and
undesirable low-energy radiation interactions attributed primarily to gamma rays. The maximum
simulated th with corresponding 10B4C coating thicknesses for each cell size are listed in Table
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4.6. The number of

10

B4C coating layers corresponding to each cell size are also listed in Table

4.6. The simulated th is a function of the number of 10B4C-coated layers, the neutron-absorption
probability within the 10B4C coating, the probability that a reaction product enters the gas-filled
cell upon escaping the

10

B4C coating, and the LLD setting. Thus, as the cell size decreases and

more thin-film-coated surfaces are present within the sample, the maximum th occurs at a thinner
10

B4C coating thickness. Further discussion of the th as a function of thin-film-coating thickness

and LLD setting is provided in the literature [59].

Figure 4.30. Simulated th as a function of 10B4C coating thickness with a 0 keV LLD setting. A
1.27-cm (0.5-in.) tall, 4.1275-cm (1.625-in.) diameter aluminum-honeycomb substrate was
simulated with cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), or 0.15875 cm (0.0625 in.).
Table 4.6. Simulated maximum th, with corresponding
honeycomb cell sizes with a 0 keV LLD setting.
Cell Size (cm)
0.635
0.3175
0.15875

Layers
12
26
52

th (%)
38.92
60.32
71.78
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10

B4C coating thickness, of the three

Coating Thickness (µm)
1.6
1.0
0.8

Shown in Figure 4.31 are the simulated reaction-product pulse-height spectra, represented
by solid lines and corresponding to the left ordinate with units of “Counts/Source Neutron”, of the
three cell sizes with the corresponding optimal 10B4C coating thicknesses (listed in Table 4.6). A
down-shift in the energy range of the prominent spectral features occurs as the cell size is reduced,
primarily because the amount of energy that can be deposited within each cell also reduces. The
simulated th distributions shown in Figure 4.31, represented by dashed lines and corresponding to
the right ordinate, depict the th as a function of LLD setting for each cell size. As the LLD setting
is reduced, more low-energy events are tallied, and, therefore, the simulated th increases.

Figure 4.31. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) of the three cell sizes of 10B4C-coated aluminum
honeycomb. The dashed lines correspond to the right ordinate and illustrate the th as a function
of LLD setting for each cell size. The optimal 10B4C coating thickness listed in Table 4.6 was
defined for each cell size.
Illustrated in Figure 4.32 are the simulation environments for studying the azimuthal and
polar angular neutron-sensitivity distributions of the three cell sizes. The optimal 10B4C coating
thickness for each cell size (Table 4.6) was implemented throughout the azimuthal and polar
angular neutron-sensitivity simulations. The 5-mm diameter incident thermal-neutron beam was
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adjusted in 15° increments within either the horizontal or vertical source plane and the th was
simulated at each beam position. For all azimuthal angular neutron-sensitivity simulations, the
center of the 5-mm diameter incident thermal-neutron beam was directed toward the center of the
sample at the midpoint of the sample height. For all vertical angular neutron-sensitivity
simulations, the center of the incident thermal-neutron beam was directed toward the center of the
sample within the vertical source plane.

Figure 4.32. Simulation environments used for studying the azimuthal (left) and polar (right)
angular neutron-sensitivity distributions. The orientation of the horizontal (left) and vertical
(right) source planes, relative to the sample, are also illustrated with corresponding azimuthal
and polar angular beam positions, respectively, indicated below.
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Figure 4.33. Simulated azimuthal angular neutron-sensitivity distributions of 10B4C-coated
aluminum-honeycomb substrates with cell sizes of 0.635 cm, 0.3175 cm, or 0.15875 cm and a 0
keV LLD setting. The distributions were simulated using the azimuthal scenario illustrated on the
left of Figure 4.32.

Figure 4.34. The number of thin-film-coating layers encountered by incident neutrons as a function
of the azimuthal angle, θ, of incidence of thermal neutrons. The hexagonal cell geometry leads to
a non-uniform azimuthal angular neutron-sensitivity distribution with a 60° period.
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The simulated azimuthal angular neutron-sensitivity distributions for each cell size are
shown in Figure 4.33. The azimuthal angles, θ, labeled on the x-axis of Figure 4.33 directly
correspond to the angles illustrated on the left of Figure 4.32. A 60° periodic behavior occurs due
to the change in the number of thin-film-coating layers that neutrons encounter as a function of the
azimuthal angle of neutron incidence, as illustrated in Figure 4.34. The azimuthal angular neutronsensitivity distribution becomes more uniformly periodic as the total number of thin-film-coating
layers present within the sample increases.

Figure 4.35. Simulated polar angular neutron-sensitivity distributions of 10B4C-coated aluminumhoneycomb substrates with cell sizes of 0.635 cm, 0.3175 cm, or 0.15875 cm and a 0 keV LLD
setting. The distributions were simulated using the polar scenario illustrated on the right of Figure
4.32.
The simulated polar angular neutron-sensitivity distributions for each cell size are shown
in Figure 4.35. The polar angles, ψ, labeled on the x-axis of Figure 4.35 directly correspond to the
polar angles illustrated on the right of Figure 4.32. As the incident thermal-neutron beam changes
from the 0° and 180° polar angle positions, the probability of neutron absorption within the thinfilm-coating layers decreases and neutron-streaming effects become more pronounced. At incident
beam positions of 90° and 270°, the minimum polar angular neutron sensitivity occurs because
incident neutrons are predominantly streaming through the substrate with a low probability of
absorption within the vertical thin-film-coating layers lining the honeycomb cells. However, in a
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scenario where consecutive

10

B4C-coated substrates are stacked on top of one another, neutron

streaming effects can be mitigated by rotating and off-setting each honeycomb substrate.
The simulation environment shown in Figure 4.29 was used to simulate the effects of P-10
gas pressure on the theoretical th. The optimized 10B4C coating thicknesses (listed in Table 4.6)
were defined while conducting the P-10 gas pressure simulations. The P-10 gas pressure
optimization study was conducted for gas pressures ranging from 1 to 5 atm in increments of 1
atm and the th was simulated for each gas pressure. The distribution of simulated th as a function
of LLD setting was plotted and compared to the corresponding simulated reaction-product pulseheight spectrum at each gas pressure.
Shown in Figure 4.36 – Figure 4.38 are the simulated reaction-product pulse-height spectra,
represented by solid lines and corresponding to the left ordinate with units of “Counts/Source
Neutron”, for the 0.635-cm, 0.3175-cm, and 0.15875-cm cell sizes, respectively. Also shown in
Figure 4.36 – Figure 4.38 are the simulated th as a function of LLD setting, which are represented
by dashed lines and correspond to the right ordinate. For all cell sizes, the spectral features shift
into higher energy bins as the P-10 gas pressure is increased. As listed in Table 4.5, the range of
the reaction products decreases as the P-10 gas pressure is increased. Thus, the up-shift in energy
occurs due to an increase in the amount of ionization that can occur within the honeycomb cells as
the P-10 gas pressure is increased. As the cell size is reduced, this effect becomes more pronounced
and, therefore, the 0.15875-cm cell size benefits the most from an increase in P-10 gas pressure.
Due to the up-shift in energy of the reaction-product pulse-height spectral features as the gas
pressure is increased, the reduction in the th becomes less pronounced as the LLD setting is
increased.
The simulation methods employed for defining optimal coating thickness, azimuthal and
polar angular sensitivity, and gas pressure studies were also employed for thin-film coatings of
10

B, 10BN, and 6LiF and the results are provided in Appendices A – C, respectively. Despite the

simulated results of thin-film-coated aluminum-honeycomb substrates as compact, high th
neutron-conversion media, applying uniform thin-film coatings still presents a significant
challenge. Additionally, as with other thin-film-coated neutron detectors, the strong dependency
of th on the LLD setting presents a challenge when developing a device with low gamma-ray
sensitivity that also is capable of high th. Therefore, investigation of aluminum honeycomb as a
thin-film-coated neutron-conversion medium has not progressed further.
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Figure 4.36. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) for a 0.635-cm cell size honeycomb substrate
with P-10 gas pressures ranging from 1 to 5 atm. The dashed lines correspond to the right ordinate
and illustrate the th as a function of LLD setting for each cell size. The honeycomb sample
contained hexagonal cells with a cell size of 0.635-cm that were coated with 1.6 µm of 10B4C.

Figure 4.37. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) for a 0.3175-cm cell size honeycomb substrate
with P-10 gas pressures ranging from 1 to 5 atm. The dashed lines correspond to the right ordinate
and illustrate the th as a function of LLD setting for each cell size. The honeycomb sample
contained hexagonal cells with a cell size of 0.3175-cm that were coated with 1.0 µm of 10B4C.
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Figure 4.38. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) for a 0.15875-cm cell size honeycomb substrate
with P-10 gas pressures ranging from 1 to 5 atm. The dashed lines correspond to the right ordinate
and illustrate the th as a function of LLD setting for each cell size. The honeycomb sample
contained hexagonal cells with a cell size of 0.15875-cm that were coated with 0.8 µm of 10B4C.
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CHAPTER 5
SUSPENDED FOIL MICROSTRIP NEUTRON
DETECTOR: DESIGN METHODOLOGY AND
THEORETICAL CONSIDERATIONS
If we know what it was we were doing, it would not be
called research, would it?
Albert Einstein

Described in the following chapter is the design methodology for the SFMNDs (Section
5.1). The reasoning for selecting lithium foils as the neutron-conversion medium and the decision
to use microstrip electrodes are also discussed (Section 5.1). Description of the SFMND neutron
detection process follows (Section 5.2). Finally, the simulated neutron detection capabilities of
SFMNDs for different foil quantities and orientations are described to conclude the chapter
(Section 5.3).

Design Methodology
The advancements in the lithium-ion battery industry have resulted in the fabrication of 6Li
foils with thicknesses as low as 55 µm [21], which, in turn, led to the development of Li-foil
MWPCs. Li-foil MWPCs are a 3He-alternative technology that feature suspended 6Li foils
positioned in between neighboring anode wire banks [26, 46-48, 139, 140]. The 6Li foils are
suspended in between anode wire banks by laminating each 6Li foil to an aluminum frame. The
laminated aluminum frames are then held in place relative to the anode wire banks. Depending on
the thickness and quantity of 6Li foils, Li-foil MWPCs are capable of th exceeding 80% [46, 140].
Li-foil MWPCs have low gamma-ray sensitivity, with a reported GRR value of 7.67 x 10-9
measured using a five-foil device for a 60Co exposure rate of 40 mR hr-1 [46, 48]. A valley is often
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present in the reaction-product pulse-height spectrum (described in Section 2.3.3) measured using
a Li-foil MWPC, a feature that is beneficial when discriminating gamma-rays and electronic noise
from neutron events. However, the size of Li-foil MWPCs is limited due to the minimum space
needed between neighboring 6Li foils for anode wires. The anode wires are also susceptible to
mechanical vibrations that induce microphonic noise.

Figure 5.1. Examples of reaction-product trajectories from neutron absorption within a
sufficiently-thin 6Li foil. Scenarios 1 and 2 depict examples of one reaction product escaping the
foil while the other reaction product is absorbed within the foil. Scenario 3 illustrates an example
of both reaction products escaping the foil. Scenario 4 shows an example of both reaction products
being absorbed within the foil.
Illustrated in Figure 5.1 are examples of reaction-product trajectories that can occur when
using suspended 6Li foil for detecting neutrons. One (scenario 1 and 2) or both (scenario 3) reaction
products may escape the 6Li foil to ionize the surrounding gas for sufficiently thin 6Li foils [46,
48, 140]. Both reaction products can also be fully absorbed within the 6Li foil (scenario 4) and,
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thus, will not ionize the surrounding gas. The amount of reaction-product energy lost within the
6

Li foil due to self-absorption effects is dependent on the location of reaction-product emission

within the 6Li foil as well as the trajectory of the reaction product. The amount of reaction-product
energy deposited within the gas is dependent on the amount of energy retained by the reaction
product(s) upon escaping the 6Li foil. Thus, the full energy of one of the reaction products can be
deposited within the gas for reaction products emitted at the interface of the gas and the 6Li foil.
As the gas is ionized by the reaction product(s), charge carriers are liberated. Charge induction
occurs as charge carriers drift toward their respectively-charged electrodes under the influence of
the electric field formed by the potential difference between the electrodes.
Table 5.1. The ranges of 6Li(n, )3H reaction products in 6Li, aluminum, and 1 – 5 atm of P-10
gas [96]. The density, , of each material is also listed [59, 96, 115].
2.050 MeV
4He (µm)

2.730 MeV
3H (µm)

0.463

23.2

134

Frame
Aluminum

2.20

6.72

38.2

P-10 Gas
1 atm
2 atm
3 atm
4 atm
5 atm

0.00156
0.00312
0.00468
0.00624
0.00780

11700
5860
3900
2930
2340

65900
32900
21900
16400
13100

Material
Foil
6
Li

 (g

cm-3)

Listed in Table 5.1 are the ranges of the 6Li(n, )3H reaction products in 6Li, aluminum,
and 1 – 5 atm of P-10 gas [96]. The summed ranges of the 6Li(n, )3H reaction products in 6Li is
157.2 µm [96]. The probability of one or both reaction products escaping the foil is dependent on
the foil thickness, the site of reaction-product emission within the 6Li foil, and the trajectories of
the reaction products. In order for both reaction products to be able to escape the foil, the thickness
of the foil must not exceed the summed ranges of the 6Li(n, )3H reaction products in 6Li.
Similarly, the thickness of the 6Li foil should not exceed the range of the highest energy reaction
product or significant reaction-product self absorption is likely to occur within the 6Li foil. The
amount of energy deposited by reaction products within the surrounding gas is dependent on the
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foil thickness, the site of reaction-product emission within the 6Li foil, and the trajectories of the
reaction products. The amount of measureable reaction-product energy deposited within the
surrounding gas is also dependent on the distance that reaction products can travel within the
surrounding gas without colliding with other solid structures or escaping the sensitive volume.

Figure 5.2. Definitions of the microstrip-electrode strip pitch and spacing relative to the
interdigitated anode and cathode strips.
An alternative to using wires as anodes is to use a micropattern electrode such as the
microstrip electrode (discussed in Section 3.4.3 and illustrated in Figure 3.8). Relative to anode
wires, microstrip electrodes are inherently more robust and less prone to microphonic sensitivity
because the metal strips are adhered to the substrate surface. Shown in Figure 5.2 is an illustration
of the microstrip electrode parameters. The electrical qualities of a microstrip electrode are
dependent on parameters such as the anode and cathode strip widths, the strip pitch (either anodeto-anode or cathode-to-cathode), and the strip spacing. The strip widths, strip pitch and spacing,
and potential difference between neighboring anode and cathode strips affect the strength of the
electric field produced above the microstrip electrode. The strip spacing must remain uniform in
order to retain the uniformity of the electric field produced above the electrode surface. Careful
selection of the strip metals is important to ensure proper adhesion to the substrate as well as other
factors such as electrical stability, capacitance, and resistance. Each set of anode and cathode strips
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can be interconnected to a common strip and the signal measured from the entire set of
interconnected anode strips, as illustrated in Figure 5.3. The anode strip operating voltage is
applied to the anode strip bond pad and the cathode strip operating voltage is applied to the cathode
strip bond pad. However, in the scenario depicted in Figure 5.3, the microstrip-electrode
capacitance is defined by the total number of neighboring anode and cathode strips. The
capacitance can be reduced by segmenting the anode strips into separate groups, as depicted in
Figure 5.4, where the signal from each anode strip group is sent to separate charge-sensitive
preamplifier circuits. Finally, the substrate material can affect the gain stability of the microstrip
electrode. The literature provides further discussion regarding the effect of various microstrip
electrode parameters on the electrical performance of microstrip electrodes [98, 105-109, 141146].

Figure 5.3. Example of a microstrip-electrode design where all anode strips (A) are interconnected
to a common strip. The cathode strips (C) are interconnected in a similar manner. The signal is
measured through the anode strip bond pad.
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Figure 5.4. Example of a microstrip electrode with segmented groups of anode strips (A) relative
to interconnected cathode strips (C). Each anode-strip group is interconnected by a bond pad and
the signal from each group is measured using separate charge-sensitive preamplifier circuits.
Microstrip neutron detectors were previously developed for a variety of applications that
primarily relied on 3He gas as the neutron-conversion medium [63, 105, 109, 147-152]. Studies
were also performed to develop microstrip neutron detectors that relied on a suspended foil as the
neutron converter [62, 63, 108, 153]. As illustrated in Figure 5.5, the foil was positioned parallel
to the top surface of the electrode(s). The suspended foil was composed of natGd [62], 157Gd [108,
153], or 6Li [108] and coated with a thin layer of CsI. The CsI functioned as a secondary electron
emitter [62, 66, 108, 153]. Regardless of the foil material, the reliance on measuring low-energy
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secondary electrons emitted from the CsI coating layer [62, 66] makes discrimination of gamma
rays and electronic noise difficult without also sacrificing neutron-induced signals.

Figure 5.5. Example of the foil orientation previously used for CsI-coated natGd, 157Gd, or 6Li. In
the case of the CsI-coated natGd, only one microstrip electrode was used.
SFMNDs were designed with the goal of developing a low-cost, robust, and compact 3He
alternative technology capable of achieving high th with low gamma-ray sensitivity. Due to the
limitations of anode wires contained within Li-foil MWPCs, the anode wires were replaced with a
microstrip electrode and 6Li foils were selected as the neutron-conversion medium to develop the
first-ever SFMND [154], as illustrated in Figure 5.6. Thus, SFMNDs combine the mechanical and
electrical capabilities of microstrip electrodes with the high th capability and low gamma-ray
sensitivity of 6Li foils. Because SFMNDs do not rely on anode wires, neighboring foils can be
positioned closer in proximity to one another, thereby allowing for smaller individual devices to
be fabricated. The foils are oriented perpendicular to the surface of the electrodes and, therefore,
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multiple 6Li foils can be positioned between the microstrip and drift electrodes. Replacement of
anode wires with a microstrip electrode eliminates the potential for failure from wire breakage
while also reducing microphonic sensitivity. Cost analysis has not been conducted because
SFMNDs are under prototypical investigation; however, the cost is expected to be lower relative
to 3He and other alternatives of similar size based on the materials and labor required to fabricate
prototype devices. The compact size of the SFMNDs allows for the eventual development of
modular devices, as illustrated in Figure 5.7. The modular devices could be arrayed together to
form a variety of instrument geometries, such as a stacked column of devices, planar array of
devices, etc., depending on the application.

Figure 5.6. Configuration of a SFMND depicting the orientation of suspended foils relative to
microstrip and drift electrodes [155].
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Figure 5.7. Example of a modular SFMND that is capable of being interconnected with other
modular SFMNDs to produce an array of devices.

Neutron-Detection Process
Shown in Figure 5.8 is the neutron-detection process using a 6Li-based SFMND. The
neutron-detection process occurs by three main steps: 1.) neutron conversion, 2.) drift of charge
carriers, and 3.) charge multiplication. The first step occurs when an incident slow neutron is
absorbed by a 6Li atom. The ensuing 6Li(n, )3H reaction yields charged-particle reaction products
that are emitted in opposite directions with energies described by Eq. (2.11). Upon exiting the 6Li
foil and entering the backfill gas, the reaction product(s) ionize the gas resulting in the liberation
of charge carriers. The second step in the detection process occurs when charge carriers drift within
the sensitive volume under the influence of the drift electric field. The drift electric field is
produced from the potential difference between the operating voltage of the drift electrode, VDP,
and the operating voltages of the anode, VA, and cathode, VC, strips of the microstrip electrode.
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The operating voltage condition of VDP < VC < VA is required to drift electrons towards the
microstrip-electrode surface and positively-charged ions towards the drift electrode. Thus, the
second step of the detection process is equivalent to the signal formation process that occurs in a
parallel-plate ionization chamber (discussed in Section 3.4.1). As electrons approach the
microstrip electrode, the electric field strength increases by several orders of magnitude and
surpasses the threshold electric field strength necessary to cause Townsend avalanching, denoted
in Figure 5.8 as the gas multiplication electric field region. The increase in electric field strength
occurs due to the potential difference between neighboring anode and cathode strips positioned
less than 1.0 mm apart, where VC < VA. Furthermore, the increase in electric field strength is also
a function of the geometric weighting condition that occurs from the difference in anode and
cathode strip widths. Therefore, the third step in the neutron-detection process occurs at the
electric-field boundary where gas multiplication can occur. The amount of current induced on the
anode strips is a combination of the distance displaced by primary charge carriers drifting within
the drift electric field region as well as the motion of secondary charge carriers within the gas
multiplication electric field as they are rapidly swept to the nearby anode and cathode strips.

Figure 5.8. Three-step neutron-detection process of a 6Li-based SFMND.

Simulated Intrinsic Thermal-Neutron Detection Efficiencies
The theoretical capabilities of the 6Li-based SFMND were studied by simulating the th for
several scenarios using MCNP6. The th was simulated as a function of 6Li foil thickness for one,
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five, ten, and twenty foils (Section 5.3.1). Next, the th was simulated as a function of gas pressure
and the resulting reaction-product pulse-height spectra were compared (Section 5.3.2). Finally, the

th was simulated as a function of foil width relative to the sensitive volume perimeter and the
resulting reaction-product pulse-height spectra were compared (Section 5.3.3).

Figure 5.9. Illustrations of the aluminum frame positioned adjacent to the 6Li foil (cross-hatched).
The window in the frame, the opening in the center of the frame, allows reaction-products to escape
from either side of the foil.
For all simulations, reaction-product energy deposition that occurred within the sensitive
volume was tallied. In order to compare the simulation results to the experimental results
(discussed in Section 6.4.2), the length, LF, and height, HF, of the 96%-enriched 6Li foil(s) were
defined as 5.00 cm and 2.95 cm, respectively. A 0.79-mm (1/32-in.) thick 6061 aluminum frame
was positioned directly adjacent to each 6Li foil, as illustrated in Figure 5.9. The aluminum frames
were defined with a length, LA, and height, HA, of approximately 5.2 cm and 3.0 cm, respectively.
Based on the reaction-product ranges in aluminum (Table 5.1), the thickness of the aluminum
frames prevented reaction products from traveling through the aluminum frame and entering the
surrounding gas. Thus, the aluminum frames were defined with an opening in the center, referred
to as the window, to allow reaction products to escape from either side of the adjacent foil. The
window perimeter had a length, LW, and height, HW, of approximately 4.45 cm and 2.54 cm,
respectively. The microstrip and drift electrodes were defined as 525-µm thick borosilicate glass.
The distance separating the microstrip and drift electrodes, D, was 3.9 cm. The electrodes were
defined with square perimeters of length, LM, and width, WM. The sensitive volume was defined
by the square perimeter of the electrodes (LM x WM) and the distance separating the electrodes, D.
The gas surrounding the foils and frames within the sensitive volume was defined as P-10
proportional gas.
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5.3.1

Effects of Foil Thickness & Quantity

The theoretical th as a function of 6Li foil thickness, tF, was studied for SFMNDs
containing one, five, ten, and twenty foils using the simulation environment illustrated in Figure
5.10. A 0.5-cm diameter thermal-neutron beam was incident on the center of the front face of the
foil(s). The foils were separated a distance, d, of 5.73 mm, 3.82 mm, and 1.91 mm apart for the
five, ten, and twenty foil scenarios, respectively. The length, LM, and width, WM, of the microstrip
and drift electrodes were both defined as 4.1275 cm (1.625 in.). The gas surrounding the foil(s)
within the sensitive volume was defined as 10 psig (1.68 atm) of P-10 gas.

Figure 5.10. Simulation environment used for studying the theoretical th as a function of foil
thickness and quantity. The thermal-neutron beam is shaded red and the sensitive volume is shaded
blue. The foils are shaded gray and the electrodes are shaded orange. The simulation environment
was also used to study theoretical th as a function of P-10 gas pressure for devices containing one
and five foils.
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Figure 5.11. MCNP6-simulated th curves as a function of 6Li foil thickness for one, five, ten, and
twenty foils in 10 psig (1.68 atm) of P-10 proportional gas. The foils were assumed to be 96%enriched 6Li and the th curves are plotted for an LLD setting of 0 keV. The gray line indicates the
simulated th for a foil thickness of 75 µm.
Table 5.2. The foil spacing and maximum simulated th, with corresponding foil thickness, for each
foil quantity. The simulated th for 75-µm thick foil(s) is listed on the right for each foil quantity.
Number of Foils
1
5
10
20

th,max.

Foil Spacing (mm)
5.73
3.82
1.91

22.16%
54.43%
66.80%
75.84%

tF (µm)
137.5
85.0
60.0
37.5

th @ t = 75 µm
18.36%
54.08%
65.43%
68.36%

Shown in Figure 5.11 are the simulated th as a function of 6Li foil thickness for SFMNDs
containing one, five, ten, and twenty foils with a 0 keV LLD setting. A 0 keV LLD setting was
used to simulate the ideal th distribution for each foil quantity. However, a 0 keV LLD setting is
rarely used when performing neutron-detection measurements due to the presence of electronic
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noise and undesirable low-energy radiation interactions attributed primarily to gamma rays.
Similar to thin-film-coated aluminum honeycomb (described in Section 4.3.2), the simulated th is
a function of the neutron-absorption probability within the 6Li foil, the probability that a reaction
product enters the gas upon escaping the 6Li foil, the quantity of 6Li foils, and the LLD setting.
Thus, as the foil quantity increases, the maximum th occurs at thinner 6Li foil thicknesses. The
foil spacing, maximum th with corresponding foil thickness, and th for a foil thickness of 75 µm
are listed in Table 5.2 for each foil quantity. A foil thickness of 75 µm was implemented for
comparison to experimental efforts (discussed in Section 6.4).

Figure 5.12. MCNP6-simulated reaction-product pulse-height spectra (left ordinate with units of
“Counts/Source Neutron”) for one (solid gray) and five (solid black) suspended 6Li foils contained
within 10 psig (1.68 atm) of P-10 proportional gas. The dashed gray and black lines correspond
to the right ordinate and illustrate the th as a function of LLD setting for one and five suspended
6
Li foils, respectively. As the LLD setting is increased, the th reduces as a function of the
prominence of the spectral features [155].
Shown in Figure 5.12 are the simulated reaction-product pulse-height spectra, represented
by solid lines and corresponding to the left ordinate with units of “Counts/Source Neutron”, for
one and five 75-µm thick 6Li foils. The simulated th as a function of LLD setting are represented
by dashed lines and correspond to the right ordinate of Figure 5.12. The simulated reaction-product
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pulse-height spectra and th as a function of LLD setting for ten and twenty 6Li foils are shown in
Figure D.1 of Appendix D. Although the remainder of the computational and experimental efforts
focus on the implementation of one and five 6Li foils, the ten and twenty foil scenarios are provided
in order to convey the potential these foil scenarios have as high th neutron detectors.
In both of the simulated reaction-product pulse-height spectra, a valley is present that
separates the prominent spectral features from low-energy events. The difference in pulse-height
spectra shown in Figure 5.12 is a consequence of differences in foil positions relative to the
sensitive volume. Specifically, the location of neutron absorption and the reaction-product ranges,
and corresponding particle trajectories relative to the sensitive volume, affect the shape of the
pulse-height spectra [46, 48]. As described in Section 5.1, four reaction-product emission scenarios
exist, based on the ranges of 2.05 MeV alpha particles and 2.73 MeV tritons in pure 6Li foil (listed
in Table 5.1) of 23.2 µm and 134 µm, respectively [96]. The ranges of 2.05 MeV alpha particles
and 2.73 MeV tritons in 10 psig of P-10 gas are 7.50 mm and 43.20 mm, respectively [96].
The simulated th changes as a function of the LLD setting based on the prominence of the
simulated reaction-product spectral features. Consider the following example: if a 500 keV LLD
setting is used with the one-foil 6Li-based SFMND, the simulated th reduces from 18.36% (0 keV
LLD setting) to 17.50% (500 keV LLD setting). The reduction in simulated th occurs because
events below are 500 keV are discriminated. Because the prominent spectral features of the onefoil 6Li-based SFMND occur within the energy range of approximately 1.0 – 2.5 MeV, the
reduction in simulated th is minimal. However, when using a 500 keV LLD setting with the fivefoil 6Li-based SFMND, the th reduces from 54.08% (0 keV LLD setting) to 40.72% (500 keV
LLD setting). The large reduction in simulated th occurs because the prominent spectral features
of the five-foil 6Li-based SFMND occur within the energy range of approximately 0.3 – 1.0 MeV.
Illustrated in Figure 5.13 is the single-foil simulation scenario showing the foil positioned
1-mm laterally off-center within the sensitive volume. The perimeter of the sensitive volume is
also shown, which is defined by the perimeter of the microstrip and drift electrodes (LM x WM).
The foil position results in a minimum distance of approximately 20 – 21 mm, perpendicular to
the foil surface, between the foil surface and the perimeter of the sensitive volume. Assuming fullenergy reaction products are emitted into the backfill gas perpendicular to the foil surface (both
polar and azimuthal), the alpha-particle energy will be fully absorbed within the sensitive volume,
while approximately 0.93 – 0.98 MeV of the triton energy is absorbed within the sensitive volume
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for particle trajectories ranging from approximately 20 to 21 mm, respectively [96]. However,
before reaction products escape the foil and enter the backfill gas, a distribution of reaction-product
energy is lost due to self-absorption within the foil. The amount of energy lost due to selfabsorption is dependent on the site of creation and trajectories of the reaction products relative to
the foil surface. Assuming the reaction product is not absorbed by other solid structures or escapes
the sensitive volume, the amount of energy deposited within the P-10 gas increases as the polar
and/or azimuthal angle of emission deviates from perpendicular to the foil surface. Therefore, the
amount of reaction-product energy deposited within the P-10 gas is a continuous distribution that
is dependent on the site of creation within the foil and the trajectory of the reaction products in
both the foil and the P-10 gas.

Figure 5.13. Top-down view of the MCNP6 simulation environment for the single-foil 6Li-based
SFMND showing the foil positioned 1-mm laterally off-center in the sensitive volume [155].
Illustrated in Figure 5.14 is the five-foil simulation scenario. Recalling Table 5.2,
neighboring foils were positioned a distance, d, of 5.73 mm apart. Assuming full-energy reaction
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products are emitted into the backfill gas perpendicular to the foil surface (both polar and
azimuthal), the foil spacing allows for approximately 1.68 MeV and 0.25 MeV energy deposition
of the alpha particles and tritons, respectively, to be absorbed within the backfill gas between
neighboring foils [96]. For sufficiently-thin foils, the tritons are capable of ionizing the backfill
gas between multiple foils by passing through one or more foils before being absorbed in a foil or
the chamber wall. The amount of energy deposited between neighboring foils increases as the polar
and/or azimuthal angle of emissions changes from perpendicular to the foil surface; however, the
amount of energy lost from self-absorption within neighboring foils also increases for these
trajectories. Thus, the distribution probability in the pulse-height spectrum decreases with energy
deposition for the five-foil device compared to the single-foil device.

Figure 5.14. Top-down view of the five-foil simulation scenario showing the positions of the five
foils relative to the sensitive volume perimeter. The distance between neighboring foils, d, is 5.73
mm. Alpha particles emitted from interior foils undergo self-absorption upon entering a
neighboring foil, indicated by an X. Tritons are capable of traveling through adjacent foils before
undergoing self-absorption within a foil or escaping the sensitive volume [155].
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5.3.2

Effects of Gas Pressure

The th and reaction-product pulse-height spectra as a function of P-10 gas pressure were
simulated for one and five 6Li foils using the simulation environment illustrated in Figure 5.10.
The th and reaction-product pulse-height spectra were simulated for P-10 gas pressures ranging
from 1 to 5 atm in 1 atm increments. The 6Li foils were defined with a thickness of 75 µm. The
foil orientations and spacing were the same as those illustrated in Figure 5.13 and Figure 5.14
(listed in Table 5.2). A 0.5-cm diameter thermal-neutron beam was incident on the center of the
front face of the foil(s). The square perimeter of the sensitive volume (LM x WM) was defined with
dimensions of approximately 4.1275 cm x 4.1275 cm (1.625 in. x 1.625 in.).

Figure 5.15. MCNP6-simulated reaction-product pulse-height spectra (solid lines corresponding
to the left ordinate with units of counts/source neutron) for one suspended 6Li foil surrounded by
P-10 proportional gas with pressures ranging from 1 to 5 atm in 1 atm increments. The th as a
function of LLD setting are represented by dashed lines and corresponds to the right ordinate.
Shown in Figure 5.15 is the simulated reaction-product pulse-height spectra, represented
by solid lines and corresponding to the left ordinate with units of “Counts/Source Neutron”, of the
single-foil 6Li-based SFMND with P-10 gas pressures ranging from 1 to 5 atm. The simulated th
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as a function of LLD setting are represented by dashed lines and corresponds to the right ordinate
of Figure 5.15. In all of the simulated reaction-product pulse-height spectra, a valley is present that
separates the prominent spectral features from low-energy events. As the gas pressure is increased,
and, thus, the density of the gas is increased, the reaction-product stopping power also increases,
as defined by Eq. (3.22) and Eq. (3.23). Due to the increase in reaction-product stopping power as
the gas pressure is increased, the ranges of the reaction products in the P-10 gas decrease (listed in
Table 5.1). The reduction in reaction-product ranges as the gas pressure increases results in more
reaction-product energy being deposited within the sensitive volume, assuming the reaction
product does not collide with a solid structure or escape the sensitive volume.

Figure 5.16. Illustration of the limiting distances between the perimeter of the thermal-neutron
beam and the edge of the sensitive volume and electrode surfaces.
The increase in reaction-product energy deposition is represented in Figure 5.15 by an upshift in energy of the reaction-product pulse-height spectral features as the gas pressure is increased
from 1 to 3 atm. The energy range of the valley preceding the prominent spectral features also
increases as the gas pressure is increased. The shape of the reaction-product pulse-height spectrum
remains approximately constant for gas pressures exceeding 3 atm. The shape remains
approximately constant because the reaction products are fully absorbed within the sensitive

116

volume due to the orientation of the foil within the sensitive volume and the location of the 0.5cm thermal-neutron beam relative to the foil. Specifically, as illustrated in Figure 5.16, the range
of the reaction products (listed in Table 5.1) is less than the limiting distance between the perimeter
of the thermal-neutron beam and either the edge of the sensitive volume (approximately 18.1 mm)
or the surface of either electrode (17 mm). Due to the up-shift in energy of the reaction-product
pulse-height spectral features as the gas pressure is increased, the th decreases less rapidly as the
LLD setting is increased. Thus, as an example, a 500 keV LLD setting can be used for all P-10 gas
pressures that were simulated without a significant reduction of th.

Figure 5.17. MCNP6-simulated reaction-product pulse-height spectra (left ordinate with units of
counts/source neutron) for five suspended 6Li foils surrounded by P-10 proportional gas with
pressures ranging from 1 to 5 atm in 1 atm increments. The th as a function of LLD setting are
represented by the corresponding dashed lines for each gas pressure and corresponds to the right
ordinate.
A similar trend is also depicted in Figure 5.17 for the five-foil scenario. The simulated
reaction-product pulse-height spectra are represented by solid lines and correspond to the left
ordinate with units of “Counts/Source Neutron”. The simulated th as a function of LLD setting
are represented by dashed lines and corresponds to the right ordinate. Each increase in gas pressure
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results in an up-shift in energy of the reaction-product pulse-height spectral features. Similar to
the one-foil scenario, the up-shift in the energy range of the reaction-product pulse-height spectral
features occurs because of the increase in the amount of reaction-product energy deposited within
the sensitive volume combined with the decrease in probability of reaction-products escaping the
sensitive volume. Likewise, the increase of the reaction-product stopping power as the gas pressure
increases results in more reaction-product energy deposition between neighboring foils. As the gas
pressure is increased, the energy range of the valley preceding the prominent spectral features
increases. Thus, by increasing the gas pressure, a higher-energy LLD setting can be used without
a significant reduction of th (represented by the dashed lines of Figure 5.17). Although an increase
in gas pressure is desirable for increasing the energy range of the valley in the reaction-product
pulse-height spectrum, charge-carrier velocities reduce with an increase in gas pressure, as defined
by Eq. (3.25) and Eq. (3.26). Thus, the operating voltage(s) must be adjusted in order compensate
for the elevated gas pressure.

5.3.3

Effects of Foil Width Relative to Sensitive Volume Size

Due to the distribution of reaction-product emission sites about the face of the 6Li foil(s),
the effects of foil width relative to the perimeter of the sensitive volume were studied. Specifically,
the changes in reaction-product pulse-height spectra and th as a function of sensitive volume
perimeter for one and five 6Li foils were simulated. The simulations were performed by
maintaining the 6Li foil and frame dimensions (defined at the beginning of Section 5.3) and
adjusting the size of the square sensitive volume perimeter, as illustrated in Figure 5.18 and Figure
5.19. The sensitive volume perimeter (LM x WM) was adjusted from 1.27 cm x 1.27 cm (0.5 in. x
0.5 in.) to 7.62 cm x 7.62 cm (3.0 in. x 3.0 in.) in 1.27 cm x 1.27 cm (0.5 in. x 0.5 in.) increments.
The foil and frame dimensions (HF, LF, HA, and LA) were the same as those defined at the beginning
of Section 5.3. The 6Li foil thickness, tF, was defined as 75 µm. The foil orientations and spacing,
d, were the same as those used for the foil thickness and quantity simulations illustrated in Figure
5.13 and Figure 5.14, and listed in Table 5.2. The backfill gas was P-10 pressurized to 10 psig. A
randomly-sampled rectangular beam of thermal neutrons was incident on the front face of the
foil(s). The shape and sampling of the thermal-neutron beam was defined in order to study the
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effects of reaction products emitted about the entire face of the foil(s) for different sensitive volume
sizes.

Figure 5.18. Illustrations depicting the width of the 6Li foils relative to a small sensitive volume
(shaded purple) and a large sensitive volume (shaded green). The thermal-neutron beam is shaded
red, the foils are shaded gray, and the electrodes are shaded orange.
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Figure 5.19. Illustrations of the 6Li foil positions relative to a small sensitive volume (top – shaded
purple) and a large sensitive volume (bottom – shaded green). The sensitive volume is defined by
the perimeter of the electrodes and the distance separating the electrodes. The thermal-neutron
beam is shaded red, the foils are shaded gray, and the electrodes are shaded orange.
In order to correlate the simulated reaction-product pulse-height spectra with the simulated

th as a function of LLD setting, the one- and five-foil device results were separately plotted for
sensitive volume perimeters ranging from 1.27 cm x 1.27 cm to 5.08 cm x 5.08 cm and 5.08 cm x
5.08 cm to 7.62 cm x 7.62 cm. The single-foil results are shown in Figure 5.20 and Figure 5.21
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and the five-foil results are shown in Figure 5.22 and Figure 5.23. The simulated reaction-product
pulse-height spectra are represented by solid lines and correspond to the left ordinate of each plot
with units of “Counts/Source Neutron”. The th as a function of LLD setting are represented by
dashed lines and correspond to the right ordinate of each plot. For both the one- and five-foil
scenarios, an up-shift of the energy range of the spectral features and an increase of th occurs as
the sensitive volume perimeter is increased from 1.27 cm x 1.27 cm to 5.08 cm x 5.08 cm. As the
sensitive volume perimeter is increased, the probability of reaction products depositing more
energy within the sensitive volume increases. An increase in th also occurs because more neutronabsorption events occur within the sensitive volume as the sensitive volume perimeter is increased.
However, for sensitive volume perimeters exceeding 5.08 cm x 5.08 cm, a majority of the reactionproduct energy is already deposited within the sensitive volume. Thus, further increases of the
sensitive volume perimeter do not yield a substantial increase in the energy range of the spectral
features or th.

Figure 5.20. MCNP6-simulated reaction-product pulse-height spectra (left ordinate with units of
counts/source neutron) for one 6Li foil surrounded by 10 psig of P-10 proportional gas. The
sensitive volume perimeters range from 1.27 cm x 1.27 cm (0.5 in. x 0.5 in.) to 5.08 cm x 5.08 cm
(2.0 in. x 2.0 in.) in 1.27 cm (0.5 in.) increments. The th as a function of LLD setting are
represented by the corresponding dashed lines for each sensitive volume size.
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Figure 5.21. MCNP6-simulated reaction-product pulse-height spectra (left ordinate with units of
counts/source neutron) for one 6Li foil surrounded by 10 psig of P-10 proportional gas. The
sensitive volume perimeters range from 5.08 cm x 5.08 cm (0.5 in. x 0.5 in.) to 7.62 cm x 7.62 cm
(2.0 in. x 2.0 in.) in 1.27 cm (0.5 in.) increments. The th as a function of LLD setting are
represented by the corresponding dashed lines for each sensitive volume size.

Figure 5.22. MCNP6-simulated reaction-product pulse-height spectra (left ordinate with units of
counts/source neutron) for five 6Li foils surrounded by 10 psig of P-10 proportional gas. The
sensitive volume perimeters range from 1.27 cm x 1.27 cm (0.5 in. x 0.5 in.) to 5.08 cm x 5.08 cm
(2.0 in. x 2.0 in.) in 1.27 cm (0.5 in.) increments. The th as a function of LLD setting are
represented by the corresponding dashed lines for each sensitive volume size.
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Figure 5.23. MCNP6-simulated reaction-product pulse-height spectra (left ordinate with units of
counts/source neutron) for five 6Li foils surrounded by 10 psig of P-10 proportional gas. The
sensitive volume perimeters range from 5.08 cm x 5.08 cm (0.5 in. x 0.5 in.) to 7.62 cm x 7.62 cm
(2.0 in. x 2.0 in.) in 1.27 cm (0.5 in.) increments. The th as a function of LLD setting are
represented by the corresponding dashed lines for each sensitive volume size.
To further explain the results shown in Figure 5.20 - Figure 5.23, a top-down cross-section
view of the change in sensitive volume perimeter relative to the 6Li foils, with fixed dimensions,
is illustrated in Figure 5.24. The two-dimensional scenario also depicts examples of different
reaction-product emission sites with corresponding reaction-product trajectory distributions. For
the larger sensitive volume perimeter (shaded green), all reaction-product emission sites occur
within the sensitive volume. Except for scenario d, all reaction-product trajectories result in full
reaction-product energy deposition within the sensitive volume. However, in scenario d, reactionproduct trajectories exist that prevent the deposition of all of the reaction-product energy within
the sensitive volume before the reaction-product exits the sensitive volume. The distribution of
reaction-product energy that is deposited within the sensitive volume becomes more pronounced
as the sensitive volume perimeter is reduced in size relative to the foil width. Thus, for the smaller
sensitive volume perimeter (shaded purple), only scenario a occurs within the sensitive volume.
Furthermore, only the reaction-product trajectories of scenario a result in full reaction-product
energy deposition within the sensitive volume. In scenario b, only one reaction product is capable
of depositing a portion of its energy within the sensitive volume because the other reaction product
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is emitted in the opposite direction and thus cannot also have a trajectory in the direction of the
sensitive volume. Finally, scenarios c, d, and e illustrate examples where only the longer range
reaction product is capable of depositing a portion of its energy within the sensitive volume.

Figure 5.24. Top-down view of potential reaction-product trajectories for various reactionproduct emission sites (a – e) occurring within two different sensitive volume sizes. The amount of
reaction-product energy deposited within the sensitive volume is dependent on the emission-site
and trajectory of the reaction-product relative to the perimeter of the sensitive volume.
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CHAPTER 6
SUSPENDED FOIL MICROSTRIP NEUTRON
DETECTOR: FABRICATION, CHARACTERIZATION
TESTING METHODOLOGY, AND EXPERIMENTAL
RESULTS
Measure what can be measured, and make measurable
what cannot be measured.
Galileo Galilei

Provided in this chapter is the microstrip-electrode fabrication process (Section 6.1).
Discussion of the characterization methods employed to study the functionality of the microstrip
electrodes follows (Section 6.2). The lithium foil suspension process is then described before
discussing the SFMND assembly and fabrication methods (Section 6.3). Using the foil and
electrode orientations discussed in Section 5.1 and shown in Figure 5.6, SFMNDs containing one
and five 6Li foils were fabricated (Section 6.3). The neutron-sensitivity measurement techniques
are provided with corresponding results (Section 6.4). A discussion of the experimental results
compared to theoretical considerations is provided. Finally, improvements to the SFMND design
are proposed (Section 6.5).

Microstrip-Electrode Fabrication
The microstrip electrodes were fabricated in the KSU S.M.A.R.T. Laboratory class 100
clean room using metal lift-off photolithography techniques [156, 157]. Photolithography is the
transfer of a pattern to a substrate using photoreactive chemicals, more commonly referred to as
photoresist. Once exposed to ultraviolet (UV) light, the photoresist becomes more (positive tone)
or less (negative tone) soluble in a solvent-based, photoresist developer solution. The basic

125

photolithography process occurs as follows. Upon coating the substrate surface with the desired
thickness of photoresist, a photolithography mask is used to block specific regions of the substrate
surface from the UV light. Following UV exposure, the substrate is immersed into a solvent-based
developer solution and the regions of photoresist exposed to the UV light either are removed
(positive tone) or remain (negative tone). The microstrip and drift electrode fabrication steps are
illustrated in Figure 6.1 and discussed in Sections 6.1.1 – 6.1.7. Further discussion of metal liftoff photolithography methods and techniques is provided in the literature [157-160].

Figure 6.1. Metal lift-off photolithography processes used for fabricating the microstrip electrodes
[161].

6.1.1

Substrate Selection

The microstrip electrodes were initially fabricated on 100-mm diameter, 525-µm thick
silicon (Si) wafers with a volume resistivity, v, of 3 – 10  cm and a dielectric constant, εr, of
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11.9 [158]. Both surfaces of the Si wafers had a 3-µm thick layer of silicon dioxide (SiO2). The
volume resistivity and dielectric constant of SiO2 are 1014 – 1017  cm and 3.9, respectively [162,
163]. A gradual reduction in signal amplitude was observed when conducting electrode
characterization (Section 6.2.5) and neutron-sensitivity (Section 6.4.1) measurements using the Si
microstrip electrode. Due to the gradual reduction in signal amplitude, the literature was consulted
[98, 107, 147]. Polarization of the SiO2 layer was suspected to have occurred during the
measurements leading to a gradual reduction of the gas gain (Section 6.2.5). Therefore, an
electrically-stable substrate material was required.
Table 6.1. Comparison of the chemical composition and electrical properties of Schott Borofloat®
33 glass [164, 165] that was developed as a replacement to Corning 7740 glass [166, 167].
Name
Schott Borofloat® 33

Corning 7740

Chemical
Composition
SiO2
B2O3
Na2O/K2O
Al2O3
SiO2
B2O3
Na2O
Al2O3
Misc. Traces

(%)
(81)
(13)
(4)
(2)
(80.6)
(13.0)
(4.0)
(2.3)
(0.1)

Volume Resistivity
v ( cm) @ T(°C)
1.0 x 108 @ 250°C
3.2 x 106 @ 350°C

Dielectric Constant
εr @ 25°C, 1 MHz
4.6

1.3 x 108 @ 250°C
4.0 x 106 @ 350°C

4.6

Glass substrates such as Schott S8900 and Corning 7740 have previously been used as
microstrip-electrode substrates because they are electrically stable over several hours [106, 107].
Schott S8900 is capable of long-term operational stability and has desirable electrical properties
[106, 107, 168], but is not a common type of glass. Consequently, Schott S8900 is relatively
expensive1 compared to other substrate materials used for microstrip electrodes. Corning 7740 is
a well-known, electrically-stable substrate, but is no longer available for purchase. However,
Schott recently began producing a glass-substrate named Borofloat® 33 [164, 165] with a chemical
composition and electrical properties nearly identical to Corning 7740 [166, 167], as listed in Table
6.1. Therefore, 100-mm diameter, 500-µm thick Schott Borofloat® 33 (SB33) substrates were

1

The author received quotes from Schott Suisse SA ranging in price from $1583.60 to $174.60 per wafer for wafer

quantities ranging from 1 to 100 wafers, respectively.
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selected as a replacement to the Si substrates. The SB33 wafers cost $17.90 per wafer. Microstrip
electrodes were also fabricated on the SB33 substrates.

6.1.2

Substrate Preparation

Prior to applying a photoresist coating to the substrate surface, the substrate surfaces were
cleaned, dehydrated, and prepared with a photoresist adhesion promotor. The substrate surfaces
were cleaned using a spin rinse dryer. Once cleaned, any residual water molecules were removed
from the substrate surfaces to prevent partial or complete delamination of the photoresist coating
during the subsequent photolithography processing steps. A dehydration bake-out procedure was
performed by placing the substrate in a cleanroom oven with a temperature setting of 100°C for at
least 20 min. Following the dehydration bake-out procedure, the substrate surfaces were coated
with a photoresist adhesion promotor, hexamethyldisilazane (HMDS), due to the hydrophilic
nature of the substrate surface (specifically SiO2). HMDS removes the surface OH- bonds and
converts the surface state from hydrophilic to hydrophobic. The use of a photoresist adhesion
promotor decreases the probability of water being trapped between the interface of the photoresist
layer and the substrate surface, which can lead to delamination and poor feature resolution
attributed to severe pattern undercutting. The HMDS was vapor deposited onto the substrate
surfaces using a vapor prime oven with a temperature setting of 150°C. Prior to vapor depositing
the HMDS, the substrate remained in the vapor prime oven for at least 10 min.

6.1.3

Photoresist Coating

Given that a metal lift-off photolithography process was used, which requires a controlled
amount of pattern undercutting, negative photoresist was used. The top substrate surface was spincoated with AZ® nLOF 2070 negative photoresist using a photoresist spinner. The photoresist was
deposited onto the center of the substrate prior to initiating the spinning sequence. When depositing
the photoresist onto the substrate surface, the substrate surface must remain free of dust and other
airborne contaminants. Likewise, the photoresist was applied carefully to ensure no bubbles were
incorporated into the photoresist prior to initiating the spin sequence. Should bubbles, dust, and/or
other airborne contaminants be present on the substrate surface prior to initiating the spinning
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sequence, streaks can appear in the photoresist that will alter the resolution of the photolithography
pattern. During the spin-coating process, the photoresist is uniformly applied to the substrate
surface and any residual photoresist is removed from the substrate. The photoresist viscosity, spin
velocity of the substrate, and spin time define the thickness of photoresist applied to the substrate
surface. Following spin-coating, the substrate was placed on a hotplate with a temperature setting
of 105°C for 3 min. in order to perform a contact softbake. The softbake procedure is performed
in order to remove solvent from the photoresist, which, in turn, hardens the photoresist and
improves the photoresist adhesion to the substrate surface. The amount of solvent that is removed
from the photoresist prior to UV exposure is dependent on the time and temperature parameters of
the softbake procedure.

6.1.4

Mask Alignment & UV Exposure

The substrate was positioned beneath the photolithography mask shown in Figure 6.2 and
exposed to UV light for 10 sec. A proximity gap of 6 µm was between the substrate and the
photolithography mask during the UV exposure. The regions of photoresist that were not blocked
by the photolithography mask features absorbed the UV light. When the photoresist absorbs UV
light, the optical energy of the UV light is converted into chemical energy, which initiates a
polymer-linking process referred to as cross-linking. Due to cross-linking, an increase in the
average molecular weight of the cross-linked photoresist occurs. Consequently, the solubility of
the cross-linked photoresist in a photoresist developer solution decreases.
The photolithography mask shown in Figure 6.2 was designed using L-Edit [169] and
fabricated by Advanced Reproductions Corp. The mask design incorporated three microstrip
electrode sizes, with perimeters of 1.27 cm x 1.27 cm (0.5 in. x 0.5 in.), 2.2225 cm x 2.2225 cm
(0.875 in. x 0.875 in.), and 4.1275 cm x 4.1275 cm (1.625 in. x 1.625 in.). Although three
microstrip electrode sizes were fabricated, only the 4.1275 cm x 4.1275 cm (1.625 in. x 1.625 in.)
microstrip electrodes were characterized (Section 6.2) and used for neutron-sensitivity testing
(Section 6.4). However, the capacitance of each electrode size was measured to compare the
electrode capacitance as a function of electrode size (Section 6.2.1). The photolithography mask
was designed in order to fabricate microstrip electrodes featuring 25-µm wide anode strips and
500-µm wide cathode strips with an anode-to-anode pitch of 1000 µm. As shown in Figure 6.2,
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the anode and cathode strips were interconnected to separate 2 mm x 2 mm bond pads. For all
electrode sizes shown in Figure 6.2, the anode strip bond pad is located at the top-right and the
cathode strip bond pad is located at the bottom-left. The spacing between anode and cathode strips
was maintained throughout the length of the strips as well as at the strip ends, as shown in Figure
6.2.

Figure 6.2. Photolithography mask used for fabricating three sizes of microstrip electrodes. The
red-outlined box highlights the 500-µm wide cathode strip ends relative to the interconnected 25µm wide anode strips. The blue-outlined box highlights the 2 mm x 2 mm bond pad for the cathode
strips. A 2 mm x 2 mm bond pad was also used for measuring the signal from the anode strips
(located in the top-right of each electrode pattern). The green-outlined box highlights the anode
strip ends relative to the interconnected cathode strips.

6.1.5

Photoresist Development

Following UV exposure, the substrate was placed on a hotplate with a temperature setting
of 115°C to perform a post-exposure baking (PEB) procedure for 1 min. The PEB procedure
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further hardens the photoresist, improves photoresist adhesion to the substrate surface, and reduces
striations caused by standing wave effects during UV exposure. The substrate was then submerged
in AZ® MIF 300, a metal ion free (MIF), tetramethylammonium hydroxide (TMAH) photoresist
developer solution. The photoresist developer dissolves the regions of photoresist that were not
exposed to UV light. Consequently, following the development step, the remaining photoresist on
the substrate surface is the inverse image of the photolithography mask pattern.
The substrate was visually inspected using optical microscopy to determine the amount of
development that occurred. The degree of pattern undercut was also monitored. Pattern undercut
is important when performing metal lift-off photolithography to ensure that the desired pattern is
retained during the metallization process. When necessary, further development was performed
until sufficient pattern undercut was achieved. The substrate surfaces were then cleaned using a
spin rinse dryer. The substrate surfaces not coated by photoresist were then prepared for
metallization. An O2 plasma ash was performed for 2 min. to remove any residual photoresist
remaining on the substrate surface where the microstrip electrode features would eventually exist.
The substrate was then placed in a bath of buffered oxide etch (BOE) for 30 sec. to etch a thin
layer of the substrate surface in preparation for metallization. Finally, prior to positioning the
substrate(s) within an electron-beam (e-beam) evaporator, a cleaning process was performed using
the spin rinse dryer.

6.1.6

Metallization

Metallization of the microstrip anode and cathode strips as well as the drift electrodes was
accomplished using e-beam evaporation, a physical vapor deposition (PVD) method. The metals
used were Cr, Cu, and Au at thicknesses of 500 Å, 3000 Å, and 1000 Å, respectively. The metals
were selected based on their functionality. The Cr functioned as the adhesion layer to the substrate
surface, the Cu as the conductive layer, and the Au as the encapsulating layer to prevent oxidation
of the Cu conductive layer. Following the metallization process, the substrate was placed in a bath
of AZ® Kwik Strip photoresist remover to remove the remaining photoresist. The substrate
remained in the AZ® Kwik Strip photoresist remover bath overnight and the microstrip electrode
features were inspected the following morning. The microstrip electrodes that were fabricated
using 100-mm diameter, 525-µm thick Si wafers are shown in Figure 6.3 and the microstrip
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electrodes that were fabricated using 100-mm diameter, 500-µm thick SB33 substrates are shown
in Figure 6.4.

Figure 6.3. Microstrip electrodes fabricated using 100-mm diameter, 525-µm thick low-resistivity
silicon wafers with a 3-µm thick layer of SiO2 on both surfaces of the substrate. Anode strips are
labeled with “A” and cathode strips are labeled with “C” [161].

Figure 6.4. Microstrip electrodes fabricated using 100-mm diameter, 500-µm thick Schott
Borofloat® 33 substrates.
The photolithography methods were used only when fabricating the microstrip electrodes.
Due to the planar geometry of the drift electrodes, fewer fabrication steps were inherently required.
First, the substrate surface was cleaned using the spin rinse dryer. The substrate was then inserted
into the e-beam evaporator for metallization. Because no photolithography processing was
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performed, a planar metal layer was deposited on the surface. When fabricating the drift electrodes,
the same metals were used in the same order and with the same thicknesses.

6.1.7

Wafer Dicing

The microstrip and drift electrodes were cut and removed from the wafer using a wafer
dicing saw. During the dicing process, the position of the wafer was maintained using UV dicing
tape. The UV dicing tape features an adhesive surface that the wafer is mounted atop. The dicing
process occurred by orienting the dicing blade relative to the dicing lines defined from the
photolithography mask (Figure 6.2). Once properly aligned, the dicing blade was slowly passed
through the wafer. As the wafer was diced, a mixture of deionized (D.I.) water and cutting fluid
was injected at the cutting site to improve wetting and lubricity, and remove wafer saw dust.
Following the wafer dicing process, the electrodes were rinsed using D.I. water. In order to remove
the electrodes from the dicing tape, the dicing tape was exposed to UV light which reduces the
adhesion between the tape and the wafer/electrodes. The electrodes were then removed, rinsed
with D.I. water, and dried.

Microstrip-Electrode Characterization
The microstrip electrodes were characterized by first measuring the capacitance as a
function of time (Section 6.2.1). Next, counting and gas-multiplication curves were defined for
each substrate (Section 6.2.4). The gain stability of both substrates was then measured and
compared (Section 6.2.5). Finally, the drift electric field strength distribution was measured using
the SB33 microstrip electrode (Section 6.2.6).

6.2.1

Electrode Capacitance Measurements

Capacitance measurements were conducted using a BK Precision 879 LCR (inductance –
L, capacitance – C, resistance – R) meter. The capacitance between the interconnected anode and
cathode strips, CM, was measured with the probes positioned a distance dC apart, as illustrated in
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Figure 6.5. The positive probe was positioned at the anode strip bond pad and the ground probe
was positioned at the cathode strip bond pad. Because the measurement of CM includes the
capacitance between the probes, CP, the capacitance was measured between the probes without
positioning the probes on the anode and cathode strip bond pads. The probes were positioned the
same distance, dC, apart from one another. The net capacitance, CN, was then calculated by
subtracting the probe capacitance, CP, from the capacitance measured with the probes positioned
on the anode and cathode strip bond pads, CM, as described by,

CN  CM  CP .

(6.1)

Figure 6.5. Illustration of the method for measuring the capacitance of the microstrip electrodes.
Listed in Table 6.2 are the measured net capacitances of the Si and SB33 microstrip
electrodes for each electrode size. The capacitance measurements were conducted for frequencies
of 100 Hz, 1 kHz, and 10 kHz. As the electrode size decreases, the net capacitance also decreases.
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Fewer anode and cathode strips are incorporated within the microstrip electrode as the electrode
size decreases. Thus, fewer anode strips are adjacent to neighboring cathode strips, resulting in a
decrease in capacitance. A reduction in capacitance should yield an increase in measured pulse
amplitude (Eq. (3.21)), which, in turn, should improve the signal-to-noise ratio. The reduction in
capacitance as a function of electrode size indicates that segmentation of anode strips may prove
beneficial for reducing the capacitance of the electrode. A difference of over an order of magnitude
in capacitance was measured between the two substrate types for all electrode sizes. For each
electrode size, the change in capacitance as a function of substrate type is suspected to be attributed
to the difference between the Si and SB33 dielectric constants, εr, and the substrate thicknesses.
Table 6.2. Comparison of the silicon (Si) and Schott Borofloat® 33 (SB33) microstrip-electrode
capacitances, in pF, measured for each electrode size.
Frequency
100 Hz
1 kHz
10 kHz

6.2.2

1.2700 cm x 1.2700 cm
Si
SB33
142
6
138
4
138
4

2.2225 cm x 2.2225 cm
Si
SB33
314
22
305
21
303
23

4.1275 cm x 4.1275 cm
Si
SB33
754
63
755
61
756
62

Electrical Connections & Electrode Positioning

Following electrode capacitance measurements, electrical connections were made to the
4.1275 cm x 4.1275 cm electrodes in preparation for conducting microstrip-electrode
characterization measurements. The electrical connections were made by soldering separate 22
AWG silver-plated copper wires to the anode and cathode strip bond pads as well as the surface
of the drift electrode. Once soldered, the electrodes were rinsed using isopropyl alcohol and dried.
The vertical and horizontal positions of the microstrip and drift electrodes were maintained
during microstrip-electrode characterization and SFMND neutron-sensitivity measurements using
the plastic support structure shown in Figure 6.6 and Figure 6.7. The plastic support structure was
designed so that the microstrip and drift electrodes were vertically aligned. The design of the
plastic support structure also allowed for adjusting the distance separating the electrodes, D. The
plastic support structure was fabricated using #6-32 nylon threaded rods, 1.5-mm (0.06-in.) thick
nylon plastic washers, and 0.76-mm (0.03-in.) thick polycarbonate film. The nylon plastic washers
had an inside diameter of 3.3 mm (0.13 in.) and an outside diameter of 7.4 mm (0.29 in.). The
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materials that were used for fabricating the plastic support structure were selected due to their
availability within the laboratory.

Figure 6.6. Illustration of the plastic support structure used for maintaining the positions of the
electrodes while conducting microstrip-electrode characterization and SFMND neutronsensitivity measurements.

Figure 6.7. Isometric (left) and side (right) view photographs of the plastic support structure.
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6.2.3

Testing Instrumentation

The remainder of the microstrip-electrode characterization and the SFMND neutronsensitivity measurements were conducted using an aluminum testing enclosure with exterior
length, width, and height of 20.32 cm (8 in.), 20.32 cm (8 in.), and 18.415 cm (7.25 in.),
respectively, and a wall thickness of 0.9525 cm (0.375 in.) (Figure 6.8). The enclosure had two
SHV feedthroughs to separately apply voltages to the microstrip and drift electrodes. Also shown
in Figure 6.8 is the gas-pressure monitoring system that was used to monitor the enclosure
pressure. The gas-pressure monitoring system provided the option to connect a gas cylinder to the
enclosure. For gas pressures exceeding 30 psig, a SSI Technologies, Inc. MGA-100-A-9V digital
pressure gauge was used to monitor the enclosure pressure, with a maximum pressure rating of
100 psig and a resolution of 0.1 psig [170]. For gas pressures below 30 psig, a SSI Technologies,
Inc. MGA-30-A-9V-R digital pressure gauge was used, with a maximum pressure rating of 30 psig
and a resolution of 0.01 psig [170]. When the enclosure pressure deviated during operation, the
gas-pressure monitoring system was used to add or remove gas from the enclosure.
Shown in Figure 6.9 is the mobile testing station that was used to conduct microstripelectrode characterization and SFMND neutron-sensitivity measurements. The mobile testing
station was equipped with the components listed in Table 6.3. Diagrams of the equipment
configurations used for microstrip-electrode characterization and SFMND neutron-sensitivity
measurements are shown in Figure E.1 and Figure E.2, respectively, of Appendix E. While
performing measurements, the operating voltage of the anode strips was monitored using a Fluke
IV True RMS digital multimeter and the drift electrode operating voltage was monitored using a
Fluke 8010A digital multimeter. The DC voltage ranges, with corresponding resolutions, for each
digital multimeter are listed in Table 6.4.

137

Figure 6.8. Aluminum testing enclosure used for microstrip-electrode characterization and
neutron-sensitivity measurements. The enclosure had two SHV feedthroughs to separately apply
operating voltages to the microstrip and drift electrodes. Also shown is the gas-pressure
monitoring system with a digital pressure gauge and valve assembly for pressure balancing. A gas
cylinder could be attached to the enclosure using a quarter-turn valve (upper left).
Table 6.3. Mobile testing station components. The numbers correspond to those shown in Figure
6.9 B.
Component
1.) Microstrip-Electrode Digital Multimeter
2.) Oscilloscope
3.) PC Equipped with Multi-Channel Analyzer
4.) Uninterruptible Power Supply
5.) Tail-Pulse Generator
6.) Microstrip-Electrode High Voltage Power Supply
7.) Shaping Amplifier
8.) Integral Dual Discriminator
9.) Dual Counter/Timer
10.) Drift-Electrode High Voltage Power Supply
11.) Drift Electrode Digital Multimeter
11.) 10X Voltage Divider Circuit
11.) Preamplifier (not shown in Figure 6.9)
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Brand
Model Number
Fluke
89 IV True RMS
Tektronix
TDS 2004B
Ortec
TRUMP-PCI
APC
XS 1000
BNC
BH-1
Canberra
3106D
Canberra
2022
Canberra
2032
Canberra
512
Canberra
3105
Fluke
8010A
Custom Built
Ortec
142PC

Figure 6.9. (A) Mobile testing station used for characterizing the microstrip electrodes and
performing neutron-sensitivity measurements. (B) Measurement components with numbers
corresponding to those listed in Table 6.3. (C) Fluke 8010A digital multimeter connected to a 10X
voltage divider used for monitoring the drift electrode operating voltage.
Table 6.4. Digital multimeters used for monitoring the operating voltages of the anode strips and
drift electrode [171, 172].
Digital Multimeter
Fluke IV True RMS
Fluke 8010A

DC Voltage Range (V)
±500
±1000
±200
±1000
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Resolution (V)
0.01
0.1
0.1
1

When performing measurements, the drift electrode operating voltage setting often
exceeded -1000 V. To prevent damaging the Fluke 8010A digital multimeter, a 10X voltage
divider circuit (Figure 6.10) was designed and connected between the Canberra 3105 high voltage
power supply and the Fluke 8010A digital multimeter. The 5 MΩ potentiometer (R4 in Figure
6.10) was used to fine-tune the series resistance of the voltage divider circuit (R1 + R2 + R3 + R4).
The series resistance was fined-tuned to ensure an accurate 10X reduction in voltage across the
voltage divider, based on the input impedance of the digital multimeter.

Figure 6.10. (left) Voltage divider circuit designed to provide a 10X reduction in voltage. (right)
The voltage divider circuit that was fabricated and used for measurements.

6.2.4

Counting & Gas-Multiplication Curves

Counting and gas-multiplication curves were simultaneously defined for the Si microstrip
electrode. Separately, the curves were also simultaneously defined for the SB33 microstrip
electrode. During the measurements, the total number of counts tallied during the measurement
time and the pulse amplitudes were monitored using a multi-channel analyzer. The counting curve
was defined by plotting the measured count rate, the total number of counts tallied divided by the
measurement time, as a function of anode strip applied voltage. The gas multiplication curve
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represents the distribution of gas multiplication factors measured as a function of anode strip
applied voltage. The gas multiplication factor, M, was calculated as

M

Pi
,
P0

(6.2)

where Pi is the measured pulse amplitude for a given applied voltage setting, V i , and P0 is the
pulse amplitude measured for an anode strip operating voltage of approximately 0 V [173]. The
most prominent pulse amplitude at each applied voltage setting was used when calculating M.
During the measurements, the drift electrode operating voltage was maintained at -500 V or -1000
V when using the Si or SB33 microstrip electrode, respectively, and the cathode strips were
maintained at ground potential. The operating voltage of the anode strips was incrementally
increased until the measured pulse amplitudes exceeded the capabilities of the nuclear instrument
module (NIM) equipment.

Figure 6.11. Illustration of the testing apparatus used for defining the counting and gasmultiplication curves using either the Si or SB33 microstrip electrode positioned at a distance of
approximately 4 cm from the planar, drift electrode [161].
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The counting and gas multiplication curves were defined using the testing configuration
illustrated in Figure 6.11. The positions of the microstrip and drift electrodes were maintained
using the plastic support structure shown in Figure 6.6 and Figure 6.7. The electrodes were
separated by a distance, D, of approximately 4 cm. A collimated 241Am alpha-particle source was
used in order to inject energy between the microstrip and drift electrodes. The diameter of the
collimator aperture was approximately 2.5 mm. The collimated 241Am alpha-particle source was
positioned 19 mm above the surface of the microstrip electrode. The surface of the alpha-particle
source and the perimeter of the sensitive volume were separated by a distance of 20 mm. Because
the position of the collimated 241Am alpha-particle source remained constant relative to the testing
configuration, the amount of energy deposited by alpha particles within the sensitive volume was
approximately constant. Shown in Figure 6.12 is a top-down view of the collimator containing the
241

Am alpha-particle source relative to the microstrip electrode and plastic support structure.

Figure 6.12. Top-down view of the source collimator orientation relative to the microstrip
electrode. A small portion of the alpha-particle source is visible on the left side of the collimator.
The counting and gas-multiplication curves were defined with the testing apparatus (Figure
6.11 and Figure 6.12) contained within the aluminum testing enclosure (Figure 6.8). The
components were thoroughly cleaned using isopropyl alcohol and dried prior to assembling the
testing configuration. The testing configuration was assembled within the aluminum testing
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enclosure and the enclosure was sealed. Prior to conducting measurements, the sealed, aluminum
testing enclosure was maintained under rough vacuum overnight and pressurized with P-10 gas
the following morning. The aluminum testing enclosure was pressurized with 3.7 psig (1.25 atm)
of P-10 gas. Thus, the combination of the alpha-particle source position relative to the sensitive
volume and the P-10 gas pressure resulted in approximately 3.6 MeV of the energy of the incident
alpha particles being deposited within the sensitive volume. The energy deposited between the
electrodes was estimated based on the characteristic Bragg ionization curve of 5.48 MeV alpha
particles in 3.7 psig of P-10 gas [96].
Shown in Figure 6.13 are the counting and gas-multiplication curves of the Si microstrip
electrode. The curves were defined by increasing the operating voltage of the anode strips from 0
to 350 V in 10 volt increments. The counting curve plateau occurs between applied voltages of 70
– 350 V. The percent change in count rate of the counting curve plateau was calculated using Eq.
(3.50) to be 2.5% per 100 V. The increase in gas multiplication factor as the operating voltage of
the anode strips was increased indicates that Townsend avalanching occurred, and, therefore, the
device was operating in proportional mode.

Figure 6.13. Counting and gas-multiplication curves measured from a collimated 241Am alphaparticle source using the Si microstrip electrode for various anode strip operating voltages.
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The counting and gas-multiplication curves of the SB33 microstrip electrode are shown in
Figure 6.14. The curves were defined by increasing the operating voltage of the anode strips from
0 to 550 V in 25 volt increments. The counting curve plateau occurs between applied voltages of
50 – 500 V. The percent change in count rate of the counting curve plateau was calculated using
Eq. (3.50) to be 4.6% per 100 V. Like the Si microstrip electrode, the increase in gas multiplication
factor as the operating voltage of the anode strips was increased indicates that Townsend
avalanching occurred.

Figure 6.14. Counting and gas-multiplication curves measured from a collimated 241Am alphaparticle source using the SB33 microstrip electrode for various anode strip applied voltages [161].

6.2.5

Gain Stability Measurements

The testing configuration illustrated in Figure 6.11 was also used to compare the gain
stability of the Si and SB33 microstrip electrodes. The gain stability was measured by monitoring
the most prominent pulse amplitude as a function of time. The measurements were conducted for
approximately 24 hours and the pulse amplitudes were monitored using a multi-channel analyzer.
The pulse amplitudes were attributed to energy deposited within the sensitive volume from alpha
particles emitted from a collimated

241

Am alpha-particle source. The horizontal and vertical
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positions of the collimated

241

Am alpha-particle source remained constant relative to the testing

configuration for all measurements. Because the position of the collimated

241

Am alpha-particle

source remained constant relative to the testing configuration, the amount of energy deposited by
alpha particles within the sensitive volume was approximately constant.
Like the counting and gas multiplication curves measurements, the positions of the
microstrip and drift electrodes were maintained using the plastic support structure shown in Figure
6.6 and Figure 6.7. The electrodes were separated by a distance, D, of approximately 4 cm. The
241

Am alpha-particle source was positioned within a collimator with a 2.5-mm diameter aperture.

The horizontal and vertical positions of the collimated 241Am alpha-particle source were the same
as those used to define the counting and gas multiplication curves. Likewise, the same cleaning
and assembly procedures were performed as were used for defining the counting and gas
multiplication curves (Section 6.2.4). Once the testing configuration was assembled and installed,
the aluminum testing enclosure (Figure 6.8) was sealed, maintained under rough vacuum
overnight, and pressurized with 3.7 psig (1.25 atm) of P-10 gas the following morning. The
combination of the alpha-particle source position relative to the sensitive volume and the P-10 gas
pressure resulted in approximately 3.6 MeV of the energy of the incident alpha particles being
deposited within the sensitive volume. The energy deposited between the electrodes was estimated
based on the characteristic Bragg ionization curve of 5.48 MeV alpha particles in 3.7 psig of P-10
gas [96].
During the measurements, constant operating voltages were applied to the anode and
cathode strips as well as the drift electrode. The cathode strips were maintained at ground potential
and the operating voltage of the drift electrode was maintained at -1000 V. The operating voltage
of the anode strips was maintained at 300 V when using the Si microstrip electrode and 400 V
when using the SB33 microstrip electrode. The operating voltages of the anode strips were selected
based on the counting curve results. The drift electrode operating voltage was defined in order to
achieve a reduced electric field strength of approximately 0.35 V cm-1 Torr-1 in 3.7 psig of P-10
gas [99, 129].
Shown in Figure 6.15 is the relative gain as a function of time of the SB33 microstrip
electrode compared to the Si microstrip electrode. The relative gain, Gt , at time t was calculated
by normalizing the pulse amplitude, Pt , measured at time t relative to the maximum measured
pulse amplitude, PMAX , as defined by,
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Gt 

Pt
.
PMAX

(6.3)

During the first hour of measurements, the relative gain of both microstrip electrodes increased.
The initial increase in relative gain was suspected to be attributed to charging of the substrate
surface after initially applying voltage. Furthermore, the increase was suspected to have occurred
until an equilibrium operating condition was reached [106]. After the first hour, the SB33
microstrip electrode remained electrically stable for approximately 23 hours. However, the relative
gain of the Si microstrip electrode began to decrease immediately following the first hour of
operation. The decrease in relative gain of the Si microstrip electrode was suspected to be from
polarization of the SiO2 surface layer [107, 147].

Figure 6.15. Relative gain as a function of time of the Si and SB33 microstrip electrodes. The
operating voltages of the microstrip and drift electrodes were maintained for approximately 24
hours for each measurement scenario [161].
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6.2.6

Drift Electric Field Profiling

Using the experimental setup illustrated in Figure 6.16, the electric field strength
distribution was measured between an anode (either planar electrode or SB33 microstrip electrode)
and the planar, drift electrode. Measurements were performed after an initial one hour duration of
time for the electrode setup to reach a stable operating condition. The study was not conducted
using the Si microstrip electrode due to the electrical instability previously measured (Section
6.2.5). The electric field strength distribution was measured by monitoring the most prominent
pulse amplitude as a function of the vertical position of a collimated 241Am alpha-particle source.
The pulse amplitudes were attributed to the energy deposited by alpha particles within the sensitive
volume and were monitored using a multi-channel analyzer. The collimated 241Am alpha-particle
source was positioned at five discrete vertical positions along the length of the drift electric field
region between the electrodes, as illustrated in Figure 6.16. Although the vertical position of the
collimated

241

Am alpha-particle source did not remain constant, the horizontal position of the

source relative to the testing configuration remained approximately constant for all measurements.
Consequently, the amount of alpha-particle energy deposited within the sensitive volume was
approximately constant for all measurements.

Figure 6.16. Illustration of the testing assembly used for measuring the drift electric field strength
distribution between an anode (either planar or SB33 microstrip electrode) and the planar, drift
electrode [161].
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The plastic support structure shown in Figure 6.6 and Figure 6.7 was used to maintain the
positions of the electrodes while conducting the electric field strength distribution measurements.
The electrodes were separated by a distance, D, of approximately 4 cm. The 241Am alpha-particle
source was positioned within a collimator with a 2.5-mm diameter aperture. The surface of the
alpha-particle source and the edge of the microstrip electrode were separated by a distance of 30
mm. Shown in Figure 6.17 is a top-down view of the orientation of the collimated

241

Am alpha-

particle source relative to the electrode assembly.

Figure 6.17. Top-down view of the source collimator orientation relative to the testing assembly
containing the microstrip or planar electrode (anode) and drift electrode.
The same cleaning procedures and assembly procedures were performed as were used for
defining the counting and gas multiplication curves (Section 6.2.4) as well as for performing the
gain stability measurements (Section 6.2.5). Once the testing configuration was assembled and
installed, the aluminum testing enclosure (Figure 6.8) was sealed, maintained under rough vacuum
overnight, and pressurized with 1.0 psig (1.07 atm) of P-10 gas the following morning. The alphaparticle source horizontal position relative to the sensitive volume combined with the P-10 gas
pressure resulted in approximately 2.4 MeV of the energy of the incident alpha particles being
deposited within the sensitive volume. The energy deposited between the electrodes was estimated

148

based on the characteristic Bragg ionization curve of 5.48 MeV alpha particles in 1.0 psig of P-10
gas [96].
Constant operating voltages were applied to the anode and cathode strips as well as the
drift electrode while conducting the measurements. The operating voltage of the anode (either
planar electrode or SB33 microstrip-electrode anode strips) was maintained at 400 V and the drift
electrode was maintained at -1000 V for all measurements. When using the SB33 microstrip
electrode, the cathode strips were maintained at ground potential. The anode operating voltage was
selected based on the counting curve results measured using the SB33 microstrip electrode
(Section 6.2.4). The drift electrode operating voltage was defined in order to achieve a reduced
electric field strength of approximately 0.35 V cm-1 Torr-1 in 3.7 psig of P-10 gas [99, 129].
Listed in Table 6.5 are the pulse amplitude values measured using either the planar anode
or the SB33 microstrip electrode with corresponding source heights. Shown in Figure 6.18 are the
distributions of measured pulse amplitudes (indicated on the x-axis as “Peak Channel”). The peak
channel of each source position corresponds to the most prominent channel of the pulse-height
spectrum measured using Ortec’s multi-channel analyzer program Maestro®. Recalling Eq. (3.37),
which states that pulse amplitudes measured using an ionization chamber are position-dependent,
the distribution of pulse amplitudes measured with the planar scenario was consistent with a
parallel-plate ionization chamber.
Table 6.5. Vertical positions of the collimated 241Am alpha-particle source used for measuring the
pulse amplitude distribution [161].
Position
1
2
3
4
5

Source Height From
Anode Surface (cm)
3.20
2.55
1.90
1.25
0.60

Planar
Peak Channel
54.23
66.84
58.70
50.42
37.21
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SB33-Microstrip
Peak Channel
109.62
118.22
128.84
199.30
255.69

Figure 6.18. Comparison of the measured pulse-amplitude (peak channel) distribution as a
function of the position of a collimated 241Am alpha-particle source for an anode using either a
planar electrode or a SB33 microstrip electrode [161].
A non-uniform pulse amplitude distribution is evident for the SB33 microstrip-electrode
scenario. The pulse amplitude increases slightly up to approximately half-way between the drift
and microstrip electrodes (source height of approximately 2.6 cm). Between the microstrip
electrode (anode) and a source height of approximately 2.6 cm, a substantial increase in pulse
amplitude occurs for each source position as the collimated

241

Am alpha-particle source is

positioned closer to the microstrip electrode surface. Because the horizontal position of the 241Am
alpha-particle source relative to the testing configuration remained approximately constant, the
amount of energy deposited within the sensitive volume also remained approximately constant.
Thus, the increase in measured pulse amplitude was suspected to have occurred due to a change in
the electric field strength. Specifically, the electric field strength is suspected to increase as the
microstrip electrode surface is approached. The increase in electric field strength, in turn, affects
the velocity of charge carriers. Consequently, as the electric field strength increases, charge
carriers can displace longer distances during the time response of the pulse formation process
(defined by the RC time constant), resulting in the formation of a larger amplitude pulse.
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Given the distribution of pulse amplitudes measured with the SB33 scenario, simulations
of the electric field strength distribution were performed using the 3D electric field analysis
software COULOMB [174]. The microstrip and drift electrode geometries used for testing (Section
6.1) were implemented into the simulation environment. The drift electrode surface was oriented
parallel to the microstrip electrode surface and the electrodes were separated by a distance of
approximately 4 cm. The anode strips were defined in the simulation environment with an
operating voltage of 400 V and the operating voltage of the cathode strips were defined at ground
potential (0 V). The drift electrode was defined with an operating voltage of -1000 V. Although
1.0 psig of P-10 gas was used for the measurements, Ar gas at atmospheric pressure was selected
as the dielectric material between the microstrip and drift electrodes to provide a close
approximation to P-10 gas.

Figure 6.19. COULOMB simulation results for the electric field strength distribution (in linear
scale) as a function of vertical distance between the microstrip and drift electrodes. The dashed
lines provide a frame of reference for the vertical positions of the collimated 241Am alpha-particle
source positions defined from Figure 6.18 and Table 6.5.
Shown in Figure 6.19 is the simulated electric field strength distribution as a function of
vertical position, defined using COULOMB. The positions of the microstrip and drift electrodes
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are indicated by dot-dashed lines (― ∙ ―). The microstrip electrode is located at a vertical position
of 0.75 cm and the drift electrode is located at a vertical position of 4.7 cm. The dashed lines
(- - -) indicate the approximate vertical positions above the microstrip-electrode surface where the
collimated 241Am alpha-particle source was measured (Figure 6.18 and Table 6.5). A non-uniform
electric field strength distribution occurs between the microstrip and drift electrodes. Recalling Eq.
(3.25), the velocity of charge carriers is dependent on the electric field strength. The distribution
of electric field strength should have minimal effect on electron drift because electrons will
eventually achieve saturation velocity for a sufficiently high electric field strength. Consequently,
electrons should be capable of drifting the full distance between the site of charge-carrier liberation
and the collecting electrode during the time response of the pulse formation process. However, the
velocity of positively-charged ions will be dependent on the local electric field strength. Thus, the
distance displaced by positively-charged ions during the time response of the pulse formation
process will also be dependent on the local electric field strength. Recalling from Chapter 3, the
pulse amplitude is dependent on the change in induced charge on the collecting electrode, which
is dependent on the distance displaced by charge carriers during the time response of the pulse
formation process (defined by the RC time constant). Therefore, the distribution of distances
displaced by positively-charged ions during the time response of the pulse formation process yields
a distribution of pulse amplitudes.
The shape of the simulated electric field strength distribution shown in Figure 6.19 is
similar to the measured pulse amplitude distribution measurement results shown in Figure 6.18.
Thus, in order to further study the distribution of pulse amplitudes measured experimentally, the
electric field strength values at the dashed line locations shown in Figure 6.19 were normalized
and plotted in comparison to the normalized pulse amplitudes shown in Figure 6.18. The electric
field strength values and measured pulse amplitudes were normalized relative to the values
reported at the position closest to the microstrip electrode surface. A comparison of the two
normalized data sets is shown in Figure 6.20. The normalized pulse amplitude distribution
corresponds to the left ordinate and the normalized electric field strength distribution corresponds
to the right ordinate. Both data sets have similar shapes, which suggests that a non-uniform electric
field strength distribution may have been present within the device when conducting the
experimental measurements (Figure 6.18). Consequently, a non-uniform distribution of pulse
amplitudes was measured.
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Although not accounted for in the COULOMB simulations, nylon and other highoutgassing materials were used to construct the plastic support structure (Figure 6.6 and Figure
6.7) due to the availability of the materials in the laboratory. Thus, in addition to the suspected
non-uniform electric field strength distribution present within the device while conducting
measurements, electron attachment [93, 97] was also suspected to have occurred during the drift
electric field profiling measurements. The components that were composed of nylon and other
high-outgassing materials may have resulted in O2, water vapor/moisture (H2O), and/or other
volatiles being present within the testing enclosure during the measurements. Consequently, the
presence of O2, H2O, and/or other volatiles within the testing enclosure may have resulted in
electron attachment. Recalling Section 3.3, if electron attachment occurred, the population of
electrons that arrive at the microstrip electrode would have varied as a function of position between
the microstrip and drift electrodes. Consequently, a degradation in pulse amplitude may have
occurred as the collimated

241

Am alpha-particle source was positioned further away from the

microstrip-electrode surface.

Figure 6.20. Comparison of the measured pulse-amplitude distribution to the COULOMBsimulated electric field strength distribution. Both data sets were separately normalized in order
to provide a comparison of the two distributions.
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SFMND Assembly & Fabrication Processes
The following sections describe the design and assembly of the SFMND components. First,
the design attributes of the 3D-printed support device and aluminum frames are described (Section
6.3.1). The plastic support structure was used to maintain the position of the 3D-printed support
device relative to the electrodes and is also discussed (Section 6.3.1). The second section provides
the steps and procedures required for fabricating SFMNDs (Section 6.3.2).

6.3.1

Design of SFMND Components

Recalling from Figure 5.6, the SFMND consists of 6Li foil(s) positioned in between
microstrip and drift electrodes and oriented perpendicular to the electrode surfaces. Thus, in order
to fabricate a testable SFMND, components were designed to suspend the 6Li foil(s) between the
electrodes. Due to the malleable nature of lithium metal, the 6Li foils were adhered to rigid,
aluminum frames. The frames also aided in maintaining the positions of the foils between the
electrodes. The aluminum frames were designed with a length, LA, and height, HA, of
approximately 5.2 cm and 3.0 cm, respectively, because the length, LF, and height, HF, of the 96%enriched 6Li foil(s) were 5.00 cm and 2.95 cm, respectively. The aluminum frames featured a
window in the center to allow reaction products to escape from either side of the 6Li foil (Figure
5.9). The perimeter of the window had a length, LW, of approximately 4.45 cm and a height, HW,
of 2.54 cm. The aluminum frames were water-jet cut from a single sheet of 0.79-mm (1/32-in.)
thick 6061 aluminum. The 6Li foil and aluminum frame design parameters were defined in order
to compare the experimental neutron-sensitivity results (Section 6.4) to the simulated results
(Section 5.3).
A suspension device was designed that could maintain the positions of the aluminum
frames between the electrodes. The suspension device was designed using SolidWorks [175] with
dimensions of approximately 4.3 cm x 5.9 cm x 3.4 cm, as shown in Figure 6.21. The suspension
device contained twenty 1-mm wide frame slots, which allowed for the position and spacing of the
foils to be adjustable. Neighboring frame slots were separated from one another by 1-mm thick
dividers. A mock-up of the suspension device with a non-laminated aluminum frame is shown in
Figure 6.22. The suspension device was 3D printed using ABS plastic and will be henceforth
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referred to as the 3D-printed support device. Although the 3D-printed support device had twenty
frame slots, only devices with one or five suspended foils were fabricated and tested. The
orientation of the 3D-printed support device relative to the electrodes is illustrated in Figure 6.23.

Figure 6.21. Design attributes of the 3D-printed support device used for maintaining the
position(s) of the foil(s) during SFMND neutron-sensitivity testing.
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Figure 6.22. Isometric (left) and side (right) view photographs of the suspension device (3Dprinted support device) containing a non-laminated aluminum frame.

Figure 6.23. Orientation of the 3D-printed support device containing a laminated foil relative to
the microstrip and drift electrodes.
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The plastic support structure (Figure 6.6 and Figure 6.7) was used to maintain the position
and orientation of the 3D-printed support device relative to the electrodes, as illustrated in Figure
6.24. A mock-up of the 3D-printed support device and electrodes, with positions maintained using
the plastic support structure, is shown in Figure 6.25. The nylon washers (threaded on the nylon
threaded rods) were used to support and maintain the orientation of the 3D-printed support device.
Thus, the vertical position of the 3D-printed support structure was established by adjusting the
vertical positions of the nylon washers. The vertical positions of the nylon washers were set in
order to maintain a vertical distance of 3 mm between the electrodes and the 3D-printed support
device. The horizontal position of the 3D-printed support device, relative to the electrodes, was
maintained due to the established positions of the nylon threaded rods of the plastic support
structure.

Figure 6.24. Illustration of the plastic support structure used for maintaining the orientation of
the 3D-printed support device relative to the microstrip and drift electrodes.
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Figure 6.25. Isometric (left), top-down (top-right), and side (bottom-right) view photographs of
the plastic support structure containing the 3D-printed support device. The orientation of the 3Dprinted support device, containing a non-laminated aluminum frame, is shown relative to the
microstrip and drift electrodes.

6.3.2

Assembly of SFMNDs

The first-ever SFMNDs were fabricated using Si microstrip electrodes and contained either
one or five 6Li foils. Once SB33 microstrip electrodes were identified as an electrically-stable
alternative, SFMNDs containing one and five 6Li foils were also fabricated and tested. The
SFMNDs were fabricated within the confines of a Vigor SG2400/1000TS glovebox with an argon
atmosphere due to the reactivity of 6Li metal in open atmosphere. Prior to being inserted into the
glovebox, the SFMND components (3D-printed support device, aluminum enclosure, aluminum
frames, plastic support structure, and electrodes) were thoroughly cleaned using isopropyl alcohol
and dried. The SFMND components were inserted into the antechamber of the glovebox and a
purge cycle was conducted three times. During each purge cycle, the antechamber was maintained
under rough vacuum for 30 minutes and then repressurized using the argon glovebox environment.
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Once inside the glovebox, the 75-µm thick, 96%-enriched 6Li foils were adhered to the
aluminum frames using a lamination process. The foils were laminated to the frames to allow the
non-laminated face of the 6Li foil to be uniformly-capable of allowing reaction products to escape
the foil and enter the backfilled gas. The 6Li foils were cut using scissors and care was taken to
ensure that the foil did not stretch or tear during the cutting process. Each foil was carefully
positioned atop an aluminum frame. The foil and frame were sandwiched between sheets of
Teflon® to prevent the foil from tearing during the lamination process. Each sandwiched foil and
frame was then fed through an Apache AL13P laminator with a temperature setting of 200°F. Two
lamination processes were performed for each foil. The foil was inspected following the lamination
processes to ensure proper foil adhesion was achieved. Shown in Figure 6.26 are the front (left)
and back (right) of a 6Li-laminated aluminum frame.

Figure 6.26. (Left) Front of a 0.79-mm (1/32-in.) thick aluminum frame with a laminated 6Li foil
adhered to the surface. The entire face of the laminated 6Li foil is capable of allowing reaction
products to escape the 6Li foil and enter the detector gas. (Right) Backside of an aluminum frame
showing that only the center opening of the frame allows reaction products to escape the 6Li foil
and enter the detector gas [155].
The laminated frames were then carefully inserted into the 3D-printed support device.
Shown in Figure 6.27 is the 3D-printed support device containing one (left) and five (right) 6Lilaminated aluminum frames. The position of the single foil was offset from center by 1 mm within
the 3D-printed support device (illustrated in Figure 5.13). For the five-foil SFMNDs, the spacing
between neighboring foils, d, was 7.64 mm when using the Si microstrip electrode and 5.73 mm
when using the SB33 microstrip electrode. The 3D-printed support device was positioned between
the microstrip and drift electrodes using the plastic support structure, as shown in Figure 6.24 and
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Figure 6.25. Shown in Figure 6.28 is the 3D-printed support device containing one (left) and five
(right) laminated 6Li foils positioned above a microstrip electrode.

Figure 6.27. 3D-printed plastic support device containing one (left) and five (right) 6Li foil(s) used
for suspending 6Li foil(s) between microstrip and drift electrodes [155].

Figure 6.28. Top-down views of the 3D-printed support device containing one (left) and five (right)
laminated 6Li foils. The microstrip electrode is shown below.
The entire testing assembly was positioned within the aluminum enclosure (Figure 6.8).
The aluminum enclosure, containing atmospheric pressure of the argon glovebox environment,
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was sealed before being removed from the glovebox. Immediately following removal from the
glovebox, the aluminum enclosure was connected to a gas-filling system. Heat tape was wrapped
around the enclosure and a bake-out procedure was performed with the aluminum enclosure
maintained under rough vacuum overnight. The bake-out procedure was performed in an attempt
to remove O2, H2O, and other volatiles. Following the bake-out procedure, the test enclosure was
pressurized with P-10 gas.

Neutron-Sensitivity Testing
The following sections describe the testing methodology employed to measure the neutron
sensitivity of one- and five-foil SFMNDs fabricated with either a Si or SB33 microstrip electrode.
One- and five-foil SFMNDs with a Si microstrip electrode were initially fabricated and tested
(Section 6.4.1). The reaction-product pulse-height spectra and th were measured and compared to
MCNP6 simulation results. Following the identification of SB33 as an electrically-stable
microstrip electrode, one- and five-foil SFMNDs with a SB33 microstrip electrode were fabricated
and neutron-sensitivity measurements were performed (Section 6.4.2). The measured th values
and reaction-product pulse-height spectra were compared to simulated results. Gamma-ray
rejection ratio measurements were also conducted using the SB33-based SFMNDs. The th of each
device was calculated using Eq. (2.20) and Eq. (2.21) in reference to a 4.0 atm, 5.08-cm diameter,
15.24-cm long Reuter Stokes 3He tube with an th of 80.7 ± 0.5% [89].

6.4.1

Silicon Microstrip Electrode

One- and five-foil SFMNDs with a Si microstrip electrode were separately contained
within the aluminum testing enclosure (Figure 6.8) pressurized with 30.4 psig (3.07 atm) of P-10
gas while conducting neutron-sensitivity testing. Elevated P-10 pressures were initially used to
increase the amount of reaction-product ionization that could occur within the sensitive volume.
In order to maintain a reduced electric field strength of approximately 0.3 V cm-1 Torr-1 [99, 129],
the operating voltages of the drift electrode, VDP, and anode strips, VA, were -2350 V and 380 V,
respectively. The operating voltage of the cathode strips, VC, was maintained at ground potential.
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Figure 6.29. Orientation of HDPE slabs and the ANSI-specified moderator cask containing the
26-ng 252Cf source relative to the aluminum testing enclosure.
Initially, neutron-sensitivity measurements were conducted using a 26-ng

252

Cf source

surrounded by an ANSI-specified moderator cask [176]. The moderated 252Cf measurements were
performed to measure the reaction-product pulse-height spectra for each device. The orientation
of the aluminum testing enclosure relative to the ANSI-specified moderator cask is shown in
Figure 6.29. Slabs of high-density polyethylene (HDPE) moderator were positioned in front and
behind the aluminum enclosure to moderate the fast neutrons emitted from the spontaneous fission
of the

252

Cf source. The HDPE slabs each had a thickness of 2.54 cm (1 in.). The

252

Cf

measurements were conducted prior to understanding the gain instability of the Si microstrip
electrode. One-hour 252Cf measurements were conducted for each device. As consecutive one-hour
252

Cf measurements were performed, the spectral features gradually shifted into lower channels.

The gradual shift to lower channels was eventually attributed to the suspected gain instability of
the Si microstrip electrode. The best reaction-product pulse-height spectrum measured for each
device are shown in Figure 6.30. The reaction-product pulse-height spectra shown in Figure 6.30
are some of the first-ever spectra measured using SFMNDs.
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Figure 6.30. Reaction-product pulse-height spectra of one- and five-foil SFMNDs measured from
a 252Cf source housed within an ANSI-specified moderator cask. The SFMNDs were fabricated
using a Si microstrip electrode.
MCNP6 simulations were also conducted for each device to compare the measured and
simulated reaction-product pulse-height spectra of each device. The MCNP6 simulation
environments were defined in order to mimic the measurement scenarios. Thus, the materials,
positions, and orientations of the electrodes, 6Li foil(s), and foil frames were approximately the
same as those used for conducting measurements. Likewise, the gas pressure and type were defined
as 30.4 psig (3.07 atm) of P-10 gas. Shown in Figure 6.31 and Figure 6.32 are top-down views
comparing the MCNP6 simulation environment to the experimental configurations for one- and
five-foil devices. The MCNP6 simulations were also used for comparing measured and simulated
values of th for each device. Thus, the simulations were defined with a 5-mm diameter thermalneutron beam incident on the center of the face of the 6Li foil(s). Shown in Figure 6.33 are the
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simulated reaction-product pulse-height spectra of one- and five-foil SFMNDs with a Si microstrip
electrode. The shapes of the measured (Figure 6.30) and simulated (Figure 6.33) reaction-product
pulse-height spectra appear similar, however the measured spectral features appear to be downshifted relative to the simulated spectral features.

Figure 6.31. Top-down views of the MCNP6 simulation environment (left) to the experimental
configuration (right) used for comparing the measured and simulated reaction-product pulseheight spectra and th of a one-foil SFMND with a Si microstrip electrode.

Figure 6.32. Top-down views of the MCNP6 simulation environment (left) to the experimental
configuration (right) used for comparing the measured and simulated reaction-product pulseheight spectra and th of a five-foil SFMND with a Si microstrip electrode.
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Figure 6.33. MCNP6-simulated reaction-product pulse-height spectra of SFMNDs containing one
and five 6Li foils.
Measurements of th were conducted using the tangential beam port of the KSU TRIGA
Mk II research reactor and compared to values simulated using MCNP6. The neutron beam
emerging from the tangential beam port was collimated using a 5-mm diameter cadmium
collimator. The aluminum enclosure was positioned relative to the neutron beam in order to align
the center of the neutron beam with the center of the 6Li foil(s). The measured net count rate of the
one-foil SFMND was 3.25 ± 0.04 counts per second, yielding an th of 4.02 ± 0.04%. The measured
net count rate of the five-foil SFMND was 10.62 ± 0.14 counts per second, yielding an th of 14.58
± 0.11%. Simulated th of the one- and five-foil devices were 19.06% and 54.91%, respectively.
The down-shift in spectral features observed from the 252Cf measurements combined with
the difference between measured and simulated th was suspected to have occurred due to a
combination of the measured capacitance (Section 6.2.1) and the gain instability (Section 6.2.5) of
the Si microstrip electrode. The measured capacitance of the Si microstrip electrode may have
resulted in a signal-to-noise ratio that led to lower-energy events blending with electronic noise.
Consequently, if lower-energy events blended with electronic noise, those events would not
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contribute to the measured th, thus yielding a lower th relative to the predicted value. The
suspected polarization of the SiO2 surface layer may have resulted in the gradual reduction of
electric field strength and thus a gradual reduction in signal amplitude as a function of time.
Therefore, better agreement between measured and simulated reaction-product pulse-height
spectra and th may have been possible, but would require the use of a lower capacitance,
electrically-stable microstrip electrode.

6.4.2

Schott Borofloat® 33 Microstrip Electrode

One- and five-foil SFMNDs with a SB33 microstrip electrode were separately contained
within the aluminum testing enclosure (Figure 6.8) pressurized with 10.0 psig (1.68 atm) of P-10
gas while conducting neutron-sensitivity testing. The position of the 6Li foil in the one-foil device
was the same as the position shown in Figure 6.31. As shown in Figure 6.34, the positions of the
6

Li foils in the five-foil device, relative to the sensitive volume, were defined in order to match the

simulation environment described in Section 5.3.1. When testing the one-foil device, the operating
voltages of the drift electrode, VDP, and anode strips, VA, were -1212 V and 300 V, respectively.
The operating voltages used for testing the five-foil device were a VDP of -1141 V and a VA of 370
V. Due to the reduction in energy deposition of the five-foil device relative to the one-foil device
(predicted from the simulated reaction-product pulse-height spectra shown in Figure 5.12), the VA
for the five-foil measurements was increased to increase the gas-multiplication factor. The
operating voltage of the cathode strips, VC, was maintained at ground potential when testing both
devices. The VDP setting for each device was set in order to maintain a reduced electric field
strength of approximately 0.3 V cm-1 Torr-1 [99, 129].
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Figure 6.34. Top-down views of the MCNP6 simulation environment (left) and the experimental
configuration (right) used for comparing the measured and simulated reaction-product pulseheight spectra and th of a five-foil SFMND with a SB33 microstrip electrode.
Reaction-product pulse-height spectrum and th measurements were conducted using the
diffracted neutron beam of the KSU TRIGA Mk II research reactor. The neutron beam emerging
from the diffracted beam port was collimated using a 2.5-mm diameter cadmium collimator. The
measurements were performed for eight discrete thermal-neutron beam positions, in 3.18-mm
increments, along the span of the 6Li foil(s) between the microstrip and drift electrodes, as
illustrated in Figure 6.35. The highest beam position (position 1) was closest to the drift-electrode
surface and the lowest beam position (position 8) was closest to the microstrip-electrode surface.
The desired beam positions, relative to the position of the 6Li foil(s) within the aluminum testing
enclosure, were measured and defined during the assembly of both devices. A laser was used to
align the aluminum testing enclosure with the thermal-neutron beam for each beam position. The
laser was previously calibrated to be aligned with the thermal-neutron beam. After conducting the
reaction-product pulse-height spectrum and th measurements, GRR measurements were
performed for both the one- and five-foil devices using a 137Cs source.
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Figure 6.35. Illustration of the testing configuration used for measuring the reaction-product
pulse-height spectra and th for eight thermal-neutron beam positions.
Shown in Figure 6.36 are the reaction-product pulse-height spectra measured using a onefoil SFMND with a SB33 microstrip electrode for eight discrete thermal-neutron beam positions.
As the thermal-neutron beam was positioned further away from the microstrip-electrode surface,
a down-shift of spectral features to lower channel numbers occurred. The shift in spectral features
is consistent with the drift electric field strength distribution measurements (Section 6.2.6). The
down-shift in spectral features resulted in a decrease of th as the thermal-neutron beam was
positioned further away from the microstrip electrode surface (shown in Figure 6.37 and listed in
Table 6.6).
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Figure 6.36. Measured reaction-product pulse-height spectra for eight discrete thermal-neutron
beam positions incident on a one-foil SFMND with a SB33 microstrip electrode. The measured
spectra are plotted on two separate sets of axes to provide clarity for better discernment of the
individual reaction-product pulse-height spectra [155].

Figure 6.37. Measured th as a function of the thermal-neutron beam position for a one-foil 6Libased SFMND with a SB33 microstrip electrode [155].
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Table 6.6. Measured th of a one-foil SFMND with a SB33 microstrip electrode. Data for eight
discrete thermal-neutron beam positions along the length of the 6Li foil between the microstrip
and drift electrodes are tabulated [155].
Position
1
2
3
4
5
6
7
8

Beam Height Above
Microstrip Surface (mm)
30.6
27.4
24.2
21.0
17.9
14.7
11.5
8.5

Measured th
6.63 ± 0.12%
8.16 ± 0.13%
10.17 ± 0.14%
9.44 ± 0.14%
9.77 ± 0.14%
11.71 ± 0.14%
12.45 ± 0.15%
12.58 ± 0.15%

Using a non-zero LLD setting, a maximum th of 12.58 ± 0.15% was measured at position
8, the closest thermal-neutron beam position to the microstrip-electrode surface. The maximum
measured th for a one-foil 6Li-based SFMND was lower than the expected th of 18.36% predicted
from MCNP6 simulations. The lower measured th is suspected to be a consequence of combined
effects, including a non-uniform electric field strength distribution, electron attachment, and the
signal-to-noise ratio of the readout electrode system (arising from the measured SB33 microstripelectrode capacitance of approximately 60 pF). The non-uniform distribution of pulse-amplitudes
previously measured using a collimated 241Am alpha-particle source for a similar electrode setup
(Section 6.2.6) is consistent with the non-uniform distribution of measured th. Thus, a suspected
cause for the non-uniform distribution of measured th is a non-uniform electric field strength
distribution. A non-uniform electric field strength distribution would result in a distribution of
charge-carrier velocities, position dependent between the microstrip and drift electrodes, resulting
in a non-uniform distribution of measured pulse amplitudes. A second suspected cause for the nonuniform distribution of measured th is attributed to the use of ABS plastic, nylon, and other highoutgassing materials to construct the 3D-printed support device and other components. As
previously described in Section 6.2.6, the presence of these materials may have introduced
contaminants that promote electron attachment. Such contamination is suspected to have been a
cause of the th degradation as the thermal-neutron beam was positioned further away from the
microstrip electrode surface. The third suspected cause for the non-uniform distribution of
measured th is attributed to the microstrip-electrode capacitance. A reduction in microstrip-
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electrode capacitance should further increase the signal-to-noise ratio, allowing for separation of
low-energy neutron events from electronic noise, and therefore further increase the measured th.

Figure 6.38. Measured reaction-product pulse-height spectra for eight discrete thermal-neutron
beam positions incident on a five-foil SFMND with a SB33 microstrip electrode. The measured
spectra are plotted on two separate sets of axes to provide clarity for better discernment of the
individual reaction-product pulse-height spectra. The spectral features diminished more rapidly
compared to the one-foil case (see discussion in text) [155].
Shown in Figure 6.38 are the reaction-product pulse-height spectra as a function of
thermal-neutron beam position for the five-foil SFMND with a SB33 microstrip electrode. Similar
to the one-foil device (Figure 6.36), a down-shift in spectral features occurred as the thermalneutron beam was positioned further away from the microstrip-electrode surface. However, the
measured th, shown in Figure 6.39 and listed in Table 6.7, rapidly decreased as the thermalneutron beam was positioned further away from the microstrip-electrode surface compared to the
distribution of th measured using the one-foil device (Figure 6.37 and Table 6.6). Recalling the
simulated reaction-product pulse-height spectra shown in Figure 5.12, the spectral features for a
five-foil 6Li-based SFMND are most prominent in lower energy bins between 0.3 – 1.0 MeV. In
comparison, the spectral features for a one-foil 6Li-based SFMND are most prominent between
energies of approximately 1.0 – 2.5 MeV. The more rapid degradation of the measured th for the
five-foil SFMND compared to the one-foil SFMND is suspected to have occurred due to the lowerenergy pulse-height spectral features combined with suspected problems attributed to a nonuniform electric field strength distribution, electron attachment, the signal-to-noise ratio, or any
combination thereof. The maximum th of 29.75 ± 0.26% was measured at position 8 for a non171

zero LLD setting. The maximum measured th was significantly lower than the expected th of
54.08% predicted from MCNP6 simulations.

Figure 6.39. Measured th as a function of the thermal-neutron beam position for a five-foil 6Libased SFMND with a SB33 microstrip electrode. The th decreased more rapidly as the thermalneutron beam was positioned further away from the microstrip-electrode surface compared to the
one-foil device (Figure 6.37) [155].
Table 6.7. Measured th of a SFMND containing five foils with a SB33 microstrip electrode. Data
for eight discrete thermal-neutron beam positions along the length of the 6Li foil between the
microstrip and drift electrodes are tabulated [155].
Position
1
2
3
4
5
6
7
8

Beam Height Above
Microstrip Surface (mm)
30.6
27.4
24.2
21.0
17.9
14.7
11.5
8.5
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Measured th
1.65 ± 0.09%
2.07 ± 0.09%
2.95 ± 0.10%
4.43 ± 0.10%
5.95 ± 0.11%
9.69 ± 0.11%
19.92 ± 0.19%
29.75 ± 0.26%

The cumulative effects of the non-uniform pulse-amplitude and th distributions were
studied by conducting isolated
separately exposed to a 22-ng

252

252

Cf measurements. The one- and five-foil SFMNDs were

Cf source and the reaction-product pulse-height spectra were

measured for each device. During the measurements, the 252Cf source was surrounded by an ANSIspecified moderator cask [176]. The

252

Cf measurements were conducted with the same gas

pressure and operating voltage settings as the measurements conducted for the eight discrete
thermal-neutron beam positions. For each device, the net count rate measured from the 252Cf source
was normalized relative to the net count rate where the most prominent spectral feature was
located. Comparisons were performed by summing the reaction-product pulse-height spectra from
the eight discrete thermal-neutron beam measurements using the one- (Figure 6.36) and five-foil
(Figure 6.38) SFMNDs. The net count rate of the summed reaction-product pulse-height spectra
was then normalized relative to the net count rate where the most prominent spectral feature was
located. The two sets of data were plotted and compared as shown in Figure 6.40 for the one-foil
device. A comparison of the two data sets for the five-foil device is shown in Figure 6.41.

Figure 6.40. Comparison of the normalized summed reaction-product pulse-height spectra
measured using the one-foil SFMND (Figure 6.36) relative to the normalized reaction-product
pulse-height spectrum measured from a moderated 252Cf neutron source. The net count rates from
each spectrum were normalized relative to the net count rate where the most prominent spectral
feature was located (approximately at channel 50).
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Figure 6.41. Comparison of the normalized summed reaction-product pulse-height spectra
measured using the five-foil SFMND (Figure 6.38) relative to the normalized reaction-product
pulse-height spectrum measured from a moderated 252Cf neutron source. The net count rates from
each spectrum are normalized relative to the net count rate where the most prominent spectral
feature is located (approximately at channel 30) [155].
Both data sets shown in Figure 6.40 and Figure 6.41 have similar spectral features. The
252

Cf data measured using the one-foil device (Figure 6.40) depicts a higher normalized net count

rate in the channels preceding the prominent spectral feature located approximately at channel 50.
The 252Cf data measured using the five-foil device (Figure 6.41) also has an elevated normalized
net count rate in the lower channels below the prominent spectral feature located approximately at
channel 30. For channels above the prominent spectral feature of the one-foil device, the
normalized net count rates measured from the

252

Cf source are also elevated above that of the

summed reaction-product pulse-height spectra from Figure 6.36. The elevated count rates
measured from the 252Cf source occurred because the 252Cf measurement includes a nearly uniform
distribution of neutron-interaction locations along the length of the foil from the uncollimated 252Cf
source and moderator cask. If additional thermal-neutron beam measurements were performed in
between the reported beam positions, the spectral features are expected to be closer matched to
those measured from the 252Cf measurement.
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The GRRs of the one- and five-foil SFMNDs with SB33 microstrip electrodes were
calculated using Eq. (2.22) and Eq. (2.23) for a

137

Cs exposure rate of 50 mR hr-1. The GRR

measurements were conducted with the same gas pressure and operating voltage settings as the
eight discrete thermal-neutron beam position measurements and

252

Cf measurements. Shown in

Figure 6.42 are the pulse-height spectra measured from the 50 mR hr-1 exposure rate of
relative to the reaction-product pulse-height spectra measured from the moderated

252

137

Cs

Cf source.

The spectra shown on the left of Figure 6.42 were measured using the one-foil device and the
spectra shown on the right of Figure 6.42 were measured using the five-foil device. A comparison
of the reaction-product and gamma-ray pulse-height spectra indicates that both devices have low
sensitivity to gamma rays relative to the neutron sensitivity of each device. The measured GRRs
of the one- and five-foil SFMNDs with SB33 microstrip electrodes were 6.46 x 10-5 ± 4.32 x 10-7
and 7.96 x 10-5 ± 4.65 x 10-7, respectively. The difference between the measured GRR values and
lower values previously reported for Li-foil MWPCs [46, 48] is suspected to be a consequence of
the aluminum wall thickness (0.9525 cm) of the sealed test enclosure. The amount of aluminum in
the test enclosure, compared to thinner-walled enclosures previously used for fabricating and
testing Li-foil MWPCs [46, 48], resulted in an increase in measured 137Cs counts from gamma rays
scattering off of the enclosure walls [177]. Therefore, thinner-walled aluminum enclosures (≤
0.3175 cm) must be used in order to improve the GRR.

Figure 6.42. The gamma-ray and reaction-product pulse-height spectra measured using the one(left) and five-foil (right) SFMNDs with a SB33 microstrip electrode. The gamma-ray pulse-height
spectra were measured using a 50 mR hr-1 137Cs exposure rate and the reaction-product pulseheight spectra were measured using a moderated 252Cf source.
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Proposed SFMND Improvements
As previously discussed in Section 6.2.6, a non-uniform pulse-height distribution was
measured when conducting the drift electric field strength distribution measurements (Figure
6.18). The results from the COULOMB simulations (Figure 6.19 and Figure 6.20) suggested that
the measured non-uniform pulse-height distribution may have been attributed, in part, to the
electric field strength distribution between the microstrip and drift electrodes. In addition to the
electric field strength distribution, electron attachment was also suspected to have occurred
between the microstrip and drift electrodes due to the use of plastics to fabricate the plastic support
structure. When conducting SFMND neutron-sensitivity measurements, the microstrip-electrode
capacitance was also suspected to have yielded a poor signal-to-noise ratio, resulting in lowerenergy neutron events blending with electronic noise (Figure 6.30). Each of the aforementioned
suspected causes for performance deterioration were also suspected to have contributed to the nonuniform distribution of th measured using the SFMNDs fabricated with a SB33 microstrip
electrode (Figure 6.36 – Figure 6.39). Thus, the following sections discuss proposed improvements
to the design of SFMNDs in order to reduce the effect that the electric field strength distribution
(Section 6.5.1), electron attachment (Section 6.5.2), and the signal-to-noise ratio (Section 6.5.3)
have on the SFMND neutron-detection capabilities.

6.5.1

Implementation of a Frisch Grid

Recalling from Section 6.2.6 the results from the drift electric field profiling measurements
(Figure 6.18) and the COULOMB electric field strength distribution simulations (Figure 6.19 and
Figure 6.20), as well as the SFMND th distribution measurements (Figure 6.36 – Figure 6.39)
from Section 6.4.2, a non-uniform electric field strength distribution may be occurring between
the drift and microstrip electrodes. As previously discussed in Section 6.2.6, the electric field
strength distribution should have minimal effect on electron drift. Thus, during the time response
of the pulse formation process (defined by the RC time constant), electrons should be capable of
drifting the full distance between the site of charge-carrier liberation and the collecting electrode.
However, because the velocity of the positively-charged ions is dependent on the local electric
field strength, the distance displaced by positively-charged ions during the time response of the
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pulse formation process will also be dependent on the local electric field strength. Therefore, a
non-uniform distribution of pulse amplitudes will occur due to the distribution of distances
displaced by positively-charged ions during the time response of the pulse formation process.

Figure 6.43. Configuration of a SFMND with a Frisch grid depicting the orientation of suspended
foils relative to microstrip, drift, and Frisch-grid electrodes.
A method for overcoming the position dependency of the electric field strength distribution
is the addition of a Frisch grid between the bottom of the 6Li foil(s) and the microstrip electrode,
as illustrated in Figure 6.43. The addition of a Frisch grid would segment the device into a drift
region and a detection region, as illustrated in Figure 6.44. The sensitive volume of the device
would be contained within the drift region where the 6Li foil(s) are positioned. Recalling the
discussion of Frisch grid ionization chambers from Section 3.4.1, charge-carrier motion will occur
within both the drift and detection regions. However, only the distance displaced by charge carriers
within the detection region contributes to the pulse formation. Because the distance between the
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Frisch grid and microstrip electrode would remain constant, the distance displaced by charge
carriers within the detection region should be approximately constant, thus improving the
uniformity of measured pulse amplitudes.

Figure 6.44. Four-step neutron detection process of a 6Li-based SFMND with a Frisch grid.
Due to the segmentation of the device into a drift region and a detection region, a four-step
neutron-detection process would occur. The first step of the neutron-detection process remains the
same as the first step of the three-step neutron-detection process described in Section 5.2. The
second step occurs when charge carriers drift within the drift region under the influence of the
electric field formed from the drift electrode, VDP, and the Frisch grid, VFG, operating voltages.
The operating voltage condition of VDP < VFG is required to drift electrons towards the Frisch grid
and positively-charged ions towards the drift electrode. The third step of the neutron-detection
process occurs when the electrons pass through the Frisch grid and enter the detection region. Once
the electrons pass through the Frisch grid, the electric field strength increases substantially due to
the potential difference between the Frisch grid and the microstrip electrode anode and cathode
strips, VA and VC, respectively. The operating voltage condition of VFG < VC < VA is required.
Consequently, the drift velocity of the electrons increases. Eventually, the kinetic energy of the
electrons is sufficient to cause impact ionization within the detection region, resulting in Townsend
avalanching. Thus, the fourth step of the neutron-detection process occurs within the detection
region when Townsend avalanching occurs. Although neutron interactions occur within the drift
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region, the amount of current induced on the anode strips is only dependent on the distance
displaced by charge carriers within the detection region.
In order to investigate the addition of a Frisch grid between the bottom of the 6Li foils and
the microstrip electrode, the scenario was simulated using COULOMB. The drift electrode, Frisch
grid, and microstrip electrode were oriented parallel to one another. The microstrip and drift
electrode geometries used for testing (Section 6.1) were implemented into the simulation
environment. Although a gridded electrode is used as a Frisch grid in an experimental setting, the
Frisch grid was defined as a planar electrode in the simulation environment. The Frisch grid was
positioned 5-mm above the microstrip-electrode surface. The Frisch grid and the drift electrode
were separated by a distance of approximately 4 cm. Consequently, the distance separating the
microstrip and drift electrodes was approximately 4.5 cm. The anode strips were defined in the
simulation environment with an operating voltage of 400 V and the cathode strips were defined at
ground potential (0 V). The drift electrode was defined with an operating voltage of -1000 V and
the Frisch grid was defined with an operating voltage of -100 V. Ar gas at atmospheric pressure
was defined as the dielectric material between the electrodes to provide a close approximation to
P-10 gas.
Shown in Figure 6.45 is the COULOMB simulation results of the electric field strength as
a function of vertical position between the microstrip and drift electrodes. The microstrip electrode,
Frisch grid, and drift electrode are located at vertical positions of 0.75 cm, 1.25 cm, and 5.2 cm,
respectively. The positions of the microstrip and drift electrodes are indicated by dot-dashed lines
(― ∙ ―) and the double dashed line (= = =) indicates the position of the Frisch grid. The dashed
lines (- - -) indicate the approximate vertical positions of the collimated

241

Am alpha-particle

source above the Frisch grid (approximately the same vertical positions above the microstrip
electrode depicted in Figure 6.18 and listed in Table 6.5). As shown in Figure 6.45, the addition
of the Frisch grid results in a uniform drift electric field strength distribution between the drift
electrode and Frisch grid where foils would be positioned. The electric field strength increases
substantially between the Frisch grid and the microstrip electrode. Near the surface of the
microstrip electrode, the strength of the electric field is sufficient to allow electrons to have kinetic
energies capable of causing impact ionization. Therefore, the addition of the Frisch grid should
improve the uniformity of measured th because the device would rely only on the motion of charge
carriers drifting within the detection region. Furthermore, the device should still be able to be
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operated in proportional mode due to the substantial increase in electric field strength near the
surface of the anode that is sufficient for Townsend avalanching.

Figure 6.45. COULOMB simulation results for the electric field strength distribution (in
logarithmic scale) as a function of vertical distance between the microstrip and drift electrodes
with a Frisch grid implemented. The dashed lines provide a frame of reference for the vertical
positions of the collimated 241Am alpha-particle source positions defined from Figure 6.18 and
Table 6.5.
The application of a wire-mesh Frisch grid may lead to an increase in microphonic
sensitivity. A thick gaseous electron multiplier (TGEM) [178] could be used as a Frisch grid
instead, thus maintaining the goal of developing a robust device that has minimal microphonic
sensitivity. The addition of a Frisch grid requires an additional operating voltage, and in the case
of a TGEM may require two additional operating voltages. The required Frisch grid operating
voltages could be applied with the application of a voltage divider circuit to either the anode-strip
or drift-electrode operating voltage line based on the desired polarity. Although the addition of the
Frisch grid is expected to improve the uniformity of measured th, electron attachment may still
occur between the microstrip and drift electrodes.
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6.5.2

Use of Low-Outgassing Materials

Electron attachment is another suspected cause for the non-uniform distributions of
measured pulse amplitudes (Section 6.2.6) and th (Section 6.4.2). Electron attachment is suspected
due to the use of nylon and other high-outgassing materials to construct the plastic support
structure (Figure 6.6 and Figure 6.7). Additionally, ABS plastic was used to fabricate the 3Dprinted support device (Figure 6.21 and Figure 6.22). As previously discussed in Section 6.2.6, if
electron attachment occurred, the population of electrons that arrive at the microstrip electrode
would vary as a function of position between the microstrip and drift electrodes.
One proposed solution for studying whether electron attachment is occurring due to the
presence of O2, H2O, and/or other volatiles outgassed from the high-outgassing materials is to
conduct the drift electric field profiling measurements using a continuous-gas-flow configuration
of the testing enclosure. The use of a continuous-gas-flow configuration would continuously
remove any O2, H2O, and other volatiles while performing the measurements and should, therefore,
reduce the amount of electron attachment that can occur. The amount of electron attachment
occurring between the microstrip and drift electrodes could be assessed by comparing the
previously-measured drift electric field profiling results (Section 6.2.6) to the results measured
using the continuous-gas-flow configuration.
A second proposed solution is to fabricate the plastic support structure and 3D-printed
support device using low-outgassing materials such as PTFE (Polytetrafluoroethylene, more
commonly known as Teflon™) or PEEK (Polyether Ether Ketone) [179, 180]. The costs of these
low-outgassing materials [181] are an attractive alternative to other, low-outgassing materials such
as alumina or quartz that are more expensive due to the additional machining required during
fabrication. Regardless of which low-outgassing materials are used, a thorough bake-out procedure
of the aluminum enclosure would be necessary prior to testing to ensure that any O2, H2O, and
other volatiles are removed. The effectiveness of the low-outgassing materials for reducing the
probability of electron attachment could be monitored by measuring the O2 and H2O contents
present within the aluminum testing enclosure during the bake-out procedure and subsequent
testing procedures. The O2 and H2O content measurements could then be compared for each set of
materials used for fabricating the plastic support structure and 3D-printed support device. The
amount of electron attachment occurring between the microstrip and drift electrodes could be
assessed by repeating the drift electric field profile measurements (Section 6.2.6) for each set of
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materials. Like the O2 and H2O measurements, the results from the drift electric field profile
measurements could be compared to assess the effectiveness of each set of materials used for
fabricating the plastic support structure and 3D-printed support device.

6.5.3

Segmentation of Microstrip-Electrode Anode Strips

The capacitance of the microstrip electrode is suspected to have contributed to the nonuniform distributions of measured pulse amplitudes and th. The measured pulse amplitudes and

th are suspected to be affected by the signal-to-noise ratio which is a function of the microstripelectrode capacitance. Recalling Eq. (3.21), the amplitude of the voltage pulse formed from charge
motion within a detector is dependent on the device capacitance. As the capacitance increases, the
amplitude of the voltage pulse decreases. Depending on the average amplitude of the electronic
noise and the energy range of the spectral features present in the reaction-product pulse-height
spectrum, the signal-to-noise ratio may result in lower-energy neutron events blending with
electronic noise. If lower-energy neutron events blend with electronic noise, then those events
cannot contribute to the measured th, thus yielding a lower th relative to the predicted value.
Therefore, a decrease in the electrode capacitance should increase the amplitude of the voltage
pulses. Consequently, an increase in the signal-to-noise ratio should occur, thus providing further
separation between neutron-induced events and electronic noise.
Based on the measured capacitances of the three sizes of SB33 microstrip electrodes listed
in Table 6.2, one proposed solution for reducing the microstrip-electrode capacitance, and, thus,
improve the signal-to-noise ratio, is to reduce the size of the microstrip electrode. As the electrode
size decreases, a reduction in the capacitance occurs because fewer anode strips are adjacent to
neighboring cathode strips. However, a reduction in th occurs when the perimeter of the microstrip
electrode does not encompass the width of the foil(s) (based on the simulated scenarios described
in Section 5.3.3). Thus, a reduction in the size of the microstrip electrode requires a reduction of
the foil and frame size.
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Figure 6.46. Example of a microstrip electrode with segmented anode-strip groups. The signal
from each anode-strip group would be measured using a separate charge-sensitive preamplifier
circuit.
An alternative solution for improving the signal-to-noise ratio is to segment the anode strips
into groups instead of interconnecting all anode strips together (previously discussed in Section
5.1 and illustrated in Figure 5.4). A segmented anode-strip design requires that each segmented
group of anode strips be connected to an individual charge-sensitive preamplifier circuit, as
illustrated in Figure 6.46. The output signals from the charge-sensitive preamplifiers can then be
summed together to allow the device to function strictly as a counter. Alternatively, the signal from
each anode-strip group could, instead, be measured independently, providing spatial information
regarding the radiation interactions occurring within the sensitive volume.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK
The measure of greatness in a scientific idea is the extent to
which it stimulates thought and opens up new lines of research.
Paul A.M. Dirac

Provided in this chapter are concluding remarks and contributions to the science (Section
7.1). The conclusions developed from studying the RVC foam and aluminum honeycomb as thinfilm-coating substrates are described. A summary of the design and simulation efforts to study the
theoretical capabilities of SFMNDs follows. The microstrip-electrode development is summarized
before discussing the measured neutron-detection performance of the SFMNDs. Finally, the
chapter concludes with a description of proposed future efforts to further develop thin-film-coated
RVC foam and aluminum honeycomb as well as the SFMND as 3He alternative technologies
(Section 7.2).

Concluding Remarks and Contributions to the Science
Prior to the development of the SFMND,

10

B4C-coated RVC foam and aluminum

honeycomb were investigated as multi-layered, thin-film-coated neutron converters. Initially,
RVC foams were selected as a thin-film-coating substrate because the material contains a 3D-array
of coating surfaces. The structure of RVC foams provides a large amount of surface area within a
small form factor for applying thin-film-coatings. The ability for electrons to drift through the bulk
of 10B4C-coated RVC foams was studied using a parallel-plate ionization chamber with a Frisch
grid, a measurement that had never previously been performed. The measurement results indicated
that electrons cannot effectively drift through the bulk of 6.35-mm (0.25-in.) thick RVC foam
samples with linear pore densities ranging from 5 to 100 PPI.
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The results from studying the ability of electrons to traverse the bulk of RVC foam were
verified by conducting neutron-sensitivity measurements using a single-anode wire, P-10
continuous-gas-flow proportional counter. The 6.35-mm thick, 4.1275-cm (1.625-in.) diameter 45
PPI RVC foam sample, with a measured

10

B4C coating thickness of 1.29 ± 0.47 µm, had a

measured th of 3.40 ± 0.09%. The measured th indicated that the substrate functioned essentially
as a thin-film-coated substrate, in which neutron-induced pulses were formed from charge carriers
liberated at or near the exterior surfaces of the coated substrate. Thus, the capabilities of RVC
foam as a thin-film-coated neutron convertor were characterized, which had never previously been
conducted.
10

B4C-coated aluminum-honeycomb samples were investigated next because the substrate

also contains a large amount of surface area within a small form factor for applying thin-filmcoatings. Neutron-sensitivity testing was performed using a single-anode wire, P-10 continuousgas-flow proportional counter. The 1.27-cm (0.5 in.) thick, 4.1275-cm (1.625 in.) diameter
aluminum-honeycomb sample contained 0.15875 cm (0.0625 in.) hexagonal cells. The sample was
coated with a 10B4C coating thickness of 4.68 ± 1.25 µm. The measured th was 21.45 ± 0.26%,
which is the highest measured th to date for coated honeycomb media. The measured th was
slightly lower than the MCNP6-simulated value of approximately 24% for the same average 10B4C
coating thickness. The deviation between measured and predicted th values was suspected to be
due to the broad distribution of 10B4C coating thicknesses measured about the sample.
MCNP6-simulations were performed to define the optimal coating thickness of

10

B4C-

coated aluminum honeycomb for commercially-available honeycomb cell sizes of 0.635 cm (0.25
in.), 0.3175 cm (0.125 in.), and 0.15875 cm (0.0625 in.). The th was simulated for each 10B4Ccoating thickness in order to determine the optimal coating thickness for each cell size. The
simulated maximum th, with a 0 keV LLD setting, was 38.92%, 60.32%, and 71.78%, which
corresponded to optimal 10B4C-coating thicknesses of 1.6 µm, 1.0 µm, and 0.8 µm for cell sizes of
0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), and 0.15875 cm (0.0625 in.), respectively. The optimal
coating thickness increased as the cell size increased due to a decrease in the number of neutronabsorber layers present within the sample.
The azimuthal and polar angular neutron-sensitivity distributions for each honeycomb cell
size were then simulated using MCNP6. The simulated th results of the azimuthal angular neutronsensitivity distribution study had a 60° periodic behavior. The periodic behavior occurred due to
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the change in the number of thin-film-coating layers that neutrons encountered as a function of the
angle of neutron incidence. As the total number of thin-film-coating layers present within the
sample increased, the azimuthal angular neutron-sensitivity distribution became more uniformly
periodic. The results of the polar angular neutron-sensitivity distribution simulations showed a
decrease in the probability of neutron absorption within the thin-film-coating layers as the thermalneutron beam position changed from the 0° and 180° polar angle positions. At the 90° and 270°
polar angle positions, the minimum polar angular neutron sensitivity occurred because neutrons
were predominantly streaming through the substrate with a low probability of absorption within
the vertical thin-film-coating layers lining the honeycomb cells. However, in an experimental
setting where consecutive

10

B4C-coated samples are stacked on top of one another, neutron-

streaming effects could be mitigated by rotating and off-setting each honeycomb sample relative
to the neighboring samples.
The effects of P-10 gas pressure on the theoretical reaction-product pulse-height spectra
and th were also simulated using MCNP6 for each honeycomb cell size. For all cell sizes, the
reaction-product pulse-height spectral features shifted into higher energy bins as the P-10 gas
pressure was increased. The up-shift in energy range of the spectral features occurred due to an
increase in the amount of ionization within the honeycomb cells as the gas pressure was increased.
Due to the up-shift in the energy range of the reaction-product pulse-height spectral features as the
gas pressure was increased, the reduction in the th became less pronounced as the LLD setting
was increased.
The angular neutron-sensitivity and P-10 gas pressure simulation studies had never
previously been conducted for 10B4C-coated aluminum honeycomb. MCNP6 simulations were also
performed to define the optimal coating thickness, study the azimuthal and polar angular neutronsensitivity, and study the effects of gas pressure on the neutron-detection performance for common
thin-film-coating materials of 10B, 10BN, and 6LiF. The MCNP6 simulations to study the theoretical
capabilities of aluminum honeycomb coated with

10

B, 10BN, or 6LiF had never previously been

conducted. The measured and simulated neutron-sensitivity results indicated that thin-film-coated
aluminum honeycomb has the potential to be a viable candidate as a neutron-conversion medium
in a 3He alternative technology. However, despite the measured and simulated neutron-sensitivity
results of 10B4C-coated aluminum honeycomb as a compact, high th neutron-conversion medium,
applying uniform thin-film coatings still presents a significant challenge. Additionally, like other
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thin-film-coated neutron detectors, the strong dependency of th on the LLD setting presents a
challenge when developing a high th with low gamma-ray sensitivity.
The limitations of the 10B4C-coated RVC foam and aluminum honeycomb ultimately led
to the development of the SFMND. The SFMND represents a new embodiment of a neutron
detector for consideration as a potential 3He alternative technology. SFMNDs were designed with
the goal of developing a low-cost, robust, and compact 3He alternative technology capable of
achieving high th with low gamma-ray sensitivity. The SFMND design was inspired by the
success of the Li-foil MWPCs. However, SFMNDs were designed and developed as a more
compact and robust device, relative to Li-foil MWPCs, by replacing the anode wires of a Li-foil
MWPC with a microstrip electrode. Thus, the design of the SFMND combines the mechanical and
electrical capabilities of microstrip electrodes with the high th capability and low gamma-ray
sensitivity of 6Li foils. The replacement of the anode wires with a microstrip electrode eliminates
the potential for failure from wire breakage while also reducing microphonic sensitivity.
The SFMNDs design features a microstrip electrode and a drift electrode oriented parallel
to one another. Between the electrodes, 6Li foils are oriented perpendicular to the surface of
electrodes. Because SFMNDs do not rely on anode wires, more 6Li foils can be positioned in closer
proximity to one another, thereby allowing for smaller individual devices to be fabricated, relative
to the Li-foil MWPCs. Depending on the thickness and quantity of 6Li foils, SFMNDs are
theoretically capable of th exceeding 75% while still maintaining low gamma-ray sensitivity.
Although cost analysis has not been conducted because SFMNDs are under prototypical
investigation, the device cost is expected to be lower relative to 3He proportional counters and
other alternatives of similar size based on the materials and labor required to fabricate prototype
devices. The compact size of the SFMND allows for the eventual development of modular devices,
in which a broad range of instrument sizes and geometries could be configured by interconnecting
the modules.
The theoretical neutron-detection capabilities of SFMNDs were studied by conducting
MCNP6 simulations. MCNP6 simulations were performed to define the optimal 6Li foil thickness
as a function of foil quantity, study the effects of gas pressure on the theoretical th, and study the
effects of the foil width relative to the sensitive volume of the SFMND. The optimal 6Li foil
thickness was defined for foil quantities of one, five, ten, and twenty 96%-enriched 6Li foils.
Simulated maximum th of one, five, ten, and twenty foil devices were 22.16%, 54.43%, 66.80%,
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and 75.84%, respectively, which corresponded to 6Li foil thicknesses of 137.5 µm, 85.0 µm, 60.0
µm, and 37.5 µm. Although the optimal simulated th for each foil quantity corresponds to a
specific foil thickness, simulated th for 96%-enriched, 75-µm thick 6Li foils were 18.36%,
54.08%, 65.43%, and 68.36% for foil quantities of one, five, ten, and twenty foils, respectively.
The effects of P-10 gas pressure on the theoretical neutron-detection performance of
SFMNDs containing one and five 75-µm thick 6Li foils were studied by simulating the reactionproduct pulse-height spectra and th as a function of P-10 gas pressure. As the gas pressure was
increased, the energy range of the valley preceding the prominent spectral features increased. The
increase in energy range of the valley allows for a higher-energy LLD setting to be used without a
significant reduction of th. However, the charge-carrier velocities are affected by gas pressure,
and, therefore, the operating voltage must be adjusted to compensate for the change in gas pressure.
The effects of the foil width relative to the sensitive volume of the SFMND were studied
in order to optimize the SFMND geometry. The changes in reaction-product pulse-height spectra
and th as a function of sensitive volume perimeter for one and five 6Li foils were simulated using
MCNP6. As the sensitive volume perimeter was increased, the energy range of the spectral features
increased. The energy range of the spectral features increased due to an increase in the probability
of reaction products depositing more energy within the sensitive volume. An increase in th also
occurred because more neutron-absorption events occurred within the sensitive volume as the
sensitive volume perimeter was increased. The up-shift of the energy range of the spectral features
and the increase of th occurred in both the one- and five-foil scenarios as the sensitive volume
perimeter was increased from 1.27 cm x 1.27 cm to 5.08 cm x 5.08 cm. However, for sensitive
volume perimeters exceeding 5.08 cm x 5.08 cm, a majority of the reaction-product energy was
already deposited within the sensitive volume. Thus, further increases of the sensitive volume
perimeter did not yield a substantial increase in the energy range of the spectral features or th. The
gas pressure and sensitive volume simulation studies had never previously been conducted given
the novel nature of the SFMND.
Microstrip electrodes were fabricated using metal lift-off photolithography techniques.
Three sizes of microstrip electrodes were fabricated, with dimensions of 1.27 cm x 1.27 cm (0.5
in. x 0.5 in.), 2.2225 cm x 2.2225 cm (0.875 in. x 0.875 in.), and 4.1275 cm x 4.1275 cm (1.625
in. x 1.625 in.). The microstrip electrodes were designed with 25-µm wide anode strips and 500µm wide cathode strips with an anode-to-anode pitch of 1000 µm. Initially, microstrip electrodes
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were fabricated using Si wafers that featured a 3-µm thick layer of SiO2 on both substrate surfaces.
A gradual reduction in signal amplitude was observed when conducting electrode characterization
and neutron-sensitivity measurements using the Si microstrip electrode. The reduction in signal
amplitude was suspected to be due to polarization of the SiO2 layer, leading to a gradual reduction
of the gas gain during the measurements. Therefore, an electrically-stable substrate material was
required, which was identified as Schott Borofloat® 33 (SB33). The first-ever microstrip
electrodes using SB33 glass as the substrate material were subsequently fabricated.
The Si and SB33 microstrip electrodes were separately characterized by first measuring
the capacitance between the interconnected anode and cathode strips. As the size of the microstrip
electrodes decreased from 4.1275 cm x 4.1275 cm (1.625 in. x 1.625 in.) to 1.27 cm x 1.27 cm
(0.5 in. x 0.5 in.), the measured capacitance of the Si microstrip electrode decreased from
approximately 755 pF to 140 pF, respectively. Similarly, the measured capacitance of the SB33
microstrip electrode decreased from 62 pF to 5 pF for electrode sizes of 4.1275 cm x 4.1275 cm
(1.625 in. x 1.625 in.) to 1.27 cm x 1.27 cm (0.5 in. x 0.5 in.), respectively. The decrease in
capacitance as a function of microstrip electrode size occurred because fewer anode and cathode
strips were incorporated within the microstrip electrode as the electrode size decreases.
Consequently, fewer anode strips were adjacent to neighboring cathode strips, resulting in a
decrease in capacitance. The reduction in capacitance as a function of electrode size indicated that
segmentation of anode strips may prove beneficial for further reducing the capacitance of the
electrode. The decrease in microstrip-electrode capacitance between the Si and SB33 microstrip
electrodes for the same electrode size was suspected to be attributed to the difference between the
Si and SB33 dielectric constants and the substrate thicknesses.
The 4.1275 cm x 4.1275 cm (1.625 in. x 1.625 in.) microstrip electrodes were further
characterized by defining the counting and gas multiplication curves and measuring the gain
stability of each substrate type. The characterization measurements were conducted using a
collimated

241

Am alpha-particle source. The Si and SB33 microstrip electrodes both exhibited

stable counting curve plateaus. The percent change in count rate of the counting curve plateau was
2.5% per 100 V and 4.6% per 100 V for the Si and SB33 microstrip electrodes, respectively. Both
electrodes also exhibited an increase in gas multiplication factor as the anode strip operating
voltage was increased. The increase of gas multiplication factor with an increase of the anode strip
operating voltage indicated that Townsend avalanching occurred, and thus the devices were

189

operating in proportional mode. Gain stability measurements were conducted over the duration of
24 hours. The relative gain of both microstrip electrodes increased during the first hour of
measurements. The initial increase in relative gain was suspected to have occurred until an
equilibrium operating condition was reached and was attributed to charging of the substrate surface
after initially applying voltage. The SB33 microstrip electrode remained electrically stable for
approximately 23 hours after the first hour of operation. However, following the first hour of
operation, the relative gain of the Si microstrip electrode began to decrease, which was suspected
to be caused by space charge polarization of the SiO2 surface layer.
The drift electric field strength distribution between the microstrip and drift electrodes was
measured using the SB33 microstrip electrode. A collimated

241

Am alpha-particle source was

positioned at five discrete vertical positions between the microstrip and drift electrodes and the
pulse-height spectrum was measured at each source position. The peak channel at each vertical
source position was plotted as a function of vertical source position in order to study the drift
electric field strength distribution. A non-uniform peak channel distribution, corresponding to a
non-uniform pulse amplitude distribution, was measured between the electrodes and was suspected
to be due to a non-uniform drift electric field strength distribution between the electrodes. Due to
the non-uniform distribution of pulse amplitudes measured between the microstrip and drift
electrodes, COULOMB simulations were conducted to study the theoretical electric field strength
distribution within the device. The COULOMB simulation results showed a non-uniform electric
field strength distribution. The simulated results had a similar shape to the distribution of measured
pulse amplitudes. The similarity in shape between measured and simulated results suggested that
a non-uniform electric field strength distribution may have been present within the device when
conducting the experimental measurements, resulting in the measurement of a non-uniform
distribution of pulse amplitudes. Electron attachment was also suspected to have occurred during
the drift electric field profiling measurements due to the use of nylon and other high-outgassing
materials that were used to construct the plastic support structure.
The first-ever SFMNDs containing one and five 96%-enriched, 75-µm thick 6Li foils were
fabricated using Si microstrip electrodes. Neutron-sensitivity testing was subsequently performed,
first by measuring the reaction-product pulse-height spectra from a

252

Cf source. The reaction-

product pulse-height spectra that were measured were the first spectra ever measured using
SFMNDs. The spectral features gradually shifted into lower channels as consecutive one-hour
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252

Cf measurements were performed, which was eventually attributed to the gain instability of the

Si microstrip electrode. th measurements were conducted using the one- and five-foil devices,
yielding measured th of 4.02 ± 0.04% and 14.58 ± 0.11%, respectively. MCNP6 simulations were
performed, yielding simulated th of 19.06% and 54.91% for one- and five-foil devices,
respectively. The best measured reaction-product pulse-height spectrum appeared similar to the
simulated spectrum, however the measured spectral features were down-shifted relative to the
simulated spectral features. The measured capacitance of the Si microstrip electrode
(approximately 755 pF) was suspected to have yielded a poor signal-to-noise ratio, resulting in
lower-energy neutron events blending with electronic noise. The measured capacitance and gain
instability of the Si microstrip electrode were suspected to have caused the down-shift in measured
spectral features and the difference between measured and simulated th.
One- and five-foil SFMNDs using SB33 microstrip electrodes were fabricated using 96%enriched, 75-µm thick 6Li foils. Based on the drift electric field strength distribution measurements
using the SB33 microstrip electrode, neutron-sensitivity measurements were conducted by
positioning a thermal-neutron beam at eight discrete locations along the length of the foil between
the microstrip and drift electrodes. The reaction-product pulse-height spectrum and th were
measured for each thermal-neutron beam position. For both one- and five-foil devices, the features
of the reaction-product pulse-height spectra shifted into lower channels as the thermal-neutron
beam was positioned further away from the microstrip electrode surface. A distribution of th was
measured and decreased as the thermal-neutron beam was positioned further away from the
microstrip-electrode surface. Maximum th of 12.58 ± 0.15% and 29.75 ± 0.26% were measured
at the closest position to the microstrip electrode for the one- and five-foil SFMNDs, respectively.
Simulated th for the same measurement scenarios were 18.36% and 54.08% for the one- and fivefoil SFMNDs, respectively. The deviation between measured and simulated th was suspected to
be attributed to the electric field strength distribution between the microstrip and drift electrodes,
electron attachment, the microstrip-electrode capacitance, or any combination thereof. The GRR
of the one- and five-foil SFMNDs was measured to be 6.46 x 10-5 ± 4.32 x 10-7 and 7.96 x 10-5 ±
4.65 x 10-7, respectively, for a 137Cs exposure rate of 50 mR hr-1. The measured GRR were higher
than those measured previously for Li-foil MWPCs and the deviation was suspected to be
attributed to the wall-thickness of 0.9525 cm of the aluminum testing enclosure.
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Future Work
The further development of RVC foam and aluminum honeycomb as thin-film-coated
substrates requires addressing the challenges associated with each coating substrate. For RVC
foams, in order for the material to be capable of achieving higher th, two solutions are proposed.
First, several consecutive layers of thin-film-coated RVC foams could be used, but would require
collecting electrodes to be positioned on either side of each thin-film-coated RVC foam sample in
a similar orientation as the foils relative to the anode wires in a Li-foil MWPC. The second
proposed solution is to incorporate macrostructures, such as channels, into the bulk of the sample.
The macrostructures would allow charge carriers to be able to drift out of the bulk of the sample.
Once in the macrostructure, the charge carriers could then drift toward their respectively-charged
electrodes, unimpeded by the RVC foam struts. The feasibility of aluminum honeycomb as a thinfilm-coating substrate is dependent on the application of uniform thin-film coatings to all surfaces
of the substrate. This concern is also applicable to the RVC foam, regardless of whether
macrostructures are incorporated into the bulk of the sample.
Further investigation of the microstrip-electrode performance and optimization of the
SFMND are required, based on the measured non-uniform distributions of pulse amplitudes and

th measured using the one- and five-foil SFMNDs with SB33 microstrip electrodes. The
implementation of a Frisch grid between the microstrip electrode and the 6Li foil(s) should produce
a uniform drift electric field strength region where the foils are located and should be fabricated
and tested. Initially, the Frisch grid could be fabricated in the form of a wire mesh, however,
eventually the Frisch grid should be fabricated similar to a TGEM in order to adhere to the goal of
fabricating a robust device. The effectiveness of the Frisch grid could be studied by conducting a
similar measurement process as was used to study the drift electric field strength distribution using
a collimated 241Am alpha-particle source (Section 6.2.6).
Investigation of whether electron attachment is occurring within the SFMND should be
conducted by performing the drift electric field profiling measurements (Section 6.2.6) using a
continuous-gas-flow configuration of the testing enclosure. Alternatively, the testing fixtures
should be built using low-outgassing materials such as PTFE and/or PEEK. The amount of electron
attachment occurring for a given set of low-outgassing materials should be studied by conducting
a similar measurement process as was used to study the drift electric field strength distribution
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using a collimated

241

Am alpha-particle source (Section 6.2.6). Additionally, the O2 and H2O

content should be monitored when conducting these measurements to determine the effectiveness
of the low-outgassing materials.
The microstrip-electrode size should be adjusted to encompass the width of the foil(s),
based on the simulation results for the effects of the width of the foil(s) relative to the sensitive
volume size (Section 5.3.3). However, an increase in the size of the microstrip electrode would
also increase the capacitance of the microstrip electrode, thus necessitating the implementation of
segmented anode strips. Segmentation of the anode strips would require the development and
application of a separate charge-sensitive preamplifier circuit to each group of segmented anode
strips. Based on the number of interconnected anode strips, the capacitance can be reduced which
should also improve the signal-to-noise ratio. An improvement in the signal-to-noise ratio should
further increase the maximum measured th.
The neutron-sensitivity measurements using the SFMNDs were conducted using P-10 gas
due to the desirable charge-carrier velocities possible in the gas. However, over the course of using
the device for a long duration of time without replacing the P-10 gas, the CH4 component of the
P-10 gas will gradually dissociate and potentially react with the 6Li foil(s). Thus, gas type and
pressure studies should be performed to identify suitable parameters for long-term counting
capabilities. The gas type and pressure studies should be conducted following further optimization
of the SFMNDs. As SFMNDs are further optimized, th measurements should be conducted using
one- and five-foil SFMNDs to track any neutron-detection performance changes. In order to
improve the GRR capabilities of the SFMND, measurements should be performed using an
aluminum testing enclosure with thinner walls. The use of an aluminum testing enclosure with
thinner walls should reduce the amount of Compton scattering that can occur within the enclosure
walls. Once one- and five-foil SFMNDs have been further optimized, ten- and twenty-foil
SFMNDs should also be developed. Eventually, instruments should be investigated by developing
an interconnectable modular design. The interconnected instruments could then be deployed in a
variety of form factors such as handheld devices, backpacks, radiation portal monitors, etc.
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10

B-COATED ALUMINUM HONEYCOMB
SIMULATION RESULTS
MCNP6 simulations of th were performed to define the optimal 10B coating thickness for
commercially-available honeycomb cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), and
0.15875 cm (0.0625 in.) (Appendix A.1). The azimuthal and polar angular neutron-sensitivities of
the substrate for each cell size were also simulated (Appendix A.2). The effects of gas pressure on
the th as a function of LLD setting were studied to further-optimize the theoretical operating
parameters of each cell size (Appendix A.3). For all simulation studies, the height and diameter of
the substrate were defined as 1.27 cm (0.5 in.) and 4.1275 cm (1.625 in.), respectively. The wall
thickness of the 5052 aluminum between neighboring cells was defined as 130 µm, 75 µm, or 60
µm corresponding to cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), or 0.15875 cm (0.0625
in.), respectively. The 10B-coating thickness was assumed to be uniform about the interior of each
cell. Listed in Table A.1 are the 10B(n, )7Li reaction-product ranges in 10B, aluminum, and 1 to 5
atm of P-10 gas.
Table A.1. The ranges of 10B(n, )7Li reaction products in 10B, aluminum honeycomb, and 1 – 5
atm of P-10 gas [96]. The density, , of each material is also listed [96, 115].
Material
Thin-Film Coating
10
B

 (g

cm-3)

0.840 MeV 1.015 MeV 1.470 MeV 1.777 MeV
7Li (µm)
7Li (µm)
4He (µm)
4He (µm)

2.16

1.83

2.06

3.56

4.41

Substrate
Aluminum Honeycomb

2.70

2.25

2.59

4.65

5.71

P-10 Gas
1 atm
2 atm
3 atm
4 atm
5 atm

0.00156
0.00312
0.00468
0.00624
0.00780

4210
2100
1400
1050
842

4690
2340
1560
1170
939

8040
4020
2680
2010
1610

9900
4950
3300
2470
1980

A-1

Appendix A.1

Thickness Optimization

The simulation environment shown in Figure 4.29 was used to define the optimal

10

B

coating thickness for commercially-available honeycomb cell sizes of 0.635 cm (0.25 in.), 0.3175
cm (0.125 in.), and 0.15875 cm (0.0625 in.). The th was simulated for

10

B coating thicknesses

ranging from 0 to 5 µm in 0.1 µm increments in order to determine the optimal coating thickness
for each cell size. P-10 gas at a pressure of 2.8 atm was defined as the backfill gas. The center of
a 5-mm diameter thermal-neutron beam was positioned at the center of the height of the substrate,
normal to the substrate surface. Shown in Figure A.1 are the simulated th as a function of

10

B

coating thickness for honeycomb cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), and
0.15875 cm (0.0625 in.) with a 0 keV LLD setting. The maximum simulated th with corresponding
10

B coating thicknesses for each cell size are listed in Table A.2. The number of 10B coating layers

corresponding to each cell size are also listed in Table A.2.

Figure A.1. Simulated th as a function of 10B coating thickness with a 0 keV LLD setting. A 1.27cm (0.5-in.) tall, 4.1275-cm (1.625-in.) diameter aluminum-honeycomb substrate was simulated
with cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), or 0.15875 cm (0.0625 in.).
A-2

Table A.2. Simulated maximum th, with corresponding
honeycomb cell sizes with a 0 keV LLD setting.
Cell Size (cm)
0.635
0.3175
0.15875

Layers
12
26
52

th (%)
44.23
65.07
75.74

10

B coating thickness, of the three

Coating Thickness (µm)
1.4
0.9
0.7

Shown in Figure A.2 are the simulated reaction-product pulse-height spectra, represented
by solid lines and corresponding to the left ordinate with units of “Counts/Source Neutron”, of the
three cell sizes with the corresponding optimal 10B coating thicknesses (Table A.2). The simulated

th distributions shown in Figure A.2, represented by dashed lines and corresponding to the right
ordinate, depict the th as a function of LLD setting for each cell size.

Figure A.2. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) of the three cell sizes of 10B-coated aluminum
honeycomb. The dashed lines correspond to the right ordinate and illustrate the th as a function
of LLD setting for each cell size. The optimal 10B coating thickness (listed in Table A.2) was defined
for each cell size.
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Appendix A.2

Angular Neutron Sensitivity

The azimuthal and polar angular neutron-sensitivity distributions were simulated using the
simulation environments illustrated in Figure 4.32. The

10

B-coating thickness for each cell size

was defined from the optimization results shown in Figure A.1 and listed in Table A.2. The
incident thermal-neutron beam was adjusted in 15° increments within either the horizontal or
vertical source plane and the th was simulated at each beam position. For all azimuthal angular
neutron-sensitivity simulations, the center of the 5-mm diameter incident thermal-neutron beam
was directed toward the center of the sample at the midpoint of the sample height. For all polar
angular neutron-sensitivity simulations, the center of the incident thermal-neutron beam was
directed toward the center of the sample within the vertical source plane. P-10 gas at a pressure of
2.8 atm was defined as the backfill gas. Shown in Figure A.3 are the simulated azimuthal angular
neutron-sensitivity distributions with a 0 keV LLD setting. The azimuthal angles, θ, shown in
Figure A.3 directly correspond to the angles illustrated in Figure 4.32. Shown in Figure A.4 are
the simulated polar angular neutron-sensitivity distributions with a 0 keV LLD setting. The polar
angles, ψ, labeled on the x-axis of Figure A.4 directly correspond to the polar angles illustrated in
Figure 4.32.

Figure A.3. Simulated azimuthal angular neutron-sensitivity distributions of 10B-coated
aluminum-honeycomb substrates with cell sizes of 0.635 cm, 0.3175 cm, or 0.15875 cm and a 0
keV LLD setting.
A-4

Figure A.4. Simulated polar angular neutron-sensitivity distributions of 10B-coated aluminumhoneycomb substrates with cell sizes of 0.635 cm, 0.3175 cm, or 0.15875 cm and a 0 keV LLD
setting.

Appendix A.3

Effects of Gas Pressure

The simulation environment shown in Figure 4.29 was used to simulate the effects of the
P-10 gas pressure on the theoretical th. The optimized 10B coating thicknesses for each cell size
(shown in Figure A.1 and listed in Table A.2) were defined while conducting the P-10 gas pressure
simulations. The P-10 gas pressure optimization study was simulated for gas pressures ranging
from 1 to 5 atm in increments of 1 atm. The center of a 5-mm diameter thermal-neutron beam was
positioned at the center of the height of the substrate, normal to the substrate surface. Shown in
Figure A.5 – Figure A.7 are the simulated reaction-product pulse-height spectra, represented by
solid lines and corresponding to the left ordinate, with units of “Counts/Source Neutron”, for the
0.635-cm, 0.3175-cm, and 0.15875-cm cell sizes, respectively. Also shown in Figure A.5 – Figure
A.7 are the simulated th as a function of LLD setting, which are represented by dashed lines and
correspond to the right ordinate.
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Figure A.5. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) for a 0.635-cm cell size honeycomb substrate
with P-10 gas pressures ranging from 1 to 5 atm. The dashed lines correspond to the right ordinate
and illustrate the th as a function of LLD setting for each cell size. The honeycomb sample
contained hexagonal cells with a cell size of 0.635-cm that were coated with 1.4 µm of 10B.

Figure A.6. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) for a 0.3175-cm cell size honeycomb substrate
with P-10 gas pressures ranging from 1 to 5 atm. The dashed lines correspond to the right ordinate
and illustrate the th as a function of LLD setting for each cell size. The honeycomb sample
contained hexagonal cells with a cell size of 0.3175-cm that were coated with 0.9 µm of 10B.
A-6

Figure A.7. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) for a 0.15875-cm cell size honeycomb substrate
with P-10 gas pressures ranging from 1 to 5 atm. The dashed lines correspond to the right ordinate
and illustrate the th as a function of LLD setting for each cell size. The honeycomb sample
contained hexagonal cells with a cell size of 0.15875-cm that were coated with 0.7 µm of 10B.
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BN-COATED ALUMINUM HONEYCOMB
SIMULATION RESULTS
MCNP6 simulations of th were performed to define the optimal 10BN coating thickness for
commercially-available honeycomb cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), and
0.15875 cm (0.0625 in.) (Appendix B.1). The azimuthal and polar angular neutron-sensitivities of
the substrate for each cell size were also simulated (Appendix B.2). The effects of gas pressure on
the th as a function of LLD setting were studied to further-optimize the theoretical operating
parameters of each cell size (Appendix B.3). For all simulation studies, the height and diameter of
the substrate were defined as 1.27 cm (0.5 in.) and 4.1275 cm (1.625 in.), respectively. The wall
thickness of the 5052 aluminum between neighboring cells was defined as 130 µm, 75 µm, or 60
µm corresponding to cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), or 0.15875 cm (0.0625
in.), respectively. The

10

BN-coating thickness was assumed to be uniform about the interior of

each cell. Listed in Table B.1 are the 10B(n, )7Li reaction-product ranges in 10BN, aluminum, and
1 to 5 atm of P-10 gas.
Table B.1. The ranges of 10B(n, )7Li reaction products in 10BN, aluminum honeycomb, and 1 – 5
atm of P-10 gas [96]. The density, , of each material is also listed [96, 115].
Material
Thin-Film Coating
10
BN

 (g

cm-3)

0.840 MeV 1.015 MeV 1.470 MeV 1.777 MeV
7Li (µm)
7Li (µm)
4He (µm)
4He (µm)

2.18

2.17

2.44

3.95

4.84

Substrate
Aluminum Honeycomb

2.70

2.25

2.59

4.65

5.71

P-10 Gas
1 atm
2 atm
3 atm
4 atm
5 atm

0.00156
0.00312
0.00468
0.00624
0.00780

4210
2100
1400
1050
842

4690
2340
1560
1170
939

8040
4020
2680
2010
1610

9900
4950
3300
2470
1980
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Appendix B.1

Thickness Optimization

The simulation environment shown in Figure 4.29 was used to define the optimal

10

BN

coating thickness for commercially-available honeycomb cell sizes of 0.635 cm (0.25 in.), 0.3175
cm (0.125 in.), and 0.15875 cm (0.0625 in.). The th was simulated for 10BN coating thicknesses
ranging from 0 to 5 µm in 0.1 µm increments in order to determine the optimal coating thickness
for each cell size. P-10 gas at a pressure of 2.8 atm was defined as the backfill gas. The center of
a 5-mm diameter thermal-neutron beam was positioned at the center of the height of the substrate,
normal to the substrate surface. Shown in Figure B.1 are the simulated th as a function of 10BN
coating thickness for honeycomb cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), and
0.15875 cm (0.0625 in.) with a 0 keV LLD setting. The maximum simulated th with corresponding
10

BN coating thicknesses for each cell size are listed in Table B.2. The number of 10BN coating

layers corresponding to each cell size are also listed in Table B.2.

Figure B.1. Simulated th as a function of 10BN coating thickness with a 0 keV LLD setting. A 1.27cm (0.5-in.) tall, 4.1275-cm (1.625-in.) diameter aluminum-honeycomb substrate was simulated
with cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), or 0.15875 cm (0.0625 in.).
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Table B.2. Simulated maximum th, with corresponding
honeycomb cell sizes with a 0 keV LLD setting.
Cell Size (cm)
0.635
0.3175
0.15875

Layers
12
26
52

th (%)
28.72
49.58
62.10

10

BN coating thickness, of the three

Coating Thickness (µm)
2.7
1.5
1.2

Shown in Figure B.2 are the simulated reaction-product pulse-height spectra, represented
by solid lines and corresponding to the left ordinate with units of “Counts/Source Neutron”, of the
three cell sizes with the corresponding optimal

10

BN coating thicknesses (Table B.2). The

simulated th distributions shown in Figure B.2, represented by dashed lines and corresponding to
the right ordinate, depict the th as a function of LLD setting for each cell size.

Figure B.2. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) of the three cell sizes of 10BN-coated aluminum
honeycomb. The dashed lines correspond to the right ordinate and illustrate the th as a function
of LLD setting for each cell size. The optimal 10BN coating thickness (listed in Table B.2) was
defined for each cell size.
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Appendix B.2

Angular Neutron Sensitivity

The azimuthal and polar angular neutron-sensitivity distributions were simulated using the
simulation environments illustrated in Figure 4.32. The 10BN-coating thickness for each cell size
was defined from the optimization results shown in Figure B.1 and listed in Table B.2. The incident
thermal-neutron beam was adjusted in 15° increments within either the horizontal or vertical
source plane and the th was simulated at each beam position. For all azimuthal angular neutronsensitivity simulations, the center of the 5-mm diameter incident thermal-neutron beam was
directed toward the center of the sample at the midpoint of the sample height. For all polar angular
neutron-sensitivity simulations, the center of the incident thermal-neutron beam was directed
toward the center of the sample within the vertical source plane. P-10 gas at a pressure of 2.8 atm
was defined as the backfill gas. Shown in Figure B.3 are the simulated azimuthal angular neutronsensitivity distributions with a 0 keV LLD setting. The azimuthal angles, θ, shown in Figure B.3
directly correspond to the angles illustrated in Figure 4.32. Shown in Figure B.4 are the simulated
polar angular neutron-sensitivity distributions with a 0 keV LLD setting. The polar angles, ψ,
labeled on the x-axis of Figure B.4 directly correspond to the polar angles illustrated in Figure
4.32.

Figure B.3. Simulated azimuthal angular neutron-sensitivity distributions of 10BN-coated
aluminum-honeycomb substrates with cell sizes of 0.635 cm, 0.3175 cm, or 0.15875 cm and a 0
keV LLD setting.
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Figure B.4. Simulated polar angular neutron-sensitivity distributions of 10BN-coated aluminumhoneycomb substrates with cell sizes of 0.635 cm, 0.3175 cm, or 0.15875 cm and a 0 keV LLD
setting.

Appendix B.3

Effects of Gas Pressure

The simulation environment shown in Figure 4.29 was used to simulate the effects of the
P-10 gas pressure on the theoretical th. The optimized 10BN coating thicknesses for each cell size
(shown in Figure B.1 and listed in Table B.2) were defined while conducting the P-10 gas pressure
simulations. The P-10 gas pressure optimization study was simulated for gas pressures ranging
from 1 to 5 atm in increments of 1 atm. The center of a 5-mm diameter thermal-neutron beam was
positioned at the center of the height of the substrate, normal to the substrate surface. Shown in
Figure B.5 – Figure B.7 are the simulated reaction-product pulse-height spectra, represented by
solid lines and corresponding to the left ordinate, with units of “Counts/Source Neutron”, for the
0.635-cm, 0.3175-cm, and 0.15875-cm cell sizes, respectively. Also shown in Figure B.5 – Figure
B.7 are the simulated th as a function of LLD setting, which are represented by dashed lines and
correspond to the right ordinate.
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Figure B.5. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) for a 0.635-cm cell size honeycomb substrate
with P-10 gas pressures ranging from 1 to 5 atm. The dashed lines correspond to the right ordinate
and illustrate the th as a function of LLD setting for each cell size. The honeycomb sample
contained hexagonal cells with a cell size of 0.635-cm that were coated with 2.7 µm of 10BN.

Figure B.6. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) for a 0.3175-cm cell size honeycomb substrate
with P-10 gas pressures ranging from 1 to 5 atm. The dashed lines correspond to the right ordinate
and illustrate the th as a function of LLD setting for each cell size. The honeycomb sample
contained hexagonal cells with a cell size of 0.3175-cm that were coated with 1.5 µm of 10BN.
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Figure B.7. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) for a 0.15875-cm cell size honeycomb substrate
with P-10 gas pressures ranging from 1 to 5 atm. The dashed lines correspond to the right ordinate
and illustrate the th as a function of LLD setting for each cell size. The honeycomb sample
contained hexagonal cells with a cell size of 0.15875-cm that were coated with 1.2 µm of 10BN.
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6

LIF-COATED ALUMINUM HONEYCOMB
SIMULATION RESULTS
MCNP6 simulations of th were performed to define the optimal 6LiF coating thickness for
commercially-available honeycomb cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), and
0.15875 cm (0.0625 in.) (Appendix C.1). The azimuthal and polar angular neutron-sensitivities of
the substrate for each cell size were also simulated (Appendix C.2). The effects of gas pressure on
the th as a function of LLD setting were studied to further-optimize the theoretical operating
parameters of each cell size (Appendix C.3). For all simulation studies, the height and diameter of
the substrate were defined as 1.27 cm (0.5 in.) and 4.1275 cm (1.625 in.), respectively. The wall
thickness of the 5052 aluminum between neighboring cells was defined as 130 µm, 75 µm, or 60
µm corresponding to cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), or 0.15875 cm (0.0625
in.), respectively. The 6LiF-coating thickness was assumed to be uniform about the interior of each
cell. Listed in Table C.1 are the 6Li(n, )3H reaction-product ranges in 6LiF, aluminum, and 1 to 5
atm of P-10 gas.
Table C.1. The ranges of 6Li(n, )3H reaction products in 6LiF, aluminum honeycomb, and 1 – 5
atm of P-10 gas [96]. The density, , of each material is also listed [96, 115].
2.050 MeV
4He (µm)

2.730 MeV
3H (µm)

2.54

6.05

33.7

Substrate
Aluminum Honeycomb

2.25

6.72

38.2

P-10 Gas
1 atm
2 atm
3 atm
4 atm
5 atm

0.00156
0.00312
0.00468
0.00624
0.00780

11700
5860
3900
2930
2340

65900
32900
21900
16400
13100

Material
Thin-Film
6
LiF

 (g

cm-3)
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Appendix C.1

Thickness Optimization

The simulation environment shown in Figure 4.29 was used to define the optimal 6LiF
coating thickness for commercially-available honeycomb cell sizes of 0.635 cm (0.25 in.), 0.3175
cm (0.125 in.), and 0.15875 cm (0.0625 in.). The th was simulated for 6LiF coating thicknesses
ranging from 0 to 20 µm in 0.1 µm increments in order to determine the optimal coating thickness
for each cell size. P-10 gas at a pressure of 2.8 atm was defined as the backfill gas. The center of
a 5-mm diameter thermal-neutron beam was positioned at the center of the height of the substrate,
normal to the substrate surface. Shown in Figure C.1 are the simulated th as a function of 6LiF
coating thickness for honeycomb cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), and
0.15875 cm (0.0625 in.) with a 0 keV LLD setting. The maximum simulated th with corresponding
6

LiF coating thicknesses for each cell size are listed in Table C.2. The number of 6LiF coating

layers corresponding to each cell size are also listed in Table C.2.

Figure C.1. Simulated th as a function of 6LiF coating thickness with a 0 keV LLD setting. A 1.27cm (0.5-in.) tall, 4.1275-cm (1.625-in.) diameter aluminum-honeycomb substrate was simulated
with cell sizes of 0.635 cm (0.25 in.), 0.3175 cm (0.125 in.), or 0.15875 cm (0.0625 in.).
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Table C.2. Simulated maximum th, with corresponding 6LiF coating thickness, of the three
honeycomb cell sizes with a 0 keV LLD setting.
Cell Size (cm)
0.635
0.3175
0.15875

Layers
12
26
52

th (%)
32.87
50.82
62.89

Coating Thickness (µm)
15.2
5.4
4.3

Shown in Figure C.2 are the simulated reaction-product pulse-height spectra, represented
by solid lines and corresponding to the left ordinate with units of “Counts/Source Neutron”, of the
three cell sizes with the corresponding optimal 6LiF coating thicknesses (Table C.2). The simulated

th distributions shown in Figure C.2, represented by dashed lines and corresponding to the right
ordinate, depict the th as a function of LLD setting for each cell size.

Figure C.2. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) of the three cell sizes of 6LiF-coated aluminum
honeycomb. The dashed lines correspond to the right ordinate and illustrate the th as a function
of LLD setting for each cell size. The optimal 6LiF coating thickness (listed in Table C.2) was
defined for each cell size.
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Appendix C.2

Angular Neutron Sensitivity

The azimuthal and polar angular neutron-sensitivity distributions were simulated using the
simulation environments illustrated in Figure 4.32. The 6LiF-coating thickness for each cell size
was defined from the optimization results shown in Figure C.1 and listed in Table C.2. The incident
thermal-neutron beam was adjusted in 15° increments within either the horizontal or vertical
source plane and the th was simulated at each beam position. For all azimuthal angular neutronsensitivity simulations, the center of the 5-mm diameter incident thermal-neutron beam was
directed toward the center of the sample at the midpoint of the sample height. For all polar angular
neutron-sensitivity simulations, the center of the incident thermal-neutron beam was directed
toward the center of the sample within the vertical source plane. P-10 gas at a pressure of 2.8 atm
was defined as the backfill gas. Shown in Figure C.3 are the simulated azimuthal angular neutronsensitivity distributions with a 0 keV LLD setting. The azimuthal angles, θ, shown in Figure C.3
directly correspond to the angles illustrated in Figure 4.32. Shown in Figure C.4 are the simulated
polar angular neutron-sensitivity distributions with a 0 keV LLD setting. The polar angles, ψ,
labeled on the x-axis of Figure C.4 directly correspond to the polar angles illustrated in Figure
4.32.

Figure C.3. Simulated azimuthal angular neutron-sensitivity distributions of 6LiF-coated
aluminum-honeycomb substrates with cell sizes of 0.635 cm, 0.3175 cm, or 0.15875 cm and a 0
keV LLD setting.
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Figure C.4. Simulated polar angular neutron-sensitivity distributions of 6LiF-coated aluminumhoneycomb substrates with cell sizes of 0.635 cm, 0.3175 cm, or 0.15875 cm and a 0 keV LLD
setting.

Appendix C.3

Effects of Gas Pressure

The simulation environment shown in Figure 4.29 was used to simulate the effects of the
P-10 gas pressure on the theoretical th. The optimized 6LiF coating thicknesses for each cell size
(shown in Figure C.1 and listed in Table C.2) were defined while conducting the P-10 gas pressure
simulations. The P-10 gas pressure optimization study was simulated for gas pressures ranging
from 1 to 5 atm in increments of 1 atm. The center of a 5-mm diameter thermal-neutron beam was
positioned at the center of the height of the substrate, normal to the substrate surface. Shown in
Figure C.5 – Figure C.7 are the simulated reaction-product pulse-height spectra, represented by
solid lines and corresponding to the left ordinate, with units of “Counts/Source Neutron”, for the
0.635-cm, 0.3175-cm, and 0.15875-cm cell sizes, respectively. Also shown in Figure C.5 – Figure
C.7 are the simulated th as a function of LLD setting, which are represented by dashed lines and
correspond to the right ordinate.
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Figure C.5. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) for a 0.635-cm cell size honeycomb substrate
with P-10 gas pressures ranging from 1 to 5 atm. The dashed lines correspond to the right ordinate
and illustrate the th as a function of LLD setting for each cell size. The honeycomb sample
contained hexagonal cells with a cell size of 0.635-cm that were coated with 15.2 µm of 6LiF.

Figure C.6. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) for a 0.3175-cm cell size honeycomb substrate
with P-10 gas pressures ranging from 1 to 5 atm. The dashed lines correspond to the right ordinate
and illustrate the th as a function of LLD setting for each cell size. The honeycomb sample
contained hexagonal cells with a cell size of 0.3175-cm that were coated with 5.4 µm of 6LiF.
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Figure C.7. Simulated reaction-product pulse-height spectra (solid lines corresponding to the left
ordinate with units of “Counts/Source Neutron”) for a 0.15875-cm cell size honeycomb substrate
with P-10 gas pressures ranging from 1 to 5 atm. The dashed lines correspond to the right ordinate
and illustrate the th as a function of LLD setting for each cell size. The honeycomb sample
contained hexagonal cells with a cell size of 0.15875-cm that were coated with 4.3 µm of 6LiF.
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SIMULATED REACTION-PRODUCT PULSEHEIGHT SPECTRA FOR SFMNDS CONTAINING
TEN AND TWENTY 6LI FOILS
Shown in Figure D.1 are the MCNP6-simulation results of the reaction-product pulseheight spectra, represented by solid lines and corresponding to the left ordinate with units of
“Counts/Source Neutron”, for SFMNDs containing ten and twenty 96%-enriched, 75-µm thick 6Li
foils. The simulated th as a function of LLD setting are represented by dashed lines and correspond
to the right ordinate of Figure D.1. The simulation environment described in Sections 5.3 and 5.3.1
(shown in Figure 5.10) was used to simulate the reaction-product pulse-height spectra and th
distributions. The foil spacing for each foil quantity was defined as listed in Table 5.2. In both of
the simulated reaction-product pulse-height spectra, a valley is present that separates the prominent
spectral features from low-energy events. As the number of foils increases, the prominent spectral
features down-shift in energy range. The down-shift occurs due to a reduction in the distance
separating neighboring foils, resulting in a reduction in the amount of reaction-product energy that
can be deposited between neighboring foils. The energy range of the valley preceding the
prominent spectral features also decreases as the number of foils increases. As a result, when the
number of foils increases, the energy range of the LLD setting decreases without a significant
reduction of th.
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Figure D.1. MCNP6-simulated reaction-product pulse-height spectra (left ordinate with units of
“Counts/Source Neutron”) for ten (solid gray) and twenty (solid black) 96%-enriched, 75-µm
thick 6Li foils contained within 10 psig (1.68 atm) of P-10 proportional gas. The dashed gray and
black lines correspond to the right ordinate and illustrate the th as a function of LLD setting for
ten and twenty 6Li foils, respectively. As the LLD setting is increased, the th reduces as a function
of the reaction-product spectral features.
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EQUIPMENT CONNECTION DIAGRAMS
Shown in Figure E.1 and Figure E.2 are the equipment connection diagrams used for
characterizing the microstrip electrodes. The diagram shown in Figure E.1 was used for defining
counting and gas-multiplication curves and the diagram shown in Figure E.2 was used for
characterization of the gain stability of the microstrip electrodes as well as the drift electric field
profiling study. The diagram in Figure E.2 was also used for performing all neutron-sensitivity
measurements described in Chapter 6.

Figure E.1. Equipment connection diagram for defining the counting and gas-multiplication
curves of the Si and SB33 microstrip electrodes.
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Figure E.2. Equipment connection diagram for conducting characterization of the gain stability
of the microstrip electrodes as well as the drift electric field profiling study. This equipment
connection diagram was also used for performing all neutron-sensitivity measurements described
in Chapter 6.
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