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The intrinsic thermal-neutron detection efficiency of a'°B,C-coated aluminum honeycomb sample was measured
using a single-anode wire, P-10 continuous-gas-flow proportional counter. The aluminum honeycomb sample was
1.27 cm thick with a diameter of 4.1275 cm (1 5/8 in.) and was composed of hexagonal-shaped cells with a cell
size of 1.5875 mm (1/16 in.). The!°B,C coating was applied by Exothermics, Inc. via magnetron sputtering
to a coating thickness of 4.68 + 1.25 pm as measured using a scanning electron microscope. Using a lower level

discriminator setting of 50 keV, intrinsic thermal-neutron detection efficiency was measured to be 21.45 + 0.26%
in reference to a 4.0 atm, 5.08-cm (2-in.) diameter, 15.24-cm (6-in.) long Reuter Stokes®He tube with a known
efficiency of 80.7 + 0.5%. MCNP6 simulations yielded a theoretical intrinsic thermal-neutron detection efficiency
of approximately 24% for a'®B,C-coating thickness of 4.68 pm with a lower level discriminator setting of 50 keV.

1. Introduction

Several alternative neutron detection technologies have been de-
veloped to achieve the neutron detection and gamma-ray discrimina-
tion capabilities of commercially-available He proportional counters
at a fraction of the cost [1-5]. Given the abundant deployment of
commercial 3He proportional counters in the oil-well logging indus-
try [6-8], motivation exists to define alternative neutron-conversion ma-
terials that are capable of operating in oil-well logging instrumentation
temperatures up to 200 °C [9,10].

Honeycomb substrates have recently emerged as a substrate of inter-
est for thin-film-coated thermal-neutron detection applications [11-15]
due to the amount of surface area contained within a compact substrate
size. Specifically, boron-lined honeycomb substrates have previously
been fabricated and tested either with individual anode wires posi-
tioned within each individual honeycomb cell [12] or with a series
of gas electron multipliers positioned below the substrate [13-15].
A representative picture of the substrate geometry is shown in Fig. 1.
These light-weight substrates are commonly used in commercial in-
dustries as energy absorbers, structural materials, and directional flow
guides due to their high strength-to-weight ratio [16]. Several com-
panies manufacture these substrates [16-19] using various materials
such as plastics and aluminum and the size and shape of the cells
can be adjusted depending on the desired application [16,17,20]. The
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present work reports on the measurement and simulation of the intrinsic
thermal-neutron detection efficiency, &,,, of a 1°B,C-coated aluminum
honeycomb sample tested using a single-anode wire, P-10 continuous-
gas-flow proportional counter.

2. Theoretical considerations

Thin-film-coated devices are inherently limited to allowing only
one reaction product to enter into the ionizing volume of the detec-
tor [22,23]. Given that a single layer of 19B or °LiF thin-film-coating
has a maximum ¢, of approximately 4.5% [23,24], several alternating
converter-ionization volume layers are required to achieve the perfor-
mance of commercially-available 3He proportional counters [22,23]. A
variety of approaches have been explored to implement consecutive
thin-film coatings contained within various sizes and shapes of ionizing
volumes in order to increase ¢, [12,15,25-28].

Depending on the size and geometry of the ionization volume, thin-
film-coated devices commonly rely on either 1B or °Li as the neutron-
converting isotope. For smaller ionization volumes,!°B (and 1°B-contai-
ning compounds such as 1°B,C and 1°BN) is used due to its higher
thermal-neutron absorption cross section (3840 b for 1B compared to
940 b for Li [22,23,29]) coupled with the shorter range of reaction
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Fig. 1. Geometry of an aluminum honeycomb substrate [21]. The walls of the
honeycomb substrate are coated with a thin layer of neutron-converting material
for use as a compact, high-efficiency neutron counter.

products emitted from the 1°B(n,a) Li reaction [22,23].19B,C is com-
monly used as a thin-film-coating material instead of 1°B because of
its desirable material and adhesion properties [30-33]. The addition of
carbon results in a slight decrease of the macroscopic thermal-neutron
absorption cross section of 1°B,C compared to that of 1B, reducing it
to approximately 450 cm~! from 500 cm~! [34,35]. The density and
melting temperature for 1°B,C of 2.45 g cm~3 [36] and 2350 °C [371,
respectively, are slightly higher than that of 1°B of 2.15 g cm~2 [35] and
2075 °C [37]. Thus,'°B,C was selected as the thin-film-coating material
for the present work because it is capable of being deployed in high
temperature environments with similar neutron-detection capabilities
compared to pure-19B.

When a neutron is absorbed by a 1°B atom, charged-particle reaction
products are emitted in opposite directions with energies described by,

7 4
Li (1.015MeV) + ;He (1.777MeV) , 6%
(1)n+;0B — {3 ( )+ oHe ( ) (€8]

TLi, (0.840 MeV) + $He (1.470MeV),94%

As shown in Eq. (1), the 6% and 94% reaction branches have reaction
Q-values of 2.792 and 2.310 MeV, respectively. The discrepancy in
reaction Q-values arises from the 7Li ion of the 94% branch being
emitted in its first excited state. A rapid de-excitation of the 7Li ion to
its ground state results in the emission of a 0.480 MeV gamma ray.

In general, three reaction-product emission scenarios exist for a
thin-film-coated substrate, as illustrated in Fig. 2. In scenarios 1 and
2, one of the reaction products is able to escape the reactive layer
and enter into the gas while the other reaction product is absorbed
within the coating and/or substrate. Once inside the gas, liberation of
charge carriers occurs as the reaction product ionizes the gas. Charge
induction occurs as the charge carriers drift toward their respective
electrodes under the influence of an electric field formed by the potential
difference between the electrodes. In scenario 3, both charge carriers
are absorbed within the reactive coating and/or substrate and thus
cannot be measured. Although three scenarios are shown in Fig. 2,
the amount of energy deposited by the reaction-product within the gas
depends on the emission site and trajectory of the reaction product. As
a result, reaction-product pulse-height spectra measured using a thin-
film-coated device typically have a distribution of deposited energies
represented, ranging up to the full energy of the highest-energy reaction
product [38].

3. Experimental methods
A 1.27-cm (0.5-in.) thick, 4.1275-cm (1.625-in.) diameter aluminum-

honeycomb sample containing hexagonal cells with a cell size of
1.5875 cm (1/16 in.) was coated with '°B,C via magnetron sputtering

86

Nuclear Inst. and Methods in Physics Research, A 898 (2018) 85-89

Coating
Substrate
Gas * + 5 Li
-
/ﬁ + = T+
%
o
//
V"L
Gas

Thin-Film Coating

Fig. 2. General reaction-product emission scenarios that occur from neutron
conversion using a thin-film-coated device.
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Fig. 3. Top-down illustration of the honeycomb cell and coating parameters.
The honeycomb material is represented in gray, the thin-film coating in hori-
zontal cross-hatching, and the gas in white.

by Exothermics, Inc. Fig. 3 illustrates the honeycomb cell parameters
relative to the coating thickness. The 19B,C coating thickness was
measured to be 4.68+1.25 pm using a Hitachi S-3400N scanning electron
microscope. Twenty-four sample locations were measured in order to
establish a distribution of coating thicknesses about the entire sample.
Shown in Fig. 4 are representative measurements of the 1°B,C-coating
thickness.

The sample was then positioned within a continuous-gas-flow pro-
portional counter containing a 25.4-um diameter tungsten anode wire,
as illustrated in Fig. 5. The continuous-gas-flow proportional counter
was connected to a tank of P-10 proportional gas (90% argon, 10%
methane). Measurement of ¢, was conducted using the diffracted
neutron beam of the Kansas State University TRIGA Mk II research
reactor. The test apparatus was positioned to align the side of the
sample with the incident thermal-neutron beam as illustrated in Fig. 5. A
cadmium collimator with a 5-mm diameter aperture was used to ensure
the thermal-neutron beam was incident strictly on the side of the sample,
eliminating solid-angle effects. The 1°B,C-coated aluminum-honeycomb
sample ¢, was calculated in reference to a 4.0 atm, 5.08-cm (2-in.)
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Fig. 4. 1°B,C-coating thicknesses measured using a scanning electron microscope. Several locations were measured about the sample in order to obtain an

average 19B,C-coating thickness distribution.
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Fig. 5. A cross-sectional view of the thermal-neutron beam orientation relative
to the 1°B,C-coated aluminum honeycomb sample positioned within the single-
anode wire, continuous-gas-flow proportional counter testing device. P-10 gas
continuously flowed through the chamber during the ¢, and energy-calibration
measurements.

diameter, 15.24-cm (6-in.) long Reuter Stokes 3He tube with a known g,
of 80.7 + 0.5% [39,40]. The continuous-gas-flow proportional counter
was operated with the anode wire maintained at an experimentally-
determined operating voltage of 700 V. Energy calibration of the
measured reaction-product spectrum was accomplished using a 148Gd
alpha-particle source that was positioned within the continuous-gas-
flow proportional counter once ¢, testing concluded.

MCNP6 simulations were performed for the distribution of measured
10B,C-coating thicknesses applied to the aluminum honeycomb sam-
ple. The simulation environment included a 5-mm diameter beam of
thermal neutrons incident on the center of the side of the sample. P-10
proportional gas at ambient pressure was implemented into the simula-
tion environment in an attempt to accurately match the experimental
environment. Uniform 1°B,C-coating thicknesses of 3.5-6.0 um were
simulated to compare to the measured average coating thickness and
associated error (4.68 +1.25 pm).

4. Results and discussion

The resulting reaction-product pulse-height spectra measured for the
cases of reactor off (i.e. background), reactor on with Cd neutron shutter
closed, and reactor on with Cd neutron shutter open are shown in Fig. 6.
The experimental ¢, was calculated to be 21.45 + 0.26% for a lower
level discriminator (LLD) setting of 50 keV in reference to the energy-
calibration measurement.
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Fig. 6. Measured reaction-product pulse-height spectrum of the 1°B,C-coated
aluminum honeycomb sample relative to a background measurement and a
measurement in which the cadmium shutter blocked the incident thermal-
neutron beam. The LLD setting was calculated to be 50 keV.

The distributions of simulated ¢, as a function of 1°B,C-coating
thickness for various LLD settings ranging from 0 to 100 keV are shown
in Fig. 7. For a 50 keV LLD setting, the simulated ¢, varies from
approximately 33%-19% for 1°B,C-coating thicknesses ranging from
3.5-6.0 pm, respectively. A comparison of the measured and simulated
£, reveals that the measured ¢, occurs within the range of simulated
values for similar LLD settings. Upon closer inspection, the simulated ¢,
for a 19B,C-coating thickness of 4.68 um, the average coating thickness
measured from the sample, was approximately 24% with a LLD setting
of 50 keV. The difference between measured and simulated ¢, at the
average coating thickness indicates that the measured coating thickness
does not represent the true average coating thickness of the sample.
Specifically, the measured coating thickness was a representation of
several locations measured on the exterior surfaces of the sample. Given
that magnetron sputtering was the coating method, which is a line-of-
sight coating method, a broader distribution of coating thicknesses is
likely present about the entirety of the sample, for both internally- and
externally-located coating surfaces.

5. Conclusions

An aluminum honeycomb substrate coated with 4.68 + 1.25um
of 1°B,C had a measured &, of 21.45 + 0.26% with an LLD setting of 50
keV. The measured ¢, occurred within the range of MCNP6-simulated
values for 19B,C-coating thicknesses ranging from 3.5 —6.0 pm. Specifi-
cally, the simulated ¢, was approximately 24% for a coating thickness
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Fig. 7. MCNP6-simulated ¢, as a function of 1°B,C-coating thickness ranging
from 3.5-6.0 pm for various LLD settings. As the LLD setting is increased for a
given coating thickness, ¢, decreases.

of 4.68 pm with an LLD setting of 50 keV. Although the reason for the
difference between measured and simulated values is unknown at the
average coating thickness of 4.68 um, it is suspected to be a function
of the measured coating-thickness distribution as well as potentially the
LLD setting.

Future efforts to improve the accuracy of the measured coating
thickness require an increased number of positions about the sample to
be measured for both internally- and externally-located coating surfaces.
The number of measurements conducted should also be increased
to improve the statistical accuracy of the measured average coating
thickness. Finally, additional energy-calibration measurements using
multiple and different known alpha-particle energies are necessary to
clarify the energy-specific LLD setting used while measuring &,.

Although the measured and simulated efficiencies are significantly
lower than commercially-available 3He proportional counters, the re-
sults indicate that the substrate has the potential to be a viable candi-
date for a 3He alternative technology. However, further experimental
and simulation efforts are necessary to optimize the neutron-detection
performance of the substrate as a thin-film-coated neutron-conversion
medium.
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