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Abstract— A small form-factor, third-generation microstruc-
tured semiconductor neutron detector (MSND)-based 3He
replacement (HeRep Mk III) detector has been developed to
serve as a direct replacement to expensive small-diameter, high-
pressure 3He gas-filled proportional neutron counters. Previously,
the larger, 2-in diameter by 6-in-long HeRep Mk II utilized thirty
4-cm2 active area single-sided MSNDs to replace a similarly sized
4-atm 3He counter. The net count rate of the HeRep Mk II
was 95.15% ± 9.04% of the net count rate of a similarly sized
4-atm 3He detector for bare 252Cf at a distance of 1 m. The
HeRep Mk II net count rate measured 102.71% ±2.65% of the
3He detector net count rate when each were placed in 6-in diam-
eter by 9-in-long cylindrical high-density polyethylene (HDPE)
moderator casks. The HeRep Mk III was developed as a
test bed for new-generation dual-sided MSNDs (DSMSNDs), as
well as for reduced-power electronics. The 0.75-in diameter by
4.50-in-long HeRep Mk III was populated with twelve 1-cm2

active area DSMSNDs. The pvp-type diodes have thus far realized
53.54% ± 0.61% intrinsic thermal-neutron detection efficiency.
The HeRep Mk III was tested against a 0.75-in diame-
ter by 3.0-in-long 10-atm 3He detector with a 30-ng 252Cf
source at a distance of 0.25 m. The HeRep Mk III reported
45.4% ± 0.3% and 56.7% ± 0.2% of the count rate of the
10-atm 3He detector for detectors with no exterior moderator
and in a 3-in by 5.75-in cylindrical HDPE moderator cask,
respectively. The HeRep Mk III gamma-ray sensitivity was
measured at a dose rate of 50 mR/hr from 137Cs resulting in
a net count rate of 0.01 cps, which corresponds to a gamma-ray
rejection ratio of approximately 5:107.

Index Terms— Helium-3 replacement detector (HeRep),
microstructured semiconductor neutron detector (MSND),
solid-state neutron detector.

I. INTRODUCTION

THE shortage and rising cost of 3He gas used in many
common gas-filled neutron proportional counters has

motivated the drive toward developing alternative methods

Manuscript received July 1, 2016; revised September 8, 2016 and
December 6, 2016; accepted January 2, 2017. Date of publication January 16,
2017; date of current version July 14, 2017. This work was supported by the
Defense Threat Reduction Agency under Contract HDTRA1-14-C0032.

T. R. Ochs, R. G. Fronk, Z. I. Lyric, J. K. Shultis, C. T. Smith, and
D. S. McGregor are with the Semiconductor Materials and Radiological
Technologies Laboratory, Kansas State University, Manhattan, KS 66506 USA
(e-mail: trochs@ksu.edu).

S. L. Bellinger and L. C. Henson are with Radiation Detection Technologies,
Inc., Manhattan, KS 66502 USA.

T. J. Sobering and D. E. Huddleston are with the Electronics Design
Laboratory, Kansas State University, Manhattan, KS 66506 USA.

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TNS.2017.2653719

for neutron detection in the past decade. One such alternative
utilizes solid-state diodes in conjunction with neutron
conversion material such as 6LiF and 10B. Planar pin-
or pvn-junction semiconductor diodes coated with a thin
layer of neutron conversion material have been shown to
be an inexpensive, rugged, and mass-producible solution
to thermal-neutron detection [1]–[5]. Such detectors have
thermal-neutron intrinsic detection efficiency limited to
approximately 4%–5% and have a diminishing return when
multiple diodes are arranged in a stacked configuration [5].
Other solid-state neutron detection solutions have been
studied where the neutron converting material exists as part
of the semiconductor substrate. These semiconductors have
shown thermal-neutron response, but thus far, challenges in
large scale crystal growth and charge trapping proprieties
have limited thermal-neutron detection efficiency [6]–[8].

Microstructured semiconductor neutron detectors (MSNDs)
have been developed over the past decade as an
improvement over the thin-film-coated diodes at Kansas State
University [9]–[15]. Other research groups have also
investigated various microstructure geometries [16]–[18].
MSNDs have straight trenches etched into a silicon substrate
and subsequently backfilled with neutron sensitive material,
such as 6LiF. Neutrons absorbed in the MSND trenches induce
fission in 6Li nuclei, thereby, producing pairs of charged-
particle reaction products emitted in opposite directions. The
reaction products incident on the silicon fins deposit energy
in the semiconductor substrate, which excite electron-hole
pairs. The electron-hole pairs are drifted to their respective
electrodes by the electric field formed by the p-n junction. The
motion of charge carriers in the substrate induces current in the
detection circuitry, which is used to form pulses that indicate
neutron absorption events. MSNDs offer improvement of thin-
film-coated technology by increasing both the probability of
neutron absorption and the probability that one or both reaction
products will deposit energy in the semiconductor substrate.
MSNDs with straight trenches etched into one side of a
silicon substrate and subsequently backfilled with 6LiF have
theoretical intrinsic thermal-neutron detection efficiencies
greater than 40% [12]. Dual-sided MSNDs (DSMSNDs)
eliminate neutron streaming paths through the silicon fins
on the front side of the diode by etching trenches into
the opposite side of the silicon substrate offset from the
front-side trenches, and such devices can yield theoretical
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Fig. 1. DSMSNDs with offset trenches backfilled with 6LiF. The trenches
are approximately 350 μm deep and 20 μm wide. The pvp-type diode is
operated at 0 V applied bias and greater than 50% intrinsic thermal-neutron
detection efficiency has been achieved for 1-cm2 active-area diodes [13].

intrinsic thermal-neutron detection efficiencies greater
than 80% [13].

Presently, DSMSNDs have been fabricated from 4-in diam-
eter, 1-mm thick, 5 k�-cm, [110]-oriented silicon wafers.
Straight trenches were etched approximately 20 μm wide
by 350 μm deep on both sides of the wafer. A p-type
diffusion was performed on both sides of the wafer to
form a pvp-type contact, vertically through the 1-cm2 active
area diodes. Such devices are self-biased and thus far have
achieved intrinsic thermal-neutron detection efficiencies of
53.54% ± 0.61% [13].

II. HELIUM-3 REPLACEMENT INSTRUMENTS

Three generations of direct 3He replacement
devices (HeRep) have been developed to compete with
similar sized 3He neutron proportional counters with
MSNDs arranged in a cylindrical form factors of various
sizes [10], [14]. The first-generation 3He replacement device
(HeRep Mk I) consisted of stackable detector rings each
populated with eight 1-cm2 active area MSNDs arranged
concentrically around a high-density polyethylene (HDPE)
moderator puck. Early generation MSNDs with intrinsic
thermal-neutron detection efficiencies ranging from 7%–10%
were used in the HeRep Mk I and the number of detector
rings could be adjusted to achieve a desired detector height.
The 8-puck (6 in)-tall HeRep Mk I containing 64 individual
1-cm2 active-area MSNDs measured 84.4% ± 0.08% of a
4-atm, 2-in diameter by 6-in-long 3He detector for 252Cf at
1 m with the detectors in a 6-in diameter by 9-in-tall HDPE
moderator cask [15]. The second-generation 3He replacement
device (HeRep Mk II) was designed to compete directly with
the 4-atm, 2-in diameter by 6-in-long 3He counter. Thirty
4-cm2 active area MSNDs were used to populate six detector
strips that were arranged into the ‘hexastrip pattern’ and
inserted into a 2-in diameter, 6-in length tube along with
signal processing electronics. The 252Cf response at 1 m

Fig. 2. (Left) 0.75-in by 4.5-in HeRep Mk III compared to the 2-in by
6-in HeRep Mk II (Center and Right) HeRep Mk III detector strips populated
with six DSMSNDs per strip. The detector strips run nearly the length of
the detector package maximizing the size of the detector region sensitive to
thermal neutrons.

TABLE I

DETECTOR SPECIFICATIONS FOR THE HeReP Mk II AND HeRep Mk III.
THE HeRep Mk II UTILIZED SINGLE-SIDED MSND DIODES, AND THE

HeRep Mk III WAS POPULATED WITH DSMSNDs

for the HeRep Mk II was 95.15% ± 9.04% of the response
of a similar sized 4-atm Reuter Stokes 3He proportional
counter for bare detector comparison. Both detectors were
then placed into a 6-in diameter by 9-in cylindrical HDPE
moderator cask and the HeRep Mk II response to 252Cf was
102.71% ± 2.65% of the 3He response [15].

The third-generation 3He replacement device
(HeRep Mk III) was designed to serve as a replacement
for 0.75-in diameter 6-atm 3He counters (see Fig. 2). The
device also serves as the initial prototype detector that
implements the high-efficiency pvp-type DSMSNDs coupled
with improved low-power electronics. The HeRep Mk III
detector package implements twelve 1-cm2 active-area
pvp-type DSMSNDs with thermal-neutron intrinsic detection
efficiencies greater than 50% arranged onto two detector
strips with six DSMSNDs each that are connected to a
motherboard containing signal amplifying, shaping, and
TTL-pulse generating electronics. The 0.75-in diameter by
4.5-in-long detector outputs a 5 V amplitude TTL square
pulse, requires 5 V input voltage, and has a maximum power
draw of 15 mW. Additionally, the lower level discriminator
of the system can be adjusted via an on-board I2C interface.
Table I compares detector specifications for the HeRep Mk II
and HeRep Mk III.

A 0.75-in diameter by 3.0-in-long, 10-atm 3He proportional
counter was used for direct comparison measurements for the
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TABLE II

DIRECT COMPARISON TO 3He FOR A MODERATED 30-ng 252Cf SOURCE

WITH NO EXTERNAL DETECTOR MODERATOR

TABLE III

DIRECT COMPARISON TO 3He FOR A MODERATED 30-ng 252Cf SOURCE

WITH DETECTORS IN A 3.0-IN DIAMETER BY 5.75-IN-LONG HDPE
MODERATOR AT A DISTANCE OF 25 cm

HeRep Mk III [19]. The 3He detector has significant dead
regions that are not sensitive to incident radiation caused
by large insulating standoffs on each end of the anode wire
required to reduce sporadic counts from the high electric field.
Only 1.5-in of the 3-in (50%) of the 10-atm 3He detector
is considered active. Additionally, the SHV-connectors on the
3He detector increase the total length of the detector by 1.5 in.
The HeRep Mk III has a total length of 4.5 in with nearly
2.5 in of active length (55%). Dead space between the diodes,
signal processing electronics, and the connector reduce the
active length. The HeRep Mk III has another advantage over
gas filled detectors in that HPDE moderator beads can be
added to the interior of the detector tube in the void spaces
between the detector strips and detector casing. Adding interior
moderator beads increases the detector’s sensitivity to fast
neutrons, improves the angular response, and allows for the
possibility for neutrons that may have initially passed through
the detector without interacting to scatter and pass through the
DSMSNDs again.

The detector response to a moderated 30-ng 252Cf at a
distance of 0.25 m was compared for the HeRep Mk III with
and without internal HDPE moderator beads, and the 10-atm
3He detector. The measurements were then repeated for with
the detectors in a 3-in diameter by 5.75-in cylindrical external
HDPE moderator cask. The results of the comparison are
found in Tables II and III. The HeRep Mk III was designed
to directly compete with 6-atm 3He tubes of similar size.
The Mk III reported 45.4% ± 0.3% and 47.4% ± 0.3% of
the count rate of the 10-atm 3He detector for the moderated
source, bare detector configuration with and without interior
moderator, respectively. The Mk III reported 56.7% ± 0.2%
and 54.4% ± 0.2% of the 3He detector count rate for

Fig. 3. Angular response for bare HeRep Mk III to a 32-ng 252Cf source
in an ANSI HPDE moderator cask at a distance of 25 cm. The addition of
interior HDPE moderator beads increased the net count rate and improved the
azimuthal detector response.

Fig. 4. Angular response for HeRep Mk III in a 3-in diameter by 5.75-in
HDPE moderator cask to a 32-ng 252Cf source in an ANSI HPDE moderator
cask at a distance of 25 cm. The difference between measurements with and
without interior HDPE moderator beads was negligible due to the large volume
of the external moderator cask relative to the volume of the interior moderator.

moderated source, moderated detector configuration with and
without interior moderator, respectively.

Further characterization was performed for the
HeRep Mk III to compare the significance of the interior
moderator. The angular response was measured by placing an
ANSI moderated 32-ng 252Cf source 0.25 m from the detector
and rotating the detector throughout 360° with measurements
at 30° increments. The measurement was performed with and
without internal moderator for a bare detector configuration
and with the detector in the 3.0-in diameter by 5.75-in
external HDPE moderator cask as seen in Figs. 3 and 4,
respectively. For the bare detector without internal moderator
beads (Interior Void), there is a count rate depression at
90° and 270°, which corresponds to an orientation where the
DSMSND strips are being irradiated side-on with an active
target area only 2 mm wide. The addition of HDPE interior
moderator beads flattens the azimuthal detector response and
improves the overall average count rate. The effect of interior
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Fig. 5. HeRep Mk III response to bare 32-ng 252Cf source at multiple source
to detector distances. The foreground count rate for the HeRep containing
interior moderator was approximately three times higher than the count rate
for the HeRep without interior moderator at distances greater than 0.2 m.

Fig. 6. HeRep Mk III response to an ANSI moderated 32-ng 252Cf source at
multiple source to detector distances. The foreground count rate for the HeRep
containing interior moderator was as much as approximately 2.8 times higher
than the count rate for the HeRep without interior moderator at a distance
of 0.8 m.

moderator beads was negligible for the configuration with
the HeRep Mk III placed in an external moderator cask most
likely because the volume of the external moderator was
much larger than the volume of the internal moderator.

The HeRep Mk III response to a 32-ng 252Cf source as a
function of distance was also measured (see Figs. 5–8). Bare
source and bare detector, moderated source and bare detector,
bare source and moderated detector, and moderated source
and moderated detector scenarios were measured with and
without HeRep internal moderator beads. Again, the addition
of internal moderator beads tends to improve the foreground
count rate response for bare detector configurations at dis-
tances greater than 0 cm while only slightly increasing the
background count rate. Finally, the HeRep Mk III gamma-ray
sensitivity was measured at a dose rate of 50 mR/hr from 137Cs
resulting in a net count rate of 0.01 cps, which corresponds
to a gamma-ray rejection ratio of approximately 5:107.

Fig. 7. Plotted is the response of the HeRep Mk III in a 3-in diameter by
5.75-in cylindrical HDPE moderator cask to a bare 32-ng 252Cf source. The
additional of interior moderator has negligible effect on the measured count
rate.

Fig. 8. Plotted is the response of the HeRep Mk III in a 3-in diameter
by 5.75-in cylindrical HDPE moderator cask to an ANSI moderated 32-ng
252Cf source. The additional of interior moderator has negligible effect on
the measured count rate.

III. CONCLUSION

DSMSNDs fabricated from 1-mm-thick silicon with 1-cm2

active area and intrinsic thermal-neutron detection efficiencies
greater than 50% have been successfully used to populate
a He-replacement device aimed at directly competing with
expensive 0.75-in diameter, 6-atm 3He neutron proportional
counters. Also, the addition of interior HDPE moderator beads
into the void space between the DSMSND detector strips and
detector enclosure has improved the foreground and angular
response to 252Cf over HeRep configuration without interior
moderator.

The performance of future MSND-based HeRep will be
further improved by increasing the neutron response of indi-
vidual DSMSNDs. DSMSNDs with detection efficiencies
closer to theoretical maximums (70%–80%) may be realized
through improved processing techniques. Furthermore, alter-
native DSMSND configurations within the HeRep can reduce
dead regions and improve intrinsic detection efficiency to
match high pressure 3He detectors.
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