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ABSTRACT

Semiconductor based thermal neutron detectors provide a compact technology for neutron detection and imaging. Such
devices can be produced by externally coating semiconductor charged particle detectors with neutron reactive films that
convert free neutrons into charged-particle reaction products. Commonly used films for such devices utilize the °B(n,a)’Li
reaction or the °Li(n,a)H reaction, which are attractive due to the relatively high energies imparted to the reaction products.
Unfortunately, thin film or “foil” type thermal neutron detectors suffer from self-absorption effects that ultimately limit
neutron detection efficiency. Design considerations that maximize the efficiency and performance of such devices are
discussed. Linear arrays fabricated from thin-film-coated pixel detectors are presented with results.
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1. INTRODUCTION

The most studied form of semiconductor neutron detector is the “foil” detector or, more precisely, the thin-film-coated
detector. The general configuration consists of a semiconductor diode upon which has been attached a film of neutron
reactive material. Generally, the reactive material ejects a form of ionizing radiation upon a neutron interaction. Since
neutrons hold no electronic charge, methods used to recognize neutron interactions within a detector generally rely on second
order effects. Three very common neutron interactions that are used for a variety of thermal neutron detectors are the
198 (n,a) Li reaction, °Li(n,a)*H reaction, and the **’Gd(n,y)***Gd reaction [1-4]. Conventional fabrication processes such as
evaporative coating can be used to apply B, LiF, and Gd. Hence, wafer scale fabrication of the devices can be implemented to
reduce overall production costs. The neutron detector designs discussed consist of solid-state detectors (or semiconductor
diode detectors) coated with a solid form of neutron reactive material.

1.1 Common Materials for Neutron Reactive Coatings
1.1.1 B coatings
The °B(n,a)’Li reaction leads to the following reaction products [1-4]:

Reaction Q- Value

0g 4 1n "Li(at1.015MeV) + a (at1.777 MeV), 2.792 MeV/(to ground state)
0 "Li*(at0.840MeV) + a (at1.470 MeV), 2.310 MeV (Ist excited state)

which are released in opposite directions when thermal neutrons (0.0259 eV) are absorbed by °B. After absorption, 94% of
the reactions leave the "Li ion in its first excited state, which rapidly de-excites to the ground state (~10" seconds) by
releasing a 480 keV gamma ray. The remaining 6% of the reactions result in the ’Li ion dropping directly to its ground state.
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The microscopic thermal neutron absorption cross section is 3840 barns. Additionally, the microscopic thermal neutron
absorption cross section decreases with increasing neutron energy, with a dependence proportional to the inverse of the
neutron velocity (1/v) over much of the energy range [5,6]. With an atomic density of 1.3 x 10% atoms/cm?, the resulting
macroscopic thermal neutron absorption cross section (Z) for pure °B is of 500/cm.

The average range for a 0.840 MeV Li ion in pure "B is 1.6 pm and the average range for a 1.47 MeV a-particle in pure
"B is 3.6 um. The longest range that a particle can transit through the reactive film and still retain detectable energy for a
given system is referred to as the effective range, L [7,8]. Given a predetermined lower level discriminator (LLD) setting, the
average effective range (L) for either particle can be determined. For example, an LLD setting of 300 keV yields a calculated
value of L;; = 0.810 pum for 840 keV ’Li ions and L, = 2.648 pm for 1.47 MeV a-particles [7-9].

1.1.2 °LiF coatings
The °Li(n,a)*H reaction leads to the following products:

Reaction Q- Value

*Li+ ;n - °*H(at2.73MeV) +a (at2.05MeV), 4.78 MeV

which again are oppositely directed if the neutron energy is sufficiently small. The microscopic thermal neutron (0.0259 eV)
absorption cross section is 940 barns. The thermal neutron absorption cross section also demonstrates a 1/v dependence,
except at a salient resonance above 100 keV, in which the absorption cross section surpasses that of '°B for energies between
approximately 150 keV to 300 keV [5,6]. Additional resonances characteristic to either isotope cause the absorption cross
section to surpass one or the other as the neutron energy increases. Due to its higher absorption cross section, the *°B(n,a)’Li
reaction leads to a generally higher reaction probability than the °Li(n,a)®H reaction for neutron energies below 100 keV.
However, the higher energy reaction products emitted from the °Li(n,a)®H reaction lead to greater ease of detection than the
particles emitted from the *°B(n,a)’Li reaction.

One popular form of °Li is the stable compound of °LiF. The molecular density of °LiF is 6.118 x 10> molecules/cm®,
therefore the atomic density of ®Li atoms within °LiF amounts to the same. The mass density of °LiF is 2.541 g/cm®. With a
microscopic thermal neutron cross section of 940 barns for °Li, the resulting macroscopic thermal neutron cross section for
®LiF is 57.51/cm. An LLD setting of 300 keV gives L, as 4.64 um and L, as 29.25 pm [8].

1.1.3 Pure °Li coatings

Pure °Li can be used as a neutron reactive coating, although its corrosive and reactive nature results in cumbersome handling
procedures. Pure °Li has a mass density of 0.463 g/cm® and an atomic density of 4.634 x 10% atoms/cm®. The resulting
macroscopic thermal neutron absorption cross section is 43.56/cm. The low atomic density and the low mass density of pure
®Lj result in rather large reaction product ranges [8]. With an LLD setting of 300 keV, the values of L for the pure °Li film far
surpass those calculated for pure °B film, with L, = 19.05 pm and L;; = 126.77 um. The rather thick reaction product films
necessary to achieve optimum performance can be difficult to deposit and prevent from decomposing. Due to decomposition
problems, pure °Li-films have been impractical for coated semiconductor detectors thus far. The low melting point of pure Li
(180.5°C) makes high temperature processing of coated devices impractical, and it also causes much difficulty with film
application since conventional sputtering and evaporation are not truly viable options. Li could be applied by resistive
evaporation, but a non-reactive material should be applied immediately afterwards as a protective overcoat.

1.1.4 Gd-Based Coatings

Gd-coated devices are attractive for one main reason, that being the large thermal neutron absorption cross sections of ***Gd
and *'Gd (58,000 and 240,000 barns, respectively). Purified **’Gd is too expensive to be used as a practical coating for
semiconductor detectors, however natural Gd is not cost prohibitive and still has a respectably large thermal neutron cross
section of 46,000 barns [5,6]. Gd emits various conversion electrons and gamma rays at energies ranging up to 220 keV.
Unfortunately, the particle ranges are limited to only a few microns in the Gd material. With the LLD set at 100 keV to
eliminate gamma ray background and electronic noise, single coated devices yield detection efficiencies of only a few
percent [10], actually less than achievable than a single coated °B- or LiF-coated device [8]. Calculated efficiencies for
simple sandwich designs further indicate that the maximum obtainable efficiency is only 3% with the LLD set at 100 keV,
increasing to only 12.5% if the LLD is reduced to 50 keV [10]. Hence, there is no clear advantage over “°B- or LiF-coated
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devices. Many groups have reported on Gd-coated devices [10-14]. The fundamental difficulty with Gd-coated devices arises
from mixed radiation field measurements where background gamma ray contamination complicates the spectrum.

1.2 Theoretical Efficiency for Obverse Irradiation

With a thin-film-coated detector, reaction product charged particles may enter the semiconductor device and be detected if
the distance from the neutron interaction point to the semiconductor is within the effective range of the particle. The energy
registered by the detector is simply the original particle energy minus the energy absorbed in the boron film and detector
contact during transit. Detector contacts are designed to be thin (approximately 1000 A), and it can be assumed that energy
loss in the detector contact is generally negligible. At any reaction location within the °B film, the maximum detector
entrance energy will be retained by either particle should it enter the detector in an orthogonal trajectory. For the same
interaction distance from the semiconductor interface, the energy retained by the reaction product as it reaches the detector
decreases as the angle increases.

At low neutron energies (thermal), reaction products from boron and lithium-based films will be ejected in opposite
directions. Hence, it can be shown for boron or lithium-based coatings that the neutron detection efficiency for front side
irradiation of coated semiconductor detectors is [7,8]:

L ](1-ezFDF)_ DF} , (1a)

F L

A; D - OSF 1+
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for DF' < L y and
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F

for Dr > L, where 1, is the initial neutron beam intensity, Dy is the reactive film thickness and F, refers to the branching ratio
of the reaction product emission. The total efficiency is found by summing each of the reaction product efficiencies [8]:

S(Dr)

N
Total = Z SP (DF) ' (2)
p=1

where N is the number of possible reaction product emissions at different energies. In the case of °B-based films, N equals 4
whereas for °Li-based films, N equals 2. Notice from Equation 2 that the value of S, decreases as Dy exceeds the value of L.
Films thicker than L for the long-range reaction product serve absorb neutrons without increasing the detection efficiency.
Hence, the efficiency decreases with increasing film thickness because neutrons are absorbed in the outermost film layer
without the charged-particle reaction products reaching the detector. The maximum range of the charged particles in addition
to the neutron cross section will set an absolute limit on the intrinsic efficiency of the detector. As a result, there is an optimal
neutron reactive film thickness for frontally irradiated detectors. Since the minimum particle detection threshold determines
the average effective range (L), the optimal film thickness is a function of the LLD setting [7,8].

With the LLD set at 300 keV, the thermal neutron detection efficiency for various single-coated devices are 4% for *°B (2.4
microns), 4.3% for °LiF (26 microns), and 11.5% for °Li (100 microns) [8]. Although the efficiency is much higher for pure
®Li-coated devices, the film thickness required to match the performance of 1°B at 4% is approximately five times greater [8]
at 12 um, and the optimum performance is achieved with a film thickness of approximately 100 um. As indicated from
Equation /b, obverse irradiation requires stringent control of the thin film thickness. Neutron absorption in a film that is
thicker than the optimum value serves only to reduce the neutron flux without allowing for additional recorded events [8].

1.3 Theoretical Efficiency for Reverse Irradiation

To eliminate the dependence of the optimum film thickness shown in Equation /5, thin-film-coated neutron detectors can be
designed to operate via backside irradiation. Yet, neutron absorption or scattering can take place in the semiconductor
detector before reaching the reactive film, and these losses must be accounted for each layer. Hence, the neutron intensity
reaching the reactive film can be represented by [8]:

i 2.D
I|interface = IO U e (3)

166 Proc. of SPIE Vol. 4784



where ; is the macroscopic cross section for each layer, D; is the thickness of each layer, and M is the number of detector
layers excluding the thermal neutron reactive film. Assuming orthogonal backside irradiation, it can be shown for boron or
lithium-based coatings that the neutron detection efficiency is represented by [8]:

M
S ,)= 05F, [1ed1-- L |-e®2 )+ Pegsor L p <, (4a)
P ”rl >.L L T
= F
and
M
S ({D,) = 05F rle'“‘ -1t (1—e‘ZFL)+e‘ZFL D.>L . (4b)
e an z.L ’ F

Contrary to the front irradiation case, the lowest neutron interaction rate within the reactive film is the furthest film distance
from the film-detector junction, and the highest neutron interaction rate within the reactive film is adjacent to the film-
detector junction. As a result, the reverse-irradiated devices can achieve slightly higher neutron detection efficiencies than
front side irradiated devices. With the LLD set at 300 keV, the thermal neutron detection efficiency for various single devices
are 4.3% for °B, 4.6% for °LiF, and 13.5% for °Li [8,15]. To use the backside irradiation arrangement effectively, the
semiconductor detector layers should be very thin and composed of materials with relatively small neutron interaction cross
sections. Otherwise, significant neutron losses will occur before they can reach the reactive film, thereby undermining the
advantage of backside irradiation. The total neutron sensitivity can be found by employing Equations 2 and 4.

2. ADVANCED HIGH-EFFICIENCY DETECTOR DESIGNS

2.1 Stacked Devices

Stacking individual devices can increase the overall system neutron detection efficiency, although the increase in efficiency
does not accumulate linearly. The initial neutron flux will be attenuated by each of the neutron absorbing layers. As a result,
the neutron flux decreases for each subsequent detector and the effect must be taken into account when calculating the overall
neutron detection efficiency of the stack. For the case in which the neutron sensitive film is of the same thickness for all
detectors in the stack, the total sensitivity to a reaction product particle type can be expressed as [8]:

_ S o500 [ grlein) 1 =0, \_ Dr
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where N is the number of detectors in the stack, M is the number of layers in each of the individual detectors excluding the
neutron reactive film, » is the detector number, and i is the film number. For the case in which there is only one detector, the
reader may verify that Equations 5a and 55 reduce to Equations 1a and 15, respectively.

The authors consider the case in which the semiconductor substrate has negligible neutron scattering and
absorption. The optimum thickness for the individual neutron reactive films decreases as the number of detectors in the stack
increases. Figures 1-3 show the calculated thermal neutron detection efficiencies for pure '°B, °LiF, and pure °Li as a function
of film thickness and the number of detectors in the stack. Only slight differences in efficiency are detectable for the °B and
®LiF coated devices as shown in Figures 1 and 2. The calculations indicate that a stack of °LiF coated devices can achieve
slightly higher efficiency than a stack of °B coated devices for a small number of detectors, whereas a stack of *°B coated
devices can achieve a slightly higher efficiency than a stack of °LiF coated devices for a relatively large number of detectors.
Yet, the optimum thickness of material required for the °LiF films is over ten times greater than that required of the ‘°B film,
indicating that detector fabrication will be easiest for °B-coated devices. Figure 3 shows the calculated thermal neutron
detection efficiency for a stack of ®Li-coated devices, in which it becomes clear that a stack of °Li-coated devices provides
much higher achievable neutron detection efficiencies than stacks of °B-coated or °LiF-coated devices. However, the
hygroscopic and reactive nature of pure °Li requires special handling and processing techniques in order to produce an
accurate and optimized film thickness.
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In all cases shown in Figures 1-3, the optimum film thickness decreases as the number of detectors in the stack
increases. Additionally, the differential change in efficiency as a function of film thickness increases as the number of
detectors in the stack increases. Hence, film thickness accuracy becomes increasingly important as the stack number
increases. It should also be pointed out that the optimized increase in efficiency per added detector diminishes as the number
of detectors in the stack increases. The overall device design should incorporate a reasonable number of detectors compatible
with the available detector power supply and output electronics. Additionally, increasing devices in the detector stack will
also increase the system electronic noise, thereby placing an additional requirement upon the system LLD setting.

Connection variations of the detector stack affects the performance as well. Two straightforward methods of
applying voltage across the detector stack and extracting the signal are the parallel method and the series method. Briefly
explained, detectors operated in parallel are individually biased with one electrode connected to the pre-amplifier circuit.
Detectors operated in series have the bias applied across the entire detector stack, which are connected in series, and only one
of the devices in the series is connected to the pre-amplifier circuit. The parallel method allows for retention of the total
induced charge signal, but the system capacitance increases by the number of detectors in the stack. The series method
reduces the system capacitance, but the induced charge output signal is divisively diminished by the nhumber detectors in the
stack, resulting in a weaker electronic output pulse.

2.2 Sandwich Devices

Sandwich designs consist of devices with neutron reactive coatings on both sides of a single detector (double-outward
detectors), or configurations with neutron reactive coatings in between two detectors (double-inward detectors). It has been
shown that the most efficient configuration utilizes a single neutron reactive coating between two detectors [8]. The details of
the calculations used to determine efficiency can be found elsewhere [8,15]. Figures 4 and 5 show that expected thermal
neutron detection efficiency results for the two sandwich designs for °B-based and °LiF-based detectors. The film coating
thickness refers to the film thickness on each detector face. The advantage of the double inward-facing design is clear, in that
the required reactive films are thinner and the optimum achievable efficiency is higher. Figure 6 shows the advantage of
using pure °Li, in which a double inward facing design can yield efficiencies as high as 24%, yet it is still the reactive nature
of Li that limits practicality. It has been suggested that operating double inward facing devices in coincidence effectively
eliminates background gamma ray signals [16], which is true. However, the decrease in efficiency is severe, yielding
maximum thermal neutron detection efficiencies of only 1.87% for '°B films, 1.29% for °LiF films, and 3.91% for °Li films
[8,15].

2.3 Multi-Film Devices

Another method of increasing the overall efficiency of a device incorporates a double-layered film, such as with °LiF on *°B
or °Li on B. The B(n,a)’Li reaction products have shorter ranges within °B material than do °Li(n,a)®H reaction
products. Hence, it is possible to apply a coating of °B followed by a coating of either °LiF or °Li. The charged particle
reaction products emanating from *°B(n,a)’Li reactions can reach the detector as previously described since the film is
applied directly to the detector contact. In addition, the longer range charged particle products emanating from °Li(n,a)H
reactions can still reach the detector even though they must transit through the °B film as well. Since °B has a higher
neutron interaction cross section than °LiF or °Li, a net gain is realized. Hence, the short product range and high cross section
material is deposited closest to the contact (denoted film layer 1) while the longest range and lowest cross section material is
placed atop the first film (denoted film layer 2). The opposite case renders no improvement, and in fact actually decreases
efficiency.

Calculating the actual efficiency of the double film as a function of both film depths can be a bit complicated since the
particle ranges and energy losses are not linearly coupled. Additionally, the effective range changes as a function of Dy, secé,
where Dy, is the thickness of film 1 and @refers to the particle trajectory angle increasing from orthogonal. For boron films
less than 2.5 microns thick, it is fortuitous to note that there is only a slight different between a pure °LiF film and a layered
film of °LiF on °B [8,15]. Therefore sufficiently accurate results can be acquired by using an average effective range for the
®Li(n,a)H reaction products, which is only slightly different than for the pure °LiF film. Unfortunately, the effective range
does change considerably for a system with a pure °Li film atop a B film. As a result, the actual effective range, rather than
an average, should be used when determining the optimum film thickness combination. The maximum ranges (for 300 keV
equivalent LLD) for the ®Li(n,a)*H reaction products for both pure ®Li films and °LiF films on various depths of *°B films
have been tabulated elsewhere [8].

For frontal irradiation, the efficiency for film layer 1 is [8]:
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for D, > L, where the argument 5:.Dr, accounts for neutron absorption in film layer 2 before they reach film layer 1.

Notice that the effective range is not altered since the products produced need only transit through film layer 1 to reach the
detector interface. The efficiency contribution from film layer 2 must account for the change in effective range for reaction
products as they transit from film layer 2 into film layer 1, and it must account for the reduction in the maximum solid angle
detector intersection probability that is diminished by film layer 1. The efficiency contribution from film layer 2 is [8]:

05F -
5,(0r) = 5 AU Tk, TP D) 0 2k, ~ ZaD)e ) G0
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for D, + D, > LDFLDF2 .

Charged-particle reaction products emanating from °B(n,a)’Li reactions can reach the detector as before since the film is
applied directly to the detector contact. The longer range charged particle products emanating from ®Li(n,a)®H reactions can
still reach detector even though they must transit through the '°B film as well. However, energy loss occurs, thereby shifting
the detected energy spectrum. The thermal neutron detection efficiencies as a function of film thickness are published
elsewhere [8,15]. The calculated results for °LiF/*°B and °Li/*°B systems show optimum thermal neutron detection
efficiencies of 6.8% and 12.86%, respectively. Figure 7 shows comparisons between devices with single coatings of *°B and
®LiF, and multi-coatings of *°B/°LiF and °B/°Li.

2.4 Dimpled Devices

An experimental design under investigation has proven to solve a process difficulty while increasing the neutron detection
efficiency. The dimpled design allows for the efficiency to increase by covering the semiconductor surface with small holes
[17]. The holes are subsequently filled with neutron reactive material. The geometry allows for the reaction products to enter
the device with greater probability than a flat detector, with some indication that a ‘°B-coated device with 40% of the surface
area covered with 10 um deep holes (filled) can reach approximately 10% thermal neutron detection efficiency [17].

Morphologically altering the detector surfaces with tiny holes has proven to solve the problem of peeling for evaporated °B
films. As a result, detectors can be batch processed on the wafer scale with device yields exceeding 90%. Evaporated boron
films up to 4 pm thick have not shown signs of peeling after several months of use. As a result, the optimum film thickness
of 2.4 pum can be routinely manufactured for °B-coated neutron detectors.

The observed increase in efficiency is a fortuitous added effect from the filled via holes. Reaction products from neutrons
interacting in the '°B film covering the flat surface have similar probabilities of entering the detector as described in previous
work [7,8]. For a flat device, the probability of a reaction product entering the detector decreases as reactions occur further
away from the detector-film/contact interface. However, the same restrictions do not apply for interactions occurring within
the holes, and the probability of a reaction product entering the device is increased for neutron interactions within the holes.
Increased sensitivity is best if the hole diameters are less than the summed total effective ranges of both reaction products.

The reaction products can be emitted in any direction over 4ttsteradians, and the probability that a reaction product will enter
the detector is determined by the solid angle that intersects the detector [8]. Figure 8 depicts a sphere with radius equal to a
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reaction product particle effective range, showing that the solid angle can intersect the bottom and side of the via hole and
demonstrating how the dimpled design improves efficiency. Figure 9 shows the surface morphology of a °B-coated GaAs
devices with 28% hole density set in a hexagonal pattern. The sloped sidewalls resulted from the dry etching process. The
boron material shows no sign of peeling or cracking, and the single-coated device yielded 4.1% thermal neutron detection
efficiency.

2.5 Compound Devices

Compound detector designs utilize all available methods to increase the neutron detection efficiency. Hence, experimental
compound designs incorporate multi-film, inward-facing sandwich, dimpled devices, and thus far have proven to yield the
highest thermal neutron detection efficiencies over any other *°B- or Li-coated semiconductor detector designs. Figure 10
shows a typical design cross section for such a device. Figure 11 shows comparison neutron reaction spectra between a
single-coated dimpled device with 28% hole coverage (filled with °B) and that of an experimental compound device. The
compound detector of Figure 11 had two '°B-coated dimpled devices assembled together in the double-inward facing detector
design, between which was an undersized °LiF chip. With the °LiF chip sized to be equivalent to the °B-coated area,
efficiencies of 13% have been realized [8]. The compound device parameters were not optimized, yet the efficiency has more
than tripled over the single-coated device. A higher density of holes along with optimized *°B and °LiF layers can increase
the thermal neutron detection efficiency above 20%.

3. PIXEL DEVICES AND IMAGES

Neutron computed tomography (CT) techniques have been implemented as a method to determine the spatial distribution of
nuclear material [18]. One of the limiting factors in the development of these systems, however, has been detector response in
the harsh radiation environment. Solid-state GaAs neutron detectors have been shown to be both radiation-hard [19] as well
as gamma ray insensitive [20,21], both advantageous properties in the SNF environment. Further, arrays of these detectors
are relatively easy to assemble and the resulting detection system is much smaller than current CCD-based systems. Various
coatings such as B'® and polyethylene can be applied to provide response to thermal or high-energy neutrons [21]. Individual
collimators for each pixel can be developed with alternating coatings, allowing detection of thermal and high-energy neutrons
simultaneously.

3.1. Equipment and Methods

A neutron CT system based on a solid state GaAs neutron detecting array has been developed and tested. The system consists
of a multi-pixel, 1°B coated GaAs neutron detector array, linear and rotational sample platform, computerized control and
data acquisition system, and a filtered-backprojection CT reconstruction algorithm. A collimated thermal neutron beam was
provided by E-port of the Ford Nuclear Reactor (FNR). Transmission radiography of several phantoms was performed at
multiple angles and used to reconstruct tomographic images.

3.1.1 GaAs Neutron Detector

The detector developed for this system is composed of a 16x2 pixel array of *°B-coated GaAs Schottky barrier detectors [20].
Each pixel has dimensions of 1.0 mm x 0.5 mm with 50 um of insulation between the pixels to prevent cross talk. Pixel size
of the current detector was chosen for ease of manufacturing and is ultimately limited by the range of charge particles in the
neutron-absorbing medium. For boron coated devices this is less than 10x10um?. The detector is mounted on a 64-pin chip
holder and housed in a light tight Al box to provide shielding from electromagnetic interference. Preamplifier circuits capable
of measuring the energies deposited in the device from the *°B(n,a)°Li reaction were supplied by Cremat, Inc., and mounted
within the Al box. To minimize the electronics associated with the initial testing, the installed detector only uses one row of
the array, creating an 8.8 mm x 1 mm active area.

The thickness of the *°B film used for this detector is 1um, resulting in a measured thermal neutron detection efficiency of
2.8%, matching well with theory [21]. The cross section of the °B(n,a)°Li reaction decreases with neutron energy and does
not allow efficient detection of fast neutrons, limiting the use of the current detector array to the detection of thermal or low
energy epithermal neutrons. Polyethylene coated, single pixel detectors have been successfully investigated and have been
shown to effectively detect neutrons from a 14 MeV neutron generator [21].

The detectors were operated at a voltage of 10-15V in order to achieve a depletion depth of 10-15um. The low operating
voltage combined with the use of a 300 keV lower level discriminator (LLD) allows for discrimination between the signals
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produced from background gamma rays and those from neutrons [21]. Radiation hardness studies with similar detectors have
revealed that catastrophic damage occurs at fluence above 10 n/cm?[19].

The output from each channel was amplified using a Canberra 2022 amplifier and lower level discrimination provided by an
Ortec 423 single channel analyzer (SCA). The LLD setting was determined by the system noise and gamma ray contribution
from the beam. As shown in [21], setting the LLD to approximately 300 keV discriminates against much of the gamma-ray
background. An Ortec Labmaster PC card was used as a multi-channel counter, enabling automated data collection.

3.1.2 Sample Platform

The object to be imaged was placed on a sample platform with step motor controlled linear and rotational axes, both
controlled via the serial port of a personal computer. For samples larger than the detector active area, the linear step motor
was used to move the platform along the face of the detector. The platform is capable of sub-micrometer linear movement
and angular rotation with a precision of 0.001 degree. Future system improvements will include the addition of vertical
platform motion to allow image acquisition of large objects.

3.1.3 Neutron sources and phantoms

The tomography system was tested with a thermal neutron beam at E-port of the 2 MW Ford Nuclear Reactor, which is
aligned with the corner of a D,O moderator tank. The measured thermal neutron flux is 10° n/cm?-s, and the gamma-ray
exposure accompanying the neutrons is 1.1 R/hour. The E-port has a length over distance (L/D) ratio of 55.2 and a diameter
of 12.7 cm. Collimators containing lead and borated polyethylene were placed between the sources and the phantom [15].
The collimator limited the beam size to the active area of the detector. Experiments were also performed with a collimator
placed between the sample and detector in order to assess the effects of neutron scattering within the sample.

Several phantoms were developed to assess the quality of the system and to demonstrate operational feasibility. While the
system is intended to perform analysis of SNF by tomography, the present investigations focused on demonstrating the
system characteristics. The first sample investigated was an aluminum block containing several water columns of different
diameter with dimensions as shown in Figure 12. The large contrast between thermal neutron cross sections of water and Al
was utilized to determine the resolution of the system. Step wedges of Cu, Al, polyethylene, and steel were used to assess the
ability of the system to distinguish the thickness of various materials [15]. Tomography experiments with thermal neutrons
were performed with an aluminum cylinder having water columns of various diameters with sectional dimensions as shown
in Figure 13.

3.1.4 Method

Each sample was placed in the neutron beam as close to the detector as possible and transmission data obtained. Since each
object was much larger than the active area of the detector, the sample was moved across the face of the detector in
increments of 6.6 mm, allowing overlap of two pixels on the extreme edges of the detector. This overlap allows the
correction of the data for changes in reactor flux during the data acquisition period. Calibration measurements were taken
with no sample present before each investigation in order to correct for beam profile.

Tomographic images were constructed by rotating each sample in increments of 3°-5° over 180° and data corrected for flux
variation and beam profile. Before performing the tomographic reconstruction, the data were scaled to an 8-bit data range and
arranged into a sinogram. A filtered-backprojection (FBP) reconstruction algorithm utilizing several Fourier filters was used
to map the spatial neutron attenuation recorded in the sinogram. A Shepp & Logan filter was used for each reconstruction.
While FBP algorithms in general do not offer as accurate quantitative response as other algorithms, they do offer improved
image clarity. During these investigations a FBP method was employed to offer the most accurate reconstruction of material
boundary edges, used to determine material area and resolution.

3.2 Results and Discussion

Figure 14 shows a count rate profile of the neutron intensity from thermal neutron transmission measurements through the
aluminum block described in Figure 12. The abrupt difference in thermal neutron cross section at the Al-water boundary
causes a contrast edge that can be used to estimate the spatial resolution of the detector. Using the maximum derivative of the
intensity profile to define material boundaries, the diameter of the water columns were determined to be 1.026 cm, 0.684 cm,
0.969 cm, and 0.741cm, from left to right as shown in Figure 14. The measured values are all within one pixel width
(0.05cm) of measured values, suggesting that the current resolution is limited by pixel size. There are noticeable differences
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between the neutron transmission count rates of the large water columns and the small water columns. However, the
differences are minor, mainly due to the relatively large thermal neutron scatter cross section of water.

Step wedge samples of Cu, Al, steel and polyethylene were imaged to characterize the ability of the system to differentiate
the attenuation coefficients of varying materials. Except for the polyethylene sample, all six steps were easily recognized. As
measured using the sample with water columns, the width of the steps were experimentally determined to within one pixel
width of that measured pre-irradiation [15].

Tomographic images of the multiple water column phantom in Figure 13 were produced. The image shown in Figure 15 was
produced with a filtered-back projection reconstruction (Shepp & Logan filter used). A threshold level of 50% of the
maximum water column intensity, corresponding to the maximum gradient of the image, was applied to the reconstructed
data in order to determine the water column area. As can be seen in Figure 16, all three water columns are clearly visible
using this threshold level. The measured area of the water columns is 0.78 cm?, approximately 80% of that expected,
indicating a decreased resolution to that found in the radiographic line image shown in Figure 14. The resolution decrease is
expected due to the convolution used during the reconstruction process, which adds additional noise to each pixel.

The rings of noise present in the reconstructed image (Figure 15) clearly alter the shape of the reconstructed water columns.
While the outer ring is due to the size of the data array, the inner rings are due to fluctuations in the reactor flux throughout
the data acquisition time. Using overlapping pixel data to correct for these flux changes did not completely remove the rings,
suggesting that the cause of the remaining rings is due to change in reactor flux during the data acquisition time required for
each angle. Attempts to correlate recorded power fluctuations with the data failed to remove these rings, and in fact increased
the number of rings, a result of the uncertain time delay associated with flux fluctuations during power excursions. Placement
of a beam monitor within the thermal beam would allow correction for this effect for future efforts. The vertical bands above
and below the water columns are a result of the increased detection of scatter neutrons near the water columns. Incorporation
of single opening collimator between the sample and detector did not remove this affect, though preliminary investigations
with a collimator for each pixel dramatically reduces scattering effects.

4. COMPENSATED PIXEL DESIGNS

The self-biased compensated design incorporates a split pixel, in which half of the split pixel is coated with a neutron reactive
coating while the other half remains bare (see Figure 17). Hence, the coated portion is sensitive to both gamma rays and
neutrons while the uncoated portion is sensitive to only gamma rays. Since both halves are identical in size they receive the
same amount of radiation exposure. The self-biased design has very low leakage current noise during operation [9], a
characteristic that assists in minimizing signal contamination during operation. The device operates by simultaneously
collecting data in a mixed radiation field on both pixel portions. During operation, the coated portion registers “positive”
events, while the uncoated portion registers “negative” events. The negative count events are subtracted from the positive
counts events, which yields the resulting neutron interaction rate.

The device is designed to operate in “real time,” hence the image accumulates during operation and it is not necessary to take
two separate measurements before subtracting the spectra. The method allows for a more accurate representation of the
neutron transmission image since both pixel halves experience practically identical radiation exposure to gamma rays and
neutrons. The device is designed to also work with Gd coatings, where the advantageous large neutron absorption cross
section of Gd can be used while reducing the inconvenience of its low reaction product energies. Self-biased compensated
pixel designs were tested in the beam port of the Kansas State University TRIGA Mark Il nuclear reactor. Figure 18 shows
spectra from a Gd-coated compensated pixel device, in which the salient features from conversion electrons are clearly
visible. Figure 18 demonstrates that the compensated pixel method is a viable design that can be used to discern between
neutron and gamma ray induced events.

5. CONCLUSIONS

Semiconductor thin-film coated detectors have been demonstrated with thermal neutron detection efficiencies of 13% [8].
Calculations of compound designs utilizing dimpled detector surfaces indicate thermal neutron detection efficiencies greater
than 20% can be achieved for devices no thicker than one mm. In-line linear imaging arrays have been demonstrated with
encouraging results. There are several niche applications where semiconductor-based thin-film coated detectors would be
useful. Such applications include beam line monitors [22] (in-line transmission monitors, flux monitors, and beam stop
monitors), beam position monitors (for beam location, beam profiling, and continuous beam monitors), and compact high
spatial resolution imagers. Self-biased devices can be used for real-time portable dosimeters. Thin-film coated neutron
detectors using the substrate materials of GaAs and Si are becoming proven technologies. Furthermore, the detectors are cost
effective and can be produced with conventional VLSI process techniques.
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Figure 1: Thermal neutron detection efficiency as a function of 1°B-coating thickness and number of detectors in a stack.
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Figure 2: Thermal neutron detection efficiency as a function of °LiF-coating thickness and number of detectors in a stack.
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Figure 3: Thermal neutron detection efficiency as a function of °Li-coating thickness and number of detectors in a stack.
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Figure 9: SEM photograph showing the dimpled surface after the application of 2.4 pm of °B. The dimples are arranged in a
hexagonal pattern with hole diameters of 3.5 pum. There is no indication of the 1°B peeling or cracking.
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Figure 10: Compound device design that utilizes dimpled detectors in a double-inward, multi-film design. Each device is
coated with 1°B, between which is fastened a sliver of °LiF.
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Figure 12: Diagram of Al block phantom containing water columns of various diameters.
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Figure 13: Cross section diagram of Al cylinder phantom containing water columns of different diameters.
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Figure 14: Thermal neutron intensity profile of Al block phantom with water columns of various diameters. The pixel
dimensions limit the resolution.
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Figure 15: Reconstructed image of Al cylinder sample with a Shepp & Logan filter applied.

Figure 16: Reconstructed image of Al cylinder phantom in a thermal neutron beam with a threshold value of 115. All three
water columns are discernable and the measured area is 80% of that expected.
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Figure 17: Device design and dimensions of the self-biased compensated pixel detector used in the present work.
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Figure 18: Comparison spectra of a natural Gd-coated split-pixel detector, showing the total, background, and subtracted
spectrum. The main emission features expected from neutron interactions in Gd are clearly visible in the subtracted spectrum.
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