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1. Introduction

The potential of Silicon Carbide (SiC) for use in semiconductor nuclear radiation detectors
has been long recognized. In fact, the first SiC neutron detector was demonstrated more
than fifty years ago (Babcock, et al., 1957; Babcock & Chang, 1963). This detector was shown
to be operational in limited testing at temperatures up to 700 °C. Unfortunately, further
development was limited by the poor material properties of SiC available at the time.

During the 1990’s, much effort was concentrated on improving the properties of SiC by
reducing defects produced during the crystal growing process such as dislocations,
micropipes, etc. These efforts resulted in the availability of much higher quality SiC
semiconductor materials. A parallel effort resulted in improved SiC electronics fabrication
techniques.

In response to these development efforts, interest in SiC nuclear radiation detectors was
rekindled in the mid 1990’s. Keys to this interest are the capability of SiC detectors to
operate at elevated temperatures and withstand radiation-induced damage better than
conventional semiconductor detectors such as those based on Silicon or Germanium. These
properties of SiC are particularly important in nuclear reactor applications, where high-
temperature, high-radiation measurement environments are typical.

SiC detectors have now been demonstrated for high-resolution alpha particle and X-ray
energy spectrometry, beta ray detection, gamma-ray detection, thermal- and fast-neutron
detection, and fast-neutron energy spectrometry.

In the present chapter, emphasis will be placed on SiC neutron detectors and applications of
these detectors. The history of SiC detector development will be reviewed, design
characteristics of SiC neutron detectors will be outlined, SiC neutron detector applications
achieved to date will be referenced and the present status and future prospects for SiC
neutron detectors will be discussed.
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2. Background

The initial efforts to develop SiC radiation detectors were directed towards neutron
monitoring in nuclear reactors (Babcock, et al., 1957; Babcock & Chang, 1963). Reactor
neutron monitoring must often be carried out in high-temperature environments and
intense radiation fields which lead to detector radiation damage concerns. Using crude
detectors constructed by applying resistive contacts to SiC crystals, the authors were able to
demonstrate detection of alpha particles. In anticipation of the high-temperature monitoring
locations that would be encountered in nuclear reactors, these measurements were extended
to temperatures up to 700 °C with only minimal changes in the detector response.

In follow-on work (Ferber & Hamilton, 1965), a SiC p-n diode coated with 235U was exposed
to thermal neutrons in a low-power research reactor. Good agreement was observed
between the axial neutron flux profile measurements made with conventional gold-foil
activation methods and the SiC detector measurements. The SiC neutron detector was also
shown to have a linear response to reactor power in the 0.1 W to 1 kW range. Detector alpha
response was observed to be acceptable after a thermal-neutron fluence of 6 x 1013 cm=2.

Further development of SiC detectors was hindered by the poor quality of the available SiC
materials available at the time.

Efforts at developing SiC detectors were renewed by Tikhomirova and co-workers in 1972
(Tikhomirova, et al., 1972; Tikhomirova, et al., 1973a; Tikhomirova, et al., 1973b). Beryllium
diffused 6H-SiC detectors with low, 1 nanoampere leakage currents were shown to be
capable of 8% energy resolution for 4.8 MeV alpha particles (Tikhomirova, et al., 1972).

The effects of neutron damage on a 2U-coated, beryllium-diffused 6H-SiC diode were
examined (Tikhomirova, et al., 1973b). The detector response did not change significantly up
to a thermal-neutron fluence of 1023 n cm2. At higher neutron fluences, the detector count
rate decreased dramatically. The observed response changes were likely a result of fission-
fragment induced radiation damage in the detector. The fission-fragment dose
corresponding to a thermal-neutron fluence of 103 cm2 is approximately 108 cm2.

Increases in SiC detector leakage currents as a result of neutron irradiation were reported by
Evstropov, et al., 1993.

In the 1990’s, long-term development work resulted in the demonstration of technologies for
producing high-quality SiC both in chemical vapour deposited (CVD) and large-wafer form.
As a result of this development, some of the last major obstacles to commercial fabrication of
high-performance SiC semiconductor devices were overcome.

The first use of these developments in high-quality CVD epitaxial SiC detectors was by
Ruddy, et al, 1998. Si substrate layers doped with n- donor atoms (nitrogen) were
overlayered with a lightly doped epitaxial layer containing a nitrogen concentration of 1015
cm3. The epitaxial layer thicknesses ranged from 3 um to 8 um. Detectors with 200 pum and
400 pm diameters were tested. Although detectors with diameters up to 1 mm were
fabricated, the presence of defects in the form of micropipes limited the performance of
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detectors with diameters greater than 400 um. Nickel Schottky metal contacts covered by
gold were applied to the epitaxial layers to form Schottky diodes, and thin (1 um) p+ layers
were applied to the n- epitaxial layers to form p-n junction detectors. Both the Schottky
diodes and p-n junctions were demonstrated as alpha detectors with 238Pu sources. No drift
in the pulse-height response was observed in the temperature range from 18 °C to 89 °C.

Similar results were reported by Nava, et al., 1999. Alpha-particle response measurements
were carried out for 22!Am using Schottky diodes fabricated on 4H-SiC epitaxial layers.
Charge-carrier collection efficiency was shown to increase linearly with the square root of
the detector reverse bias.

Rapid development of epitaxial SiC ensued leading to the development of high-resolution
SiC alpha detectors (Ivanov, et al, 2004; Ruddy, et al, 2009b), high-resolution and
temperature insensitive X-ray detectors (Bertuccio, et al, 2001; Bertuccio, et al, 2003;
Bertuccio, et al, 2004a; Bertuccio, et al, 2004b; Bertuccio, et al, 2005; Bertuccio, et al, 2010,
Phlips, et al., 2006; Lees, et al., 2007) and detectors for minimum ionizing particles (Bruzzi, et
al., 2003: Moscatelli, et al., 2006) as well as neutron detectors, which will be emphasized in
this chapter.

High-quality SiC diodes are now readily available with diameters up to 6 mm and depletion
layer thicknesses of 100 pm (Ruddy, et al., 2009a)

Epitaxial SiC detectors have also been shown to operate reliably in ambient temperatures up
to 375 °C (Ivanov, et al., 2009).

Comprehensive reviews of SiC detector design and development can be found in Nava, et
al., 1998 and Strokan, et al., 2009.

3. Silicon Carbide Nuclear Radiation Detectors

3.1 Silicon Carbide Neutron Detector Design

SiC neutron detectors are usually based on Schottky or p-n diodes. (Ruddy, et al, 1998; Nava,
et al., 1999; Manfredotti, ef al., 2005) A schematic drawing of a SiC Schottky diode detector is
shown in Figure 1. The SiC substrate layer consists of high-purity material containing a
residual n* doping concentration that is typically about 1018 cm-3 of nitrogen. The epitaxial
layer is applied to the substrate layer and contains a much lower nitrogen concentration,
typically 1014 - 1015 cm3. Lower n- concentrations are necessary if the thickness of the
epitaxial layer is greater than 10 um in order to limit the voltage required to fully deplete the
layer and collect the radiation-induced charge from this layer. An ohmic back contact and a
Schottky front contact are applied. The front contact typically consists of a thin layer of
titanium or nickel (~800 A) covered by thicker layers of platinum (~1000 A) and gold (~9000
A). (see, for example, Ruddy, et al. [2006]) The thicker layers are needed to protect and
ruggedize the Schottky metal layer. The optional convertor layer is used to obtain increased
neutron sensitivity.
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Fig. 1. Schematic representation of a SiC Schottky diode.

3.2 Silicon Carbide Thermal and Epithermal Neutron Detectors

A convertor layer with high thermal-neutron and epithermal-neutron cross sections is
juxtaposed in front of the detector. In this way the likelihood of neutron-induced nuclear
reactions leading to detectable ionization within the detector active volume is enhanced. For
example, ¢Li has a thermal neutron cross section of 941 barns and can be used as a thin
juxtaposed 6Li layer as depicted in Figure 2.

Thermal neutrons interact with ¢Li to produce the following reaction:
6Li + n — 4He +3H

The energetic alphas (*He) and tritons (*H) produced in the reaction can enter the detector
active volume (epitaxial layer) and produce ionization in the form of electron-hole pairs.
When a reverse bias voltage is applied to the detector as shown in Figure 2, the ionization is
collected in the form of a charge pulse, which comprises the detector response signal. The
tritons and alpha particles both contribute to the detector response as shown by the pulse-
height spectrum in Figure 3 (Ruddy, et al., 1996).
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Fig. 2. Thermal neutron detection using a ¢LiF convertor layer.
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Fig. 3. Pulse height response for a 3-um thick Schottky diode placed next to a thin ¢LiF layer
and exposed to thermal neutrons (data from Ruddy, et al., 1996).

Other nuclides with high neutron cross sections, such as 1°B and 25U, can also be used in
converter layers. The pulse-height response for a Zrl°B, layer positioned adjacent to a
Schottky diode with a 3-pm active layer is shown in Figure 4 (Ruddy, et al., 1996). The
response is to charged particles from the following reaction:

10B + n — 7Li + 4He
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Both 7Li and 4He ions are present in the spectrum. Two reaction branches are observed
corresponding to production of 7Li in the ground state (Eq = 1.78 MeV) and production of a
0.48-MeV excited state in 7Li (Eq = 1.47 MeV). The former branch occurs in 6% of the
reactions, whereas 94% populate the excited state.
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Fig. 4. Pulse height response for a 3-p thick Schottky diode placed next to a thin Zr1B; layer
and exposed to thermal neutrons (data from Ruddy, et al., 1996).

The pulse-height response for a thin 235U layer placed adjacent to a Schottky diode with a 3-
pm active layer is shown in Figure 5 (Ruddy, et al., 1996). In this case, the pulse-height
response is primarily to energetic fission fragments from thermal-neutron induced fission of
85U. The fission process is asymmetric resulting predominantly in two fission fragments
with different mass and kinetic energy: a heavy-mass peak with an average mass of 139 amu
and average energy of 56.6 MeV and a low-mass peak with an average mass of 95 amu and
an average energy of 93.0 MeV. Both peaks are clearly visible in the pulse-height spectrum.
An additional low pulse-height peak is also visible. This peak is produced by alpha decay of
the U2 enriched uranium used as the converter. Alpha particles from the decay of both
24U and 25U contribute to this peak.

85U provides by far the most robust pulse-height response. However, the highly charged
and energetic fission fragments produce a large amount of radiation damage in the detector
active volume: the charge trapping sites produced by dislocation of the Si and C atoms from
their original lattice positions degrade the pulse-height spectrum thereby limiting the
service lifetime of the detector.

Although one may anticipate that 1°B with a thermal-neutron cross section of 3838 barns
would produce a higher sensitivity than 6Li with a thermal-neutron cross section of 941
barns, 6Li produces a higher response as demonstrated by the data in Figure 6. (Ruddy, et al.
1996) The count rate for Zrl%B, levels off at about 1 um, while the count rate for 6LiF
increases over the entire range of the measurements. The increasing °LiF sensitivity
compared to Zrl0B; is a result of the greater range of the ¢Li reaction products (2.73-MeV 3H
plus 2.05-MeV 4He) compared to 9B (0.84-MeV 7Li plus 1.47-MeV 4He).
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A calculation of the relative neutron sensitivity as a function of 6LiF thickness using the
SRIM code (Ziegler & Biersack, 1996) is shown in Figure 7 (Ruddy, ef al. 1996). The neutron
sensitivity levels off at thicknesses greater than 20 pm as a result of the fact that the 2.73
MeV tritons from the ¢Li(n,a)3H reaction have a range of 25 pm in LiF. Use of LiF converter
layers thicker than 25 pm will not increase the neutron sensitivity and will, in fact, decrease
it as a result of thermal neutron absorption by the ¢Li in the LiF layer. Thermal neutron
attenuation is about 10% at 20 pm and increases rapidly with LiF thickness (Ruddy, et al.,
1996).
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Fig. 5. Pulse height response for a 3-um thick Schottky diode placed next to a thin 235U layer
and exposed to thermal neutrons (data from Ruddy, et al., 1996).

Other materials containing 6Li can provide greater neutron sensitivity than LiF if the range
of the neutron-induced tritons in the material is greater than in LiF. A listing of materials
with greater triton ranges is contained in Table 1 (Ruddy, et al., 2000). A calculation of
neutron sensitivity as a function of layer thickness for each of these materials is shown in
Figure 8. The relative sensitivity increases proportionally with the number of tritons
escaping the material layer. It can be seen that the relative sensitivity can be increased by
factors of two and 4 for LiH and Li, respectively, if used instead of LiF. However, these
materials may be less suitable for use in a neutron detector because of their chemical
properties. For example, Li is a highly reactive alkali metal and would need to be passivized
by encapsulation within a layer of a less reactive metal. LiH is chemically unstable and
likely not suitable for use in a neutron detector (Ruddy, et al., 2000).
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Fig. 6. Count rate as a function of thickness for selected thermal-neutron converter materials
(data from Ruddy, et al., 1996).
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Fig. 7. Relative neutron sensitivity as a function of ¢LiF neutron converter layer thickness
(data from Ruddy, et al., 1996).
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Material Range (um)
Li 117.88
LiH 60.4
LisN 51.95
Li2C2 41.58
Li2O 35.87
LiF 30.77
Table 1. Triton Ranges in Different Materials Containing 6Li (calculations from Ruddy, et al.,
2000).
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Fig. 8. Relative neutron sensitivity as a function of layer thickness for various materials
containing 6Li (calculations from Ruddy, et al., 2000).

3.3 Silicon Carbide Fast Neutron Detectors

At the high energy range pertaining to fast neutrons, several neutron-induced threshold
reactions directly with the Si and C atoms of the detector become viable. These reactions lead
to the creation of ionizing particles within or close to the detector active volume which carry
part of the kinetic information of the incoming neutron thereby enabling neutron detection
and, to some extent, neutron spectroscopy. These fast-neutron induced reactions include:

285i+n— 2851 +n’
2C+n—-12C+n’
2Si+n — BAl +p
2C+n—12B+ p
251 + n — Mg + 4He
12C + n — 9Be + 4He
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The list includes only the most prevalent fast-neutron reactions in SiC. Other more complex
reactions resulting in the emission of two or more particles will also occur. Also, reactions
are listed only for the most abundant Si and C isotopes in the natural elements. Silicon
consists of 92.23% 28Si, 4.87% 2951 and 3.10% 30Si. Carbon consists of 98.90% 12C, 1.10% 13C
and a negligible amount of 14C. Fast-neutron reactions similar to those listed above can occur
with the less abundant isotopes.

The first two reactions listed include elastic and inelastic neutron scattering. In elastic
scattering, the neutron interacts with the target nucleus and transfers a variable fraction of
its momentum while preserving the overall kinetic energy of the two particles. In inelastic
scattering, the neutron elevates the target nucleus to an excited state and transfers
momentum without preserving the kinetic energy of the system. The 285i or 12C recoil atoms
are energetic charged particles, which can produce ionization in the active layer of the SiC
detector. The secondary neutrons resulting from these reactions however generally escape
from the system before inducing any further reactions due to the combined effects of low
cross sections and small detector volume. In both elastic and inelastic scattering, the amount
of kinetic energy transferred to the ionizing particle is not fixed and a continuum of recoil
ion energies will result in the response. While this continuum makes fast-neutron detection
still possible, it will not convey an adequate amount of information to infer the energy of the
incoming neutron. This is enabled by the other reactions listed above, as discussed in
Section 5.

The last four reactions listed result in charged particles, which will all produce ionization in
the detector active volume. If the incident fast-neutron energy is monoenergetic, these
reactions will produce a fixed response, and a peak will be observed in the pulse-height
response spectrum. Such reaction peaks have been observed for SiC and will be discussed in
Section 4.2.

The sensitivity for any detector that responds directly to fast neutrons, such as SiC, can be
enhanced by juxtaposing a neutron converter layer. Generally, the most effective converter
is a layer containing a hydrogenous material, such as polyethylene, because of the high fast
-neutron cross section for 'H and the large recoil ranges of the protons produced via the
following neutron scattering reaction:

H+n—->H+n

The recoil protons can produce ionization in the detector active volume and add to the
detector response.

SiC fast-neutron response measurements using hydrogen converter layers were carried out
by Flammang, et al., 2007.

4. Neutron Response Measurements

4.1 Thermal and Epithermal Neutron Response Measurements
SiC thermal-neutron response measurements have been performed (Dulloo, et al., 1999a;
Dulloo, et al., 2003). SiC Schottky diodes with 200pm and 400pm diameters and 3um thick
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active layers were used. Converter layers with 6LiF thicknesses of 8.28 pm and 0.502 pm
were used. These measurements demonstrated that when compared to United States
National Institute for Standards & Technology (NIST) measurements in NIST standard
neutron fields, thirty SiC thermal-neutron responses were linear over neutron fluence-rates
ranging from 1.76 x 104 cm?2 s to 3.59 x 1010 cm?2 s1. The relative precision of the
measurements over this range was +0.6%. The measurements also demonstrated that pulse-
mode operation with discrimination of gamma-ray pulses was possible in a gamma-ray field
of approximately 433 Gy Si h! at a thermal-neutron fluence rate of 3.59 x 1010 cm?2 s1. In
addition, the thermal-neutron response of a SiC neutron detector previously irradiated with
a fast-neutron (E > 1 MeV) fluence of 1.3 x 10 cm2 was indistinguishable from that of an
unirradiated SiC detector. The NIST measurements and additional low fluence rate
measurements using a 252Cf source are shown in Figure 9. With the 252Cf source results, the
linear response spans nine orders of magnitude in fluence rate.

The thermal-neutron response of a prototype SiC ex-core neutron detector was shown to be
linear over eight orders of magnitude in neutron fluence rate at the Cornell University
Reactor by Ruddy, et al., 2002.

The epithermal response of SiC detectors was measured using cadmium covers by Dulloo, et
al. 1999b. The epithermal-neutron response was linear as a function of reactor power over
the range from 50 watts to 293 watts at the Penn State Brazeale reactor. The relative response
of SiC detectors compared to the reactor power instrumentation over the range of the
measurements was +1.7%.

NIST NEUTRON RESPONSE - SILICON
CARBIDE RADIATION DETECTORS
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Fig. 9. Silicon Carbide detector response as a function of incident thermal-neutron fluence
rate. The NIST response results for an unirradiated SiC detector are shown in blue. The
NIST response results for a detector previously irradiated with a fast-neutron (E>1 MeV)
fluence of 1.3 x 1016 cm?2 are shown in red. The response results for thermalized neutrons
from a %52Cf source are shown in green.
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4.2 Fast-Neutron Response Measurements

Fast-neutron response measurements to 252Cf fission neutrons (Eave = 2.15 MeV), 21Am-Be
(a, n) neutrons (Eave = 4.5 MeV), 14 MeV neutrons from an electronic deuterium-tritium
neutron generator and cosmic-ray induced neutrons were carried out by Ruddy, et al., 2003.
A Schottky diode SiC detector with a 28 mm?2 area and a 10 pm active-volume thickness was
used without a proton-recoil converter layer. The results are shown in Figure 10.
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Fig. 10. SiC pulse-height response data for 252Cf fission neutrons, 241Am-Be (a,n) neutrons,
14-MeV neutrons, and cosmic-ray induced background neutrons. (Data reprinted from
reference Ruddy, et al, 2003 with permission from the Editorial Department of World
Publishing Company Pte. Ltd.)

The pulse-height response spectra clearly shift to higher pulse-heights as a function of
incident neutron energy, and structural features corresponding to fast-neutron induced
reactions in SiC are visible in the 14-MeV response spectrum. The fast-neutron response
measurements were limited by the 10 pm thickness of the SiC detector active volume. Many
of the recoil ions that are produced by 14 MeV neutrons have ranges in SiC that are greater
than 10 um and will deposit a variable amount of energy outside of the detector active
volume. This lost energy will not contribute to the detector pulse height spectrum and the
recovered energy will show in the form of a continuum.

A more detailed examination of the SiC detector response to 14-MeV neutrons is reported in
Ruddy et al., 2009a. A 28.3 mm? x 100 pm Schottky diode was used without a proton-recoil
converter layer. The 100 pm active layer thickness allows much more of the neutron-induced
recoil ion energy to be deposited within the active volume of the detector. The resulting 14
MeV pulse-height response data are shown in Figure 11. With the thicker active volume,
many more response peaks from fast-neutron reactions become apparent. A listing of the
expected nuclear reactions and threshold neutron energies is contained in Table 2.
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Fig. 11. SiC detector 14 MeV neutron response data. (Data reprinted from reference Ruddy,
et al., 2009 with permission from the Editorial Department of World Publishing Company
Pte. Ltd.) Channel number is directly proportional to energy deposited in the SiC active

volume.
Neutron Energy
Reaction Threshold (MeV)
285i(n,n")2S5i 0
Si(n,n")2'Si (first excited state) 1.843
2Si(n,0)Mg 2.749
25i(n,p)28Al 3.999
12C(n,n")12C 0
12C(n,n")12C (first excited state) 4.809
12C(n,n")12°C (second excited state) 8.292
12C(n,n")12°C (third excited state) 11.158
12C(n,n")12C (fourth excited state) 13.769
12C(n,0.)°Be 6.180
12C(n,n")3a 7.886
12C(n,p)1?B 13.643

Table 2. Fast Neutron Reactions in Silicon Carbide.
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Only the neutron reactions possible with 14 MeV neutrons are shown in Table 2. Inelastic
neutron scattering reactions are shown only for excited states that are bound with respect to
particle emission.

At the low-energy portion of the spectrum, the continua for 285i and 12C elastic and inelastic
scattering dominate the detector response shown in Figure 11. At higher energies, specific
reaction peaks dominate. The most prominent of these is for the 12C(n,a)’Be reaction, which
produces a total of 8.3 MeV in recoil-ion energy.

Several peaks corresponding to the 285i(n,a)2Mg reaction are observed. The highest-energy
(channel number) peak corresponds to the production of Mg in its ground state with a
total recoil-ion energy of 11.3 MeV. Satellite peaks, corresponding to the production of
excited states of Mg can be seen at lower energies. The expected positions of these peaks
are indicated by green diamonds. Peaks for the first four excited states are clearly visible.

Peaks for the 5th, 6th and 7th excited states are obscured by the 12C(n,a)?Be peak. Evidence for
the 8th through 12th excited states is present in the form of unresolved energy peaks. Higher
excited states are more closely spaced in energy and blend into a continuum. Eventually,
secondary neutron emission becomes possible in Mg, which reduces the possibility of
observing higher-energy Mg excited states.

A comparison of the SiC 14 MeV response with that of a Si passivized ion implanted
detector with the same active volume thickness is shown in Figure 12.

100000
28a: 25
! Si(n,ap) M
1ZC(n,n)12C " 2(5 0) Y
Si(n, o4)?°M
10000 F si(n,a)*°Mg
- C(n,0)°Be  2si(n, 0P Mg
£ BSi(n,0tg40)°Mg
S 1000
o
g’. 12
28q; 28 0
Si(n,n")*°Si C(n,n")3a
g g || SO (nn)
3
8 288i<nxa10+11+12)25M9
23i(N, 0g47)°M
10 - ZBSi(n 2501
—Sj ,0i5)
—SiC 23i(n,a4)°Mg
1 T T . .
0 500 1000 1500 2000 2500
Channel Number

Fig. 12. Comparison of the neutron responses of a 28.3 mm?2 x 100 um SiC detector and 450
mm?2 x 100 pm Si detector. (Data reprinted from reference Ruddy, et al. 2009a with
permission from the Editorial Department of World Publishing Company Pte. Ltd.)
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The major differences between the two spectra result from the fact that the neutron-induced
reactions in carbon are of course absent in the Si detector spectrum. A more detailed
comparison of the high-energy peaks is shown in Figure 13. It can be seen that energy
positions, peak heights and peak widths are closely matched for the Si and SiC detectors.
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Fig. 13. Comparison of the high-energy peaks in a 28.3 mm?2 x 100 um SiC detector and 450
mm?2 x 100 pm Si detector. (Data reprinted from reference Ruddy, et al, 2009a with
permission from the Editorial Department of World Publishing Company Pte. Ltd.)

The response to carbon reactions for the SiC detector can be derived by subtracting the
silicon spectrum from the SiC spectrum as shown in Figure 14 (Ruddy, et al., 2009a). The
carbon spectrum contains primarily the 12C(n,a)?Be peak and continua from neutron elastic
and inelastic scattering and multi-particle breakup.

The fast neutron response of SiC detectors to fission neutrons in a reactor was measured by
Ruddy, et al.,, (2006). Three 500 pm diameter x 3 pm SiC Schottky diodes were used to
monitor both thermal and fast fission neutron response as a function of reactor power. Two
diodes equipped with 24.2 pm and 2.5 pm 6LiF convertor layers were used to monitor
thermal neutron response, and the third detector with no convertor layer was used to
monitor fast neutrons. The detectors were placed in a beam port at the Ohio State University
Research Reactor. Measurements were carried out in the power range from 100 watts to 2000
watts. The SiC fast fission-neutron response compared to the reactor instrumentation was
linear over the entire range with a relative standard deviation of +0.6%.
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Fig. 14. Response spectrum for 14-MeV reactions in SiC derived by subtracting the response
in a Si detector. (Data reprinted from reference Ruddy, et al. 2009a with permission from the
Editorial Department of World Publishing Company Pte. Ltd.)

The thermal and fast SiC responses were also compared. The relative standard deviation for
the measurements at 1000 watts and 2000 watts was +0.18%.

In a limited set of measurements, SiC detector current was shown to be proportional to
reactor power (Ruddy, et al., [2006]).

5. Modeling of the Fast-Neutron Response
in Silicon Carbide Neutron Detectors

Modeling of the fast-neutron response of SiC detectors was carried out by Franceschini et al.,
2009. A computer code, Particle Generator for SiC (PGSC) was developed to model fast-
neutron interactions with SiC and linked to SRIM to streamline the ensuing radiation
deposition analysis of the outgoing charged particles. The PGSC code employs a Monte
Carlo approach to simulate the particle generation from fast-neutron reactions in the SiC
detector active volume, with nuclear cross-section and angular distribution data processed
from the ENDF/B-VILO data file (ENDF/B-VIILO, 2008). As a result, the collection of possible
reactions undergone by source neutrons within SiC is properly sampled and energy,
direction and position of the outgoing reaction products can be assigned. The energy
deposition of the charged particles is then calculated using the SRIM range-energy code
(Ziegler & Biersack, 2006) executed within the PGSC code.
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Initial PGSC calculations simulated the response to 14-MeV neutrons for comparison to the
measurements by Ruddy, et al., 2009. The (n,p) and (n,a) reactions with C and Si nuclei have
been singled out in the prediction by the PGSC code and fitted with Gaussian curves, as
shown in Figure 15. Peaks from the (n,a) reactions account for the bulk of the response with
the 12C(n,a)’Be ground-state reaction peak most prominent. The 285i(n,a)2Mg ground state
peak and fifteen 2Mg excited states peaks are also visible. Peaks from the ground state and
thirteen 28A1 excited states for the 285i(n,p)28Al reaction are also apparent. The (n,p) peaks are
limited by the fact that much of the proton energy is deposited outside of the detector active
volume.
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Fig. 15. Predicted SiC Detector Response. Raw Data and Gaussian Interpolations for (n,p)
and (n,a) reactions. (Data reprinted from Franceschini ef al., 2009 with permission from the
Editorial Department of World Publishing Company Pte. Ltd.)

A comparison of the predicted and measured (Ruddy, et al., 2009a) detector responses is
shown in Figure 16. A Gaussian representation of the calculated response is compared to the
measured data points. The peak positions and intensities match well. The peak widths are
narrower for the predicted response than for the measured response. This is likely a result of
limitations in the SRIM code.

The eventual goal for the PGSC code is to develop a neutron response spectrum de-

convolution methodology, which will allow neutron energy spectra determination for
downscattered fission neutrons in complex nuclear reactor environments.
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Fig. 16. Comparison of predicted (Gaussian Representation) and Measured (Raw Data) SiC
detector responses. (Data reprinted from Franceschini et al., 2009 with permission from the
Editorial Department of World Publishing Company Pte. Ltd.)

6. Discussion and Conclusions

Silicon carbide neutron detectors are ideally suited for nuclear reactor applications where
high-temperature, high-radiation environments are typically encountered. Among these
applications are reactor power-range monitoring (Ruddy, et al., 2002). Fast-neutron fluences
at ex-core reactor power-range monitor locations are approximately 107 n cm=2
Semiconductor detectors such as those based on Si or Ge cannot withstand such high fast-
neutron fluences and would be unsuitable for this application.

Epitaxial SiC detectors have been shown to operate at temperatures up to 375 °C (Ivanov, et
al., 2009). Temperatures do not exceed 350 °C in conventional and advanced pressurized
water reactor designs. Therefore, SiC neutron detectors should prove useful for applications
in these environments. SiC neutron detectors can potentially be used in reactor monitoring
locations with temperatures up to 700 °C (Babcock, et al., 1957; Babcock & Chang, 1963).
Such temperatures can be encountered in advanced gas-cooled or liquid-metal cooled
reactors. At such temperatures, the long-term integrity of the detector contacts is the key
issue rather than the performance of the SiC semiconductor.

Other potential reactor monitoring applications are in-vessel neutron detectors (Ruddy, et

al., 2002), monitoring in proposed advanced power reactors (Petrovié, et al., 2003) and
monitoring of reactors aboard outer space vehicles (Ruddy, et al., 2005).
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SiC detectors have also been used to monitor neutron exposures in Boron-Capture Neutron
Therapy (Manfreddoti, ef al., 2005) as well as the thermal-neutron fluence rates in prompt-
gamma neutron activation of waste drums (Dulloo, et al., 2004).

SiC detectors have proven useful for neutron interrogation applications to detect concealed
nuclear materials for Homeland Security applications (Ruddy, et al., 2007; Blackburn, et al.,
2007; Ruddy, et al., 2009¢).

An application that is particularly well suited for SiC detectors is monitoring of spent
nuclear fuel. Spent-fuel environments are characterized by very high gamma-ray intensities
of the order of 1,000 Gy/hr and very low neutron fluence rates of the order of hundreds per
cm? per second. Measurements were carried out in simulated spent fuel environments
(Dulloo, et al., 2001), which demonstrated the excellent neutron/gamma discrimination
capability of SiC detectors. Long-term monitoring measurements were carried out on spent-
fuel assemblies over a 2050 hour period, and regardless of the total gamma-ray dose to the
detector of over 6000 Gy, the detector successfully monitored both gamma-rays and
neutrons with no drift or changes in sensitivity over the entire monitoring period (Natsume,
et al., 2006).

SiC detectors have been shown to operate well after a cumulative 137Cs gamma-ray dose of
22.7 MGy (Ruddy & Seidel, 2006; Ruddy & Seidel, 2007). This gamma-ray dose exceeds the
total dose that a spent fuel assembly can deliver after discharge from the reactor indicating
that cumulative gamma-ray dose to a SiC detector will never be a factor for spent-fuel
monitoring applications.

The rapid pace of SiC detector development and the large number of research groups
involved worldwide bode well for the future of SiC detector applications.
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