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1. Introduction 

Reliable detectors with efficiencies close to 100% for indi-
vidual neutrons are highly desirable for neutrons with low, ther-
mal (~25 meV) and higher kinetic energies. Such detectors are 
essential for the most challenging applications. These applica-
tions include reflectometers and small angle scattering instru-
ments at the next-generation Japanese, American and European 
spallation neutron sources and, with suitable moderation of neu-
tron energies, monitors for water, gas and oil close to the drill bit 
during the drilling of holes for geo-exploration, detectors for ex-
ploration in space, environmental monitors and monitors for the 
storage and transport of fissile materials. Many of these applica-
tions require detectors to be light, thin, tolerant of extremes of 
temperature and vibration, low in power demand and insensitive 
to radiation other than neutrons. For certain spallation source ap-
plications, detectors additionally must be configured as arrays (of 

area ~0.1–10 m2) of pixels with size down to 1 mm × 1 mm or 
less, which are capable of detecting neutrons at rates that may ex-
ceed 104 neutrons per pixel per second [1]. 

Gas-filled neutron detectors and scintillator-based neutron 
detectors are widely used in real-time detection of neutrons of 
thermal and higher energies [2] but each of these types of detec-
tors has at least one significant drawback that limits its current or 
potential applications in the areas mentioned above. Solid-state 
detectors, however, have the potential to overcome most, or all, 
such limitations simultaneously, but no all-solidstate detector has 
yet been reported to have neutron detection efficiency close to 
100%. 

Since neutrons are uncharged, in an ideal real-time solid-
state neutron detector, the output signal would be derived from 
the charge generated during deposition of the full energy of the 
neutron capture products, including the energy deposited in the 
neutron capture region of the detector. This requires the capture 
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Abstract 
Solid-state neutron detectors based only on boron-rich semiconductors are of interest for their 
potential to provide the highest thermal neutron detection efficiencies of any solid-state neutron 
detectors. A simple physical model, recently shown to generate thermal neutron capture product 
spectra that agree quantitatively with full-physics GEANT4 simulation, is used to compare the 
capture product energy spectra and the upper limits to neutron detection efficiency of planar 
conversion layer, sandwich and all-boron-carbide detectors for the case of normally incident, 
mono-energetic, thermal neutrons. All-boron-carbide semiconductor detectors are deduced to 
be greatly superior to all other boron-rich solid-state detector types in their maximal neutron 
detection efficiencies and potential for avoiding false-positive detector output signals in mixed 
radiation fields. If boron-carbide semiconductors of optimal quality and thickness in the range 
20–50 µm were used in creating such detectors, the normal-incidence thermal neutron detection 
efficiencies could reach 60% to 90%, respectively, in total and still 48% to 78% using only 
the peak corresponding to the kinetic energy sum for the nuclei emitted in the most-probable 
10B(n,α)7Li capture reaction.
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region to be semiconducting, in order that all the charge gener-
ated by the products of each neutron capture is available to be 
collected, unlike the case of detectors based on conversion mate-
rials that rely on the detection of only those capture products that 
escape from the capture region. “Conversion detectors” are nec-
essarily restricted in their ultimate performance because capture 
products lose energy in the capture layer before reaching the ad-
jacent charged particle detector and some capture products never 
escape from the capture layer. These effects degrade the detect-
able capture product energy spectra and substantially limit the 
overall neutron detection efficiency of neutron detectors based 
on conversion materials. Ideal solid-state detectors would rely 
on using the neutron capture material as the semiconductor re-
gion that primarily detects the neutron capture products; in prac-
tice, the performance will be limited by the properties of that 
semiconductor. 

In this paper, we present calculated efficiencies and cap-
ture energy spectra obtained by modelling two classes of thermal 
neutron detectors based on a planar layer of B5C boron carbide: 
(1) detectors that only incorporate semiconducting B5C (all-B5C 
detector) and (2) conversion detectors in which a layer of B5C 
emits capture products that are only detectable in a charge par-
ticle detector on one side (or both sides) of the B5C layer. We 
do this for various thicknesses of B5C layer in order to compare 
and contrast the detector characteristics, including the upper lim-
its of thermal neutron detection efficiency and the corresponding 
capture product energy spectra. To simplify the calculations, in 
common with other authors, we consider neutrons incident with 
one thermal energy—0.025 eV—and one direction—normal to 
the capture layer. The results however apply unchanged to other 
pairs of neutron energy and direction of incidence, as identified 
in section 4. The reasons for choosing B5C are presented in sec-
tion 2; any alternative boron-rich semiconductors which may be 
shown to serve as semiconducting capture materials in neutron 
detectors could of course be modelled similarly to later sections 
of this paper. 

2. Semiconducting boron carbide 

Boron has a unique combination of characteristics that make it 
ideal for the formation of a solid-state thermal neutron detector. 
Boron is one of very few elements that have a large cross section 
for the capture of thermal neutrons and yield high energy capture 
product nuclei; for the boron isotope 10B, which has a natural rel-
ative abundance of about 19%, the capture cross section is 3840 b 
for a 0.025 eV neutron and the capture reaction 10B(n,α)7Li yields 
1.47 (1.78) MeV 4He and 0.84 (1.02) MeV 7Li with 94% (6%) 
probability—kinetic energies that total 2.31 MeV in the case 
where a 0.48 MeV γ -ray is emitted and 2.80 MeV otherwise [2]. 
Boron is unique amongst those elements forming the major com-
ponent of a refractory ceramic that can also be made as a semi-
conductor [3, 4]. Therefore, detectors based on boron-rich semi-
conductors have the potential to be nearly ideal neutron detectors 
if configured such that 10B atoms are present in sufficient num-
ber density in regions of semiconductor from, or in, which all the 
capture product ions generate electrical signals that are detected. 
Such detectors could potentially satisfy all the needs that were 
identified above. 

The problem of creating boron-rich semiconducting boron 
carbide was solved in the early 1990s [3] and was followed by 
the creation of a wide range of hetero- and homo-junction di-
odes and transistors using semiconducting boron carbide, in-
cluding a heterojunction diode that operates at least at 350 °C 
[4] and a boron carbide semiconductor/n-Si heterojunction di-
ode neutron detector [5,6]. Other papers on semiconducting 
boron carbide materials and devices are also cited in [6]; the 
semiconducting form of boron carbide in this body of work has 
compositions close to B5C. More recently, devices in which the 
only semiconductor is boron carbide, of either n- or p-type, have 
been fabricated at the University of Nebraska and confirmed to 
detect neutrons [7–9]. 

3. Neutron detection efficiency and capture spectrum 

We have adopted a highly simplified calculation, discussed in 
section 4, to enable us to make a detailed assessment of the spec-
tral and efficiency trends for planar neutron detectors of two 
types—“all-B5C detectors” that incorporate boron carbide as the 
only semiconductor and “conversion detectors” that rely on de-
tection of only the capture product(s) that escape(s) from one 
side, or both sides, of a capture material. This calculation of po-
tentially detectable energy spectra is based on a model similar to 
the one presented in part by Rossi and Staub [10] for a conver-
sion foil layer in a parallel plate ionization chamber. Approximat-
ing the path of an alpha particle in the foil and surrounding gas 
as a straight one, Rossi and Staub calculated efficiencies for dif-
fering thicknesses of the conversion foils, but did not however 
address the stopping of the 4 different capture product ions. In 
[10], there is also no discussion of possible output spectra and 
it is unfortunate that significant portions relating to deposited 
capture product energy spectra calculations are clearly missing. 
More recently, Bell et al. [11] gave equations for planar conver-
sion layers and discussed efficiency as a function of layer thick-
ness, although they also did not present the overall energy spec-
tra of a device based on their model. Using essentially the same 
model, McGregor and Shultis [12] reported capture energy spec-
tra calculated for all-boron carbide solid-state devices as well as 
conversion layer devices. However, this work neither provides a 
comparison of the efficiency of the two types of detector nor dis-
cusses the possible attributes of the spectra of an all-boron car-
bide solid-state device in comparison with those of a conversion 
layer device, either in the single-sided geometry or in the double-
inward, or sandwich, geometry of device. On the basis of their 
calculations, McGregor et al. [13] identified the sandwich device 
as the most efficient topology of solid-state neutron detector; the 
calculated results we present in this paper lead to quite different 
conclusions. 

Throughout this paper, we have employed the highly 
simplified linear energy deposition approach on the basis of its 
suitability to the task because of the close qualitative and quan-
titative similarity of capture product spectra for conversion B5C 
layer, and all-B5C layer, detection geometries obtained using 
this simplified approach with the spectra obtained using GE-
ANT4, a full-physics Monte Carlo package. The reader is re-
ferred to [14] for this comparison in the case of B5C layers up 
to 1 µm thick with natural abundance of 10B. Such thin layers of 
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B5C provide a sensitive test of the applicability of the simplified 
model since, in contrast to the situation for captures occurring 
deep within the B5C layer at distances greater than a capture 
ion range from the layer surface, small deviations from straight 
paths would take a greater fraction of capture product ions com-
pletely out of a thin B5C layer and variations in ion stopping 
power along an ion path would affect the energy deposited in 
a thin B5C layer by an ion escaping from the layer in one of a 
wide range of directions. 

We conclude therefore that the simplified physical model 
provides a useful tool that captures even the quantitative trends 
obtained with a full-physics simulation for capture layers of all 
thicknesses. Of course, the full-physics approach is highly suited 
to more complex geometries, such as pixelated detectors, for 
which the simplified approach would be much less useful. 

In section 4, we present our simulation approach in sufficient 
detail to support the calculated capture energy spectra and inte-
grated efficiency results that we show for both conversion and all-
B5C solid-state thermal neutron detectors. In section 5, we make 
direct comparison of the spectral characteristics and neutron de-
tection efficiencies of single-sided and double-inward sandwich 
conversion detectors with those of all-B5C detectors. Finally, in 
section 6,we draw conclusions which are relevant to the develop-
ment of optimally efficient all-B5C solid-state neutron detectors 
and their ultimate performance in relation to conversion layer 
detectors. 

4. Simplified physical model for thermal neutron capture 
detectors 

We simulated the potentially detectable capture product energy 
spectra results given in sections 4–6 on the basis of continuous 
slowing down of ions travelling along straight paths since, to a 
first approximation, a light ion loses energy at a constant rate 
along its path in a material and the paths of energetic light ions 
are relatively straight until their energies become quite low. 

The model relies on these approximations. 

1. A neutron entering the layer follows a straight path in the 
layer. 

2. All 0.48 MeV capture gamma rays are ignored. 
3. Within the B-containing layer, the variation in stopping 

power with capture product energy is ignored. 
4. Capture products follow straight paths until they stop or 

escape from the 10B containing layer. 
5. Capture products start in exactly opposite directions. 
6. Capture products are emitted in the ratio, and with the en-

ergies, appropriate for thermal or cold neutron capture, 
and the capture cross section is taken to be 3840 b [2]. 

7. Capture products that leave the layer do not return to the 
layer. 

8. The capture layer is parallel-sided and infinitely wide 
compared with its thickness. 

9. The capture layer is assumed to have a homogeneous neu-
tron capture layer of suitably semiconducting boron car-
bide of composition B5C, fully enriched in 10B, not B4C, 
as is the typical description of the material phase known 
as boron carbide which is not semiconducting. 

We start by considering the case of a capture at a depth z into 
the layer that results in capture reaction product ions travelling in 
opposite directions at an angle θ with respect to the normal to the 
capture layer (figure 1). The energy lost by an ion during its es-
cape from depth z in a direction θ is 

EL = Sz/cos θ                                         (1) 

where the stopping power of the ion in the layer is S  =E/R , with 
E and R being the initial energy and the total range of this capture 
ion in the layer. Because E and R differ for each of the capture 
products, calculation for each pair of z and θ must be performed 
individually for each capture product ion. EL cannot exceed the 
initial energy of the ion, Eion, and so combinations of z and θ that 
would provide EL > Eion in equation (1) merely define the condi-
tions for capture ions that do not escape from the capture layer 
because they have lost energy equal to Eion before reaching the 
surface of the layer. The calculation for the companion ion pro-
ceeds in the same manner but with differing E, R, and S and with 
the capture depth, z, replaced by the remaining film thickness (t − 
z), beyond the capture depth. 

Capture of thermal neutrons results in the capture product 
ions being emitted with equal probability in any direction from 
the capture location. Therefore, the fraction, dη, emitted in the 
range θ – θ + dθ is equal to the fraction dΩ/4π of all solid angles 
and can be represented as 

(2)

  
Equations (1) and (2) provide the basis for analytical calcu-

lation of complete energy spectra for each capture production. 
Where analytical results could readily be calculated, these are 
given in the cases that follow. Where that was not possible, the 
probability of an incident neutron yielding an ion energy outcome 
in each capture spectrum energy channel was calculated for suc-
cessive capture depths at many capture product emission angles 
and the results were appropriately summed. The calculated proba-
bilities were assigned to energy channel bins 10 keV wide. It was 
found that steps dz  = 1 nm and d(cos θ) = 0.0005 allowed such 
spectra to be calculated with minimal artefacts. This approach al-

Figure 1. Notation and geometry of semiconducting boron carbide neutron 
capture layer and capture products, labelled as ions 1 and 2. A conversion de-
tector would involve detection of escaping ions only in regions 1 and/or 2. 
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lowed sufficiently rapid calculation (using Mathcad [15]) such 
that it was unnecessary to employ a Monte Carlo method of ran-
domized sampling of z and angle. 

In each energy channel, the calculated energy spectra we 
present in this paper provide the probability that capture product 
ions deposit energy in the range of that channel for each neutron 
incident on the layer, and so, in the case of ideal detection of the 
escaping or deposited energies, the spectra yield overall neutron 
detection efficiencies for each detector type simply by summing 
the appropriate spectral channels. 

These calculated spectra do not incorporate a number of ef-
fects that cause the detected spectra and efficiencies to be dif-
ferent in practice. These effects, some of which can be quite 
significant, include: incomplete sweep-out of charge from the 
capture product detector to form a charge pulse, mismatch of the 
pulse processing time and the time profile of this charge pulse 
and, in the conversion layer case, the additional energy loss from, 
or the stopping of, the escaping capture products in any inter-
vening material, such as an electrical contact, before they reach 
the active region of the capture product ion detector. However, 
as noted in section 1, our goal is to assess the ultimate potential 
of conversion and all-B5C semiconductor neutron detectors based 
on a planar layer of B5C and to provide a guide to the geometri-
cal and technological requirements of such detectors, and so we 
do not include these other effects. 

4.1. Application to conversion layer detectors 

For the case of a conversion layer in which only one ion of each 
capture product pair is considered at a time, equations (1) and (2) 
can be combined and then integrated over the full layer thickness, 
taking the probability of capture per unit depth, n, into account. 
This results in expressions for the differential probability, dN/
dEL, such that one incident neutron results in an ion that loses en-
ergy in the range EL to EL + dEL before escaping from the capture 
layer; for small t, these expressions are 

(3)

The first case in (3) is appropriate for ions with tracks longer 
than the capture layer thickness and the second case is for ions 
with tracks shorter than the capture layer thickness. 

An ideal conversion layer detector has a 100% efficient par-
ticle detector to capture ions that are able to escape from the 
capture layer. Figure 2 shows the spectrum of energy outcome 
probabilities for a neutron normally incident on a conversion 
layer device with an ideal charged particle detector beyond the 
back of the capture layer surface, i.e. opposite to the neutron en-
trance surface. Here, exponential attenuation of the neutron flux 
has been incorporated for all spectra, in contrast to equation (3). 
There is consequently a maximum spectral integral for a capture 
layer thickness corresponding essentially to the range of the 1.48 
MeV α-particle. 

A device with an ideal charged particle detector instead of 
adjacent to the front, neutron entrance, face (in region 1 of figure 
1) would have spectral output similar to figure 2 for layers less 
than 4.25 µm thick—the range of the higher energy α-particle—

while spectra from all thicknesses above 4.25 µm would have the 
shape of the 10 and 30 µm cases, but all would lie atop each other 
near the level of the 3 µm case because neutron flux attenuation 
with depth does not affect the entering flux. 

Integration of equation (3) over all energies provides the neu-
tron detection efficiencies of ideal devices. For t much smaller 
than the neutron capture attenuation length (also called the mac-
roscopic absorption capture cross section), the total probability 
that one incident neutron will result in an ion of one type escap-
ing from the film through either capture layer face is essentially 

(4)

and so
(5)

confirming, of course, that the neutron conversion detector 
efficiency for an ideal detector with a very thin capture layer will 
be essentially proportional to layer thickness. (Equations (4) and 
(5) are also given in [11, 13].) 

For layers of thickness t at least equal to ion range R, but still 
thin compared with the neutron capture attenuation length, the 
probability that an incident neutron will result in one type of cap-
ture product ion that can escape, after losing energy EL, through a 
layer face is given by 

(6)
 
A standard conversion layer device usually requires an electrical 
contact layer between the neutron capture layer and the active de-
tection region of the diode that serves as a particle detector. This 
contact layer results in loss of detectable capture product energy. 
The extra energy lost in this contact results in an increased total 
energy loss, ED, before a capture product ion can reach the parti-
cle detector: 

(7) 

Figure 2. Spectra giving the probabilities, per 10 keV range of deposited cap-
ture product energy, that a normally incident neutron will cause capture prod-
uct energy deposition in a capture product detector beyond the back of the 
capture layer. The respective capture layer thickness is noted beside each 
spectrum. 
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Here SC is the stopping power of the contact material, d is the 
thickness of the contact layer and θ is the starting angle of the 
capture ion with respect to the contact layer normal. Again, re-
sults calculated from equation (7) that yield ED greater than the 
initial energy of the ion, Eion, correspond to cases of the ion de-
positing all energy before being able to escape into the parti-
cle detector. To illustrate the effect of a contact on the calculated 
conversion detector spectrum, a contact layer thickness of 60 nm 
of gold (as was employed in [13]) was used and the back face de-
tector results, shown in figure 3, used ED in place of EL in other-
wise similar calculations to those for figure 2. 

If the ideal charged particle detector was instead adjacent to 
the neutron entrance (front) face, all the energy spectra for thick-
nesses greater than 4.25 µm would again lie atop one another 
close to the 3 µm spectrum. 

The sandwich, or double-inward, detector [13, 16] em-
ploys charged particle detectors adjacent to both front and back 
surfaces of the neutron capture layer (in both regions 1 and 2 of 
figure 1). If the capture layer is thin enough, this device geome-
try makes possible the detection of both ions from a neutron cap-
ture product pair, allowing for detection of more of the capture 
product energy if the particle detector outputs are summed to ac-
count for coincident ion pairs. The energy that could be detected 
in this case is 

ET = Esum − EL1  − EL2 ,                          (8) 

where Esum is the total initial energy of the capture product ion 
pair and EL1  and EL2 refer to the energies lost by the ions before 
they escape from opposing surfaces of the capture layer. Note 
that, in the cases of only one ion escaping from the capture layer 
or neither ion escaping from the capture layer, the escaping ion 
energy, and so neutron detectability, is just the same as for the 
single-sided detector case. 

The double-inward sandwich detector spectra, calculated 
without contact layers on either capture layer surface, are given 

in figure 4 for the same capture layer thicknesses as in figures 2 
and 3. For capture layers much thinner than the range of the Li 
capture ions, there are peaks corresponding to detection of both 
capture products for both the γ-emission and non-γ results of neu-
tron capture by 10B. The peak corresponding to the major branch-
ing ratio result (Esum = 2.31 MeV) occurs at a lower energy than 
2.31 MeV because of the energy lost in the capture material. 

If this peak alone were used in order to try to create a de-
tection system that discriminated against detection of radiation 
that resulted in outcomes equivalent to other energies, the effec-
tive neutron detection efficiency reaches higher probabilities of 
an incident neutron giving an outcome in some spectral chan-
nels than in the single-sided conversion layer case. It is notable 
that the detection efficiency in all cases would be under 2%, a re-
sult obtainable by integrating the spectral content of this peak. 
When the capture layer thickness is increased to little more than 
1 µm, this peak merges with the rest of the capture product en-
ergy range of the single-side conversion detector spectra mak-
ing discrimination difficult if not impossible. However, because 
of the sandwich detection symmetry and neutron absorption, it 
is apparent from comparison of figures 2 and 4 that the neutron 
detection efficiency of a sandwich detector with a single capture 
layer at best only approaches twice that of the single-sided con-
version layer detector. 

4.2. Application to all-B5C detectors 

Although the energy deposited in the capture layer by each in-
dividual ion is simply evaluated for each capture depth z within 
the layer and for each capture ion starting angle, the calculation 
of the all-B5C detector spectra requires numerical evaluation be-
cause of the differing stopping powers of the individual ions, just 
as in the case of the double-inward sandwich with the thinner 
capture layers. In this case, the total energy deposited in the layer 
by a capture ion product pair becomes 

Figure 3. Spectra giving the probabilities, per 10 keV range of deposited cap-
ture product energy, that a normally incident neutron will cause capture prod-
uct energy deposition in a capture product detector separated from the capture 
layer by a 60 nm Au electrical contact layer. As in figure 2, the ideal particle 
detector is sited beyond the back of the capture layer and the respective cap-
ture layer thickness is noted beside each spectrum. 

Figure 4. Spectra giving the probabilities, per 10 keV range of deposited cap-
ture product energy, that a normally incident neutron will cause capture prod-
uct energy deposition in ideal capture product detectors which sandwich the 
neutron capture layer and whose outputs are summed in coincidence. The re-
spective capture layer thickness is noted beside each spectrum. 
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ET = Esum − (E1 − EL1 ) − (E2 − EL2 ).                   (9) 

Here ET is the energy at which the correct dN/dEL fraction, cal-
culated previously for the given EL of the ion, is contributed to 
the pulse height spectrum, shown in figure 5 for a range of cap-
ture layer thicknesses. In equation (9), E1 − EL1 and E2 − EL2 are 
the remaining energies for the two ions of the capture pair. As 
the capture layer thickness increases, E1− EL1  and E2 − EL2 will 
on average tend towards zero as many of the neutron captures 
will occur, of course, deep enough within the layer such that nei-
ther ion will be able to escape from the layer. In this case, there 
is 100% detectability of the capture products and these products 
contribute full energy deposition in the ion detection layer (the 
capture layer): 

ET = Esum.                                     (10) 

We note that, extending the simplified physical model cal-
culations to thicker B5C layers, there are significant changes be-
tween the spectra in figure 5. In contrast to figures 2–4, the prob-
ability of an incident neutron giving a capture product output in 
each energy channel is plotted logarithmically in figure 5; this is 
necessary because the probabilities in both all-B5C detector full-
energy peaks (corresponding to both the γ-emission and non-γ re-
sults of neutron capture by 10B) are so high once the capture layer 
thickness exceeds a micrometer or two. 

The full-energy peaks corresponding to both the γ emis-
sion and non-γ results of neutron capture by 10B become by far 
the most prominent features for capture thicknesses significantly 
greater than 1 µm. At capture layer thicknesses of 3 µm and 
greater, the 2.31 MeV full-energy peak alone provides a proba-
bility of neutron detection equal to, or exceeding, that of any B5C 
conversion layer detector. 

For thicknesses such as 3 µm that exceed the range of the 
7Li capture products, the minimum energy deposited is equal to 
the full energy of the 7Li capture products. For this, and greater, 
thicknesses the steps observed in spectra correspond to succes-
sive additions to the energy deposition at energies exceeding the 
energy of each capture product. For a 3 µm thick layer, there is a 
remnant of the spectral energy shape found at lower thicknesses 
since the ranges of both energies of 4He capture product still ex-
ceed the layer thickness. 

5. Comparison of conversion and all-B5C spectra 

Figure 6 provides a direct comparison of the conversion layer, 
sandwich and all-B5C detector capture energy spectra for a 3 µm 
thick B5C layer. Even at this thickness, the full-energy peaks cor-
responding to deposition of all the energy of both capture prod-
ucts are an important aspect of all-B5C spectra. The total neutron 
detection efficiencies are given by the integrals of these spectra. 
Thus, even with a B5C layer only 3 µm thick, the potential neu-
tron detection efficiency of an all-B5C device is much greater 
than that of the single-side conversion layer device or the sand-
wich device. 

Both the sandwich and the single-sided conversion layer de-
vices lose in efficiency because capture product ions fail to reach 
the ion detection region. This loss of detectability cannot occur in 
the all-B5C device since capture ion detection occurs in the cap-
ture region. 

For several reasons, discussed below, the energy ranges of 
significant probability in these spectra are highly relevant to neu-
tron detection with real pulse processing electronics and with the 
necessary electrical contacts. 

The effect of energy lost by capture products in a 60 nm Au 
electrical contact between a conversion layer and its associated 
capture product detector was shown in figure 3, but is seen more 
clearly by comparing the conversion layer cases in figure 6. The 
neutron capture spectra of both the sandwich and single-sided 
conversion layer cases have significant content in the low-energy 
range where there will, in practice, be additional contributions to 
the spectrum due to electrical noise from the capture product de-
tection system. This detection system noise will further limit the 
device efficiency by requiring the use of a threshold, for exam-
ple at 300 keV, to avoid false counts, thereby eliminating detec-
tion of capture energy outcomes in the range below the threshold 
energy. For sandwich devices with B5C films up to 1 µm thick, 
there is evidence of peaking near the original full energy of the 
emitted capture ion products. However, as noted earlier, the re-
sulting peaks in these cases correspond to integrated detection 
efficiencies of less than 2%. The sandwich device also presents 
the difficulty that, if the two charged particle detectors are not op-
erated in coincidence, there will be some double counting of cap-
ture events in the case of capture layers thinner than the maxi-
mum range of the combined ion pairs. 

For all-B5C semiconductor neutron detectors with B5C lay-
ers at least 2 or 3 µm thick, the 0.84 MeV minimum energy in 
the spectra due to the full-energy deposition of one Li7 ion means 
that there is a large separation of all spectral features from any 
energies equivalent to electrical or other noise in the detection 
system. Unlike the conversion layer case, the minimum spectrum 

Figure 5. Spectra giving the probabilities, per 10 keV range of deposited cap-
ture product energy, that a normally incident neutron will cause capture prod-
uct energy deposition in a 10B enriched all-B5C detector. The respective cap-
ture layer thicknesses in µm (0.3 µm (♦), 1 µm (▼), 3 µm (▲), 10 µm (●) 
and 30 µm (□) thick) are noted beside each spectrum both numerically and 
symbolically to avoid confusion. 
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energy is significantly above the energies associated with any de-
tection system noise and, further, most of the spectral content is 
well above this minimum energy. Therefore, even with quite se-
vere signal degradation in the detection system, there would be 
no significant losses in neutron detection efficiency, whether or 
not a lower capture product detection energy threshold was ap-
plied. Electrical contacts adjacent to an all-B5C detector only 
serve to apply voltage to the detector and to sweep out the elec-
tron–hole pairs created in the layer by pairs of capture products, 
but do not degrade the spectra or reduce the neutron detection 
efficiency. 

Of course, the all-B5C spectral features will be broadened 
in practice because of electronic noise, charge collection and 
pulse processing effects. This means that the full-energy peaks 
will be spread over multiple 10 keV channels, rather than occu-
pying a single channel as presented in figures 5 and 6. Never-
theless, as long as charge collection and processing from the all-
B5C device is reasonably efficient, the major full-energy peak can 
be expected to contribute a clearly distinguishable feature of the 
measured capture energy spectrum and therefore to provide an 
excellent opportunity to implement window energy discrimina-
tion to yield a thermal neutron detector that is exceedingly insen-
sitive to radiation detected at different energies. 

The integrated efficiencies of the conversion layer, sandwich 
and all-B5C detectors are presented in figure 7 as a function of the 
thickness of the B5C neutron capture layer. At layer thicknesses 
above a few micrometres, the efficiency of the all-B5C detector 
is significantly above the ideal efficiencies of both the conversion 
layer devices and the sandwich layer device. At thicknesses about 
50 µm, the sandwich layer device efficiency will tend towards the 
efficiency of a standard conversion layer device due to exponen-
tial neutron attenuation in the capture layer. This effect can be 
seen in figure 2 as an overall spectral height decrease with in-
crease in the film thickness for a standard conversion layer. In-

cluded in figure 7 are the efficiencies for a conversion layer de-
vice with a charged particle detector adjacent only to the neutron 
entrance (front) face. Also shown for comparison in figure 7 is 
the probability of a neutron capture event in an all-B5C detector 
resulting in the case of full-energy deposition (2.31 MeV) for the 
major capture branching ratio case. This clearly indicates the po-
tential to use an energy discrimination “window” to select this en-
ergy range for highly efficient neutron detection. Thus, using this 
spectral feature alone would not only nearly eliminate false pos-
itives at the cost of only a very slight loss in overall neutron de-
tection efficiency, but, for capture layer thicknesses greater than 
6 µm, would still result in greater neutron detection efficiencies 
than achievable by either the sandwich devices or conversion 
layer devices. 

Throughout this paper we have used a single planar layer 
for convenience in the modelling. Certainly having capture ma-
terial in narrow rods, pits or trenches might enhance the detec-
tion efficiencies in some circumstances for a conversion layer 
style device, particularly if neutrons are incident in directions for 
which the projected thickness of the capture layer is comparable 
to the macroscopic cross section for neutron capture [17]. A rod, 
trench or filled-dimple geometry would modify the energy distri-
bution of the capture products somewhat, but the spectral trends 
of the single-sided and sandwich conversion detectors must still 
be limited by the energy that is lost before these capture prod-
uct ions escape into the electrically active regions where they can 
be detected. With the drawbacks of complexity, ion detection and 
cost, use of multiple conversion layers could also permit increase 
in neutron capture and detection efficiency if the capture prod-
uct ions are appropriately detected. However, the conclusions 
we have drawn in this paper from the comparison of the conver-
sion and all-B5C detectors are not expected to change in the any 
significant way because of an increased number of converters or 
a change in the shape of capture material. 

Figure 6. Spectra giving the probabilities, per 10 keV range of deposited cap-
ture product energy, that a normally incident neutron will cause capture prod-
uct energy deposition in an ideal conversion layer ion detector, a conversion 
layer ion detector with an 60 nm Au contact layer, an ideal sandwich conver-
sion layer ion detector and an ideal all-B5C detector based in each case on a 3 
µm thick B5C layer fully enriched in 10B. 

Figure 7. Upper model limits of neutron detection efficiency as a function of  
10B5C capture layer thickness for sandwich (front + back) conversion layer 
standard front side conversion layer, and all-B5C semiconducting neutron de-
tectors. Also shown is the full energy peak (2.31 MeV) for the all-B5C case. 
The straight lines between symbols serve only to guide the eye between cal-
culated data points. 
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6. Conclusions 

In this paper we have used a simplified model to enable compar-
ison of planar all-B5C-semiconductor thermal neutron detectors 
and thermal neutron detectors based on a layer of B5C that acts 
as a conversion layer from which neutron capture products are 
only potentially detectable after they escape from the capture ma-
terial. For all thicknesses of capture layers above about 1 µm, the 
ideal all-B5C device would have a detection efficiency advan-
tage over ideal conversion layer devices based on a single planar 
layer of B5C. This advantage is nearly a factor of two near a cap-
ture thickness of 5 µm and is increasingly more pronounced at all 
greater thicknesses, with the thermal neutron detection efficiency 
of an ideal all-B5C device rising to close to 100%. 

To have the potential to attain normal-incidence thermal neu-
tron detection efficiencies of 50%, an ideal 10B-enriched all-B5C-
semiconductor detector would only need to be 14.5 µm thick; 
thicknesses greater than 50 µm would potentially provide at least 
90% efficiency. 

While not becoming a significant part of the full all 10B5C 
device integral until the B5C device is nearly 2 µm thick, the 2.31 
MeV peak alone comprises half the all-B5C capture spectrum for 
a capture layer thickness of 5 µm. On its own, this peak would 
yield a neutron detection efficiency of 62% (88%) for B5C layers 
30 µm (100 µm or more) in thickness. This is accompanied by an 
absence of capture spectral content at energies below 0.84 MeV 
and so an absence of the potential for electronic noise, x-rays or 
many other types of radiation to cause a signal that might be mis-
taken for a neutron-caused signal. The conversion devices have 
capture spectra whose energy content is mostly at relatively low 
equivalent capture product energy, except in the case of sand-
wich devices with capture layers thinner than about 1.5 µm, for 
which the energy-shifted version of the 2.31 MeV peak contrib-
utes a normal incidence thermal neutron detection efficiency un-
der 2%. For attaining high neutron detection efficiency without 
“false-positive” signals in mixed radiation fields, such as those 
in many applications identified in the introduction, the all-B5C 
semiconducting detectors therefore have key potential advan-
tages over conversion layer devices because of the dominance 
of the 2.31 MeV full-energy peak and the absence of low-energy 
capture spectral content. 

As discussed, these conclusions are largely unchanged for 
any variants of conversion material detectors, including more 
complex geometries of capture material sandwiched by a capture 
product ion detector. Whether the potential of all B5C-semicon-
ductor devices as neutron detectors can be fully realized depends 
on being able to sweep out and process the charge resulting from 
each neutron capture efficiently and quickly enough. 
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