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a b s t r a c t

The design of an idealized perforated (microstructured) planar diode neutron detector is presented that

has little variation in efficiency as a function of the incident neutron’s direction. The reduced angular

variation is obtained by using sinusoidal-trench perforations rather than previous hole or straight-

trench perforations. The resulting efficiency variation from changing the azimuthal angle of neutron

incidence exhibits a variation of only 3% about the mean azimuthal efficiency. The efficiency variation

resulting from changes in the polar angle of neutron incidence is limited to 10% of the normal-incidence

efficiency over the polar range of 0–601. 10B, 6LiF, and 6Li-metal filled perforations are considered.

& 2010 Published by Elsevier B.V.
1. Introduction

Perforated (microstructure) neutron detectors [1,2] have been
demonstrated to produce normal-incidence intrinsic efficiencies
approaching 40% [3], eight times the efficiencies of coated
semiconductor devices [4]. Perforated detectors, as shown in
Fig. 1(a), are fabricated by etching large aspect ratio (30:1) holes
or trenches (perforations) into a silicon diode and back-filling the
perforations with neutron-reactive material. Typically, the
neutron-reactive material is either 10B or a 6Li compound, such
as 6LiF, and the reactions of each with neutrons are well
documented [4].

It has been shown that the efficiency of hole-type, trench-type,
and chevron-type (a ‘‘zig–zagged’’ trench) perforated detectors
varies as a function of the incident neutron direction [5]. The
efficiency decreases along directions in which neutrons stream
between perforations avoiding the neutron-reactive material.
Figs. 2–4 show the streaming pathways for different perforation
types. The gray perforation designs represent the neutron reactive
portions of the detector, and the space in between the neutron
reactive material section would be silicon. Because the thermal
cross section of silicon is small ð � 0:2 bÞ and because the
perforated diode are thin ð � 0:5 mmÞ, the silicon is effectively
invisible to the neutrons. For uniformly spaced rod-type
perforations, see Fig. 2(a), neutrons are able to pass between the
Elsevier B.V.
rods at angles c that are multiples of 451. The streaming, and
therefore the decrease in efficiency as shown in Fig. 2(b), is
greater along the 01 and 901 directions than along the
451 direction because the streaming pathways are larger.

The ability of neutrons to preferentially stream through the
detector in the 01 and 451 directions can be eliminated by using
the channel-type perforations. Straight channels, as depicted in
Fig. 3(a), allow the neutrons to stream through the detector in
only the 901 direction causing the detector’s efficiency to drop
significantly along this 901 azimuth, as can be seen in Fig. 3(b).
This efficiency decrease along the 901 direction can be eliminated
by oscillating the channels into a chevron-type pattern as shown
in Fig. 4(a). Although no direct streaming paths exist, Fig. 4(b)
shows that a slight decline in efficiency now exists along the
c¼ 453 azimuth. This decline in efficiency is a result of short
streaming paths inherent in the chevron-type device that allow
neutrons to encounter less neutron reactive material along the
directions of the chevron’s channels.

The decrease of detector efficiency as the polar angle of
neutron incidence increases is inherent to all planar diode
designs. As the polar angle progresses towards 901 the solid
angle of the device plane presented to the source fades to
essentially zero.

Angular variations in the detector’s efficiency preclude the
detector’s use in experiments where accurate quantification of
the neutron population as a function of direction is important. If
the detector’s efficiency is dependent on its orientation to the
incoming neutron, then the measured response will similarly
depend on how the diode is mounted relative to the incident
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Fig. 1. (a) Components of a model rod-type perforated detector. The perforations are filled with neutron reactive material. The cap layer can be either included or omitted

and (b) incident neutron direction computed from the polar angle y and the azimuthal angle f (cap layer omitted to show perforations).
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Fig. 2. (a) Streaming paths through 6LiF rod-type perforations and (b) rod-type detector predicted efficiency for 100mm deep perforations, 30mm diameter rods, and no

cap layer.
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Fig. 3. (a) Streaming paths through 6LiF channel-type perforations and (b) channel-type detector predicted efficiency for 100mm deep perforations, 25mm wide trenches,

and no cap layer.
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neutrons’ directions. For example, using a perforated detector as a
dosimeter would underestimate dose for particles incident along
directions with clear streaming pathways assuming a direction-
ally independent counts-to-dose conversion. This underestima-
tion would be minimized, though still present, in an isotropic field
because the streaming directions represent a small fraction of the
total directions. However, in an highly directed radiation field
the dose would then be dependent on the detector’s orientation to
the incident field. As another example, consider differential cross-
section measurement. If perforated detectors are to be used, then
their exact alignment along the direction of measurement is
imperative or fewer counts will be registered along streaming
directions. On the other hand, if the efficiency is uniform in the
neutrons incident directions, then a slightly imperfect alignment
would not affect the measurement as significantly. It thus is
desirable to create a perforation design that makes detector
efficiencies insensitive to variations in the azimuthal angle of
neutron incidence. This work investigates the use of a sinusoidally
shaped trench design to minimize variations in the angular
dependence of the efficiency. Idealized perforated detectors,
having no electronic dead regions and perfect perforation filling,
are modeled to simulate the optimum behavior of such detectors
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Fig. 4. (a) Streaming paths through 6LiF chevron-type perforations and (b) chevron-type detector predicted efficiency for 100mm deep perforations, 25=sinð453
Þmm wide

trenches, and no cap layer.

Fig. 5. Variable parameters of the sinusoidal trench design: Ws is the silicon width,

Wa is the absorber width, A is the wave amplitude, P is the wave period, and D is

the perforation depth.
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(the interested reader is referred to [3] for practical considera-
tions of detector dead regions).
2. Sinusoidal trench design

To eliminate the azimuthal variation in efficiency in planar-
diode perforated detectors, a sinusoidal-trench design has been
developed [6,7]. The shape and parameters of the sinusoidal-
trench design are illustrated in Fig. 5. The sinusoidal design
contains five parameters that can be varied. The first parameter D

is the perforation depth. The second and third parameters are the
silicon width Ws and the absorber width Wa, respectively. The
fourth parameter is the wave period P, and the fifth parameter is
the wave amplitude A.

The sinusoidal-trench design improves upon the chevron-
trench design. The short straight paths of the chevron detectors in
Fig. 4(a) allow neutrons to stream without encountering absorber
material. This is primarily because the legs of the chevron
trenches are straight. However, if these legs were sinusoidally
rounded, then the effective width of the streaming paths would be
substantially reduced. Furthermore, the neutrons that are able to
stream in between the sinusoidal absorbing material are forced to
pass through a larger amount of absorber at the peak of the
sinusoid. The narrowing of the streaming paths and the increased
absorber thickness at the peak are illustrated in Fig. 6.
From modeling studies (discussed below) it was found that not
all choices of the five parameters for the sinusoidal perforations
yielded a uniform response. However, using trial and error, it was
possible to obtain values for these parameters that both allow the
perforations to be etched into the silicon and also eliminate the
azimuthal variation of the diode’s efficiency.
3. Modeling of the sinusoidal-trench perforated detectors

The modeling of the sinusoidal trench detectors is performed
with a specialized Monte Carlo transport code. This code
simulates neutrons incident onto the face of a perforated detector
and tracks them through the facets of the detectors. If the neutron
is absorbed in the neutron-reactive material, the appropriate
charged particles are created at the point of absorption. These
charged particles are then semi-deterministically tracked through
the geometry using the approach of [8]. This method depends on
the development of residual energy curves for each particle type
of known initial energy in every material in the geometry. To
obtain these residual energy curves, the Stopping and Range of
Ions in Matter (SRIM) code was employed [9]. The SRIM code was
used to determine the residual energy of each charged particle,
born at its known initial energy, after traversing a specific
distance in a material. These residual energy curves were then
either fit to analytic functions using the TableCurve software
package or fit with cubic splines for quick interpolation [10].

The particle tracking through the geometry is performed with
standard ray-tracing techniques through combinatorial geome-
tries. However, the sinusoidal shape required for the modeling of
the sinusoidal trenches is non-quadratic and, therefore, must be
specially treated. Define a sinusoidal plane, infinite in the z

direction and oscillating in the y direction, as

y¼ A sin
2px

P

� �
þyn ð1Þ

where A and P are the wave amplitude and period, respectively,
and yn is the offset of the wave nodes from y¼0. Let a, b, and g be
the cosines of the angles between the particle’s direction of travel
X̂ and the x, y, and z axes, respectively. In this way, the distance d

to the point (x,y,z) from (x0,y0,z0), the particle’s initial position, is

d¼
x�x0

a
¼

y�y0

b
¼

z�z0

g
, aabaga0: ð2Þ

Rearrangement gives

x¼ x0þad ð3Þ
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Fig. 6. (a) The streaming path through chevron-type perforations has a wider streaming path than (b) the streaming path through sinusoid-type perforations, which

require neutrons to pass through more absorbing material in the direction of the streaming.
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Fig. 7. 10B sinusoidal-type perforated detector having parameters D¼ 4mm,

P¼ 8mm, Wa ¼Ws ¼ 0:5mm, A¼ 1mm, and a cap thickness of 2mm.
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y¼ y0þbd ð4Þ

z¼ z0þgd: ð5Þ

Substitution of Eqs. (3) and (4) into Eq. (1) gives

y0þbd¼ A sin
2pðx0þadÞ

P

� �
þyn ð6Þ

which can be expressed as a function of d, namely

FðdÞ � A sin
2pðx0þadÞ

P

� �
þyn�y0�bd¼ 0: ð7Þ

Eq. (7) is transcendental in d and therefore must be solved
numerically. The approach used to find the least positive zero
combines a section search with a quick bounded-zero solver. A
lower bound (initially zero) bl and an upper bound bu ¼ blþDd,
where Dd is the step size, are initialized and each gradually
incremented by Dd. After each increment, the values of F(bl) and
F(bu) are checked for opposite sign. If the signs are opposite, a zero
is located between bu and bl and the bounded zero solver is called
to locate the zero. This tracking method is considerably slower
compared to that used with purely quadratic surfaces, but
computational efficiency was not an important consideration
and the algorithm is easily implemented.
4. Sinusoidal trench design simulation results

Sinusoidal-trench type perforated detectors were simulated
for 10B, 6LiF, and 6Li filled perforations. For the simulations, it was
assumed that the neutron-reactive material completely fills the
perforations (a packing fraction of 100%). Furthermore, it was
assumed that incident neutrons were monodirectional, mono-
energetic with an energy of 0.0253 eV, and uniformly illuminated
the perforated diode. Only histories leading to an energy
deposition in excess of 300 keV were considered a count. As
previously mentioned, not all sinusoidal-trench parameters
produce the desired uniform azimuthal response, so the results
presented here were obtained by trial-and-error variation of the
model parameters to determine a set that does produce a uniform
response.

The absorbing materials are assumed to be completely
composed of the neutron-reactive nuclide. For example, the 10B
devices are simulated to have 100% 10B, not the natural
abundance of 20% 10B and 80% 11B. Similarly, the 6Li materials
are assumed to be composed of 100% 6Li and not 7.5% 6Li and
92.5% 7Li. Each material’s density and macroscopic cross section
must be properly adjusted to account for the greater abundance of
lighter nuclides. Thus, the density of 10B was taken to be
2.17 g cm�3, the density of 6LiF was taken to be 2.55 g cm�3,
and the density of 6Li metal was taken to be 0.46 g cm�3.

The efficiency of a simulated 10B sinusoid-type perforated
detector as a function of the incident neutron direction is shown
in Fig. 7. For the given parameters, a normal incidence efficiency of
10% is predicted. Furthermore, the efficiency is uniform over the
azimuth with fluctuations o1% of the azimuthal mean efficiency.
The efficiency is uniform over the polar angle of incidence within
5% of the normal-incidence efficiency for polar angles o501 and
10% of the normal-incidence efficiency for angles o601.

The efficiency of a 6LiF sinusoid-type detector as a function of the
incident neutron direction is presented in Fig. 8. A normal incidence
efficiency of approximately 13.5% is predicted. The azimuthal
variation is within 2% of the mean azimuthal efficiency for all
azimuthal directions of incidence. The efficiency varies by o5% of
the normal-incidence efficiency for polar angles up to 501 and
o10% of the normal-incidence efficiency for polar angles up to 601.

Fig. 9 shows the efficiency of a 6Li-metal sinusoid-type
detector as a function of the incident neutron direction. The
efficiency for neutrons normally incident upon the detector is
predicted to be 19%. All azimuthal efficiency variation for the 6Li-
metal sinusoid-type detector is within 3% of the mean azimuthal
efficiency. The polar efficiency variation is o5% of the normal-
incidence efficiency for polar angles up to 451 and o10% of the
normal-incidence efficiency for polar angles up to 551.

The uniformity of the efficiency is dependent on the dimen-
sional parameters, obtained by trial and error, selected for the
sinusoidal perforations. In order to maintain a marginally uniform
response over the polar angle of incidence, the perforation depth
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Fig. 8. 6LiF sinusoidal-type perforated detector having parameters D¼ 60mm,

P¼ 100mm, Wa ¼Ws ¼ 20mm, A¼ 40mm, and a cap thickness of 20mm.
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Fig. 9. 6Li-metal sinusoidal-type perforated detector having parameters D¼ 100mm,

P¼ 200mm, Wa ¼Ws ¼ 35mm, A¼ 40mm, and a cap thickness of 40mm.
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Fig. 10. 6LiF sinusoidal-type perforated detector having parameters D¼ 100mm,

P¼ 200mm, Wa ¼Ws ¼ 35mm, A¼ 70mm, and a cap thickness of 20mm. The

efficiency increases by 8.3% of the normal incidence efficiency over the polar angle

range of 0–151.
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of the detectors is limited. As both the perforation depth and the
incident polar angle increase, the neutrons pass through progres-
sively more material and have a higher chance of being absorbed.
This effect causes a slight increase in the detector efficiency as the
polar angle increases from 01 to about 151, as can be seen in
Fig. 10. But at larger polar angles this effect is eventually
overcome by the decreasing solid angle seen by the incident
neutron. However, if the depth of the detector is small, then this
small polar angle increase in efficiency, although still present, is
much less.
5. Conclusions

Dimensions that reduce the efficiency variation as a function of
the azimuthal and polar angles of neutron incidence for sinusoid-
type perforated detectors have been determined for 10B, 6LiF, and
6Li-metal neutron-reactive fills. The azimuthal variation is
reduced to o3% for all the detector types using the sinusoid-
type perforation with an appropriate sinusoidal wave period and
amplitude.

The variation in the efficiency as a function of neutrons’ polar
angle of incidence is limited to 10% of the normal-incidence
efficiency over the polar range of 0–601 by using the sinusoid-
type perforations and limiting the depth of the perforations. If the
depth of the perforations is limited to maintain a uniform angular
efficiency, these detectors may not have the highest normal-
incidence efficiencies possible. There is an inverse relation
between high efficiency in a single device and a uniform angular
response to varying directions of incident neutrons. However, if
multiple lower-efficiency devices that have a uniform efficiency
with respect to the incident neutron direction are stacked, then
the efficiency can be increased while maintaining their uniform
efficiency with respect to the neutrons incident direction.

Stacking perforated detectors is prefered over increasing the
perforation depths because the perforations of one detector can
be aligned above the silicon portion of another detector. For this
stacked configuration, neutrons normally incident to the detector
must enter perforations of one of the two detectors. However,
extending the depth of the perforations for a single detector will
still allow a portion of the neutrons to pass through the detector
without encountering any neutron reactive material. Further-
more, increasing the perforation depth has a diminishing return
as the majority of the neutrons are absorbed in the first 2–3 mean
free paths of the perforations. It is thus better to increase the area
of reactive material ‘‘seen’’ by the neutrons by stacking the
detectors than to increase the depth of the perforations. Such
stacked configurations should be considered in the future.
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