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Abstract

A Si semiconductor detector, surface barrier type, with a slim "lm of a converter material, capable to produce charged
particles, was used as a sensor of neutrons to be used in an environment of a zero power reactor. Two types of converters
were used to improve the detection e$ciency: (1) polyethylene, n(CH

2
), which produces recoil protons from the (n,p)

interaction and, (2) 10B which generates a particles from the (n,a) reaction. The optimal thickness of these converters was
determined experimentally. Speci"cally for the polyethylene, a mathematical model was developed to "t the experimental
data. For an AmBe source the optimum polyethylene converter thickness was of 5.8]10~2 cm (62.64mg cm~2), while for
the 10B it was equal to 6.55]10~4 cm (1.54mg cm~2). The converters of polyethylene and 10B improved the detection
e$ciency to a factor of 4.7 and 3.0, respectively, compared to measurements without converter. Comparing the three
spectra of the background radiation, the polyethylene recoil protons and the 10B a radiation, it was concluded that the
polyethylene presented better performance than the 10B converter. ( 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The nuclear "ssion reactor is primarily a potent
neutron generator and the development of the neu-
tron detectors is essential in the nuclear reactors
technology. However, the neutron sources generate
c radiation, which can interfere in their measure-
ment. Then, it is necessary that the detecting system
be capable to discriminate the c interference.
Several techniques have been proposed, among
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them two are commonly used: (i) pulse-height anal-
ysis applying threshold electronic discriminator
and (ii) pulse-shape discrimination [1}3]. The
choice between these alternatives depends funda-
mentally on the pulse height generated from the
c photon and the neutron particle. If they are sim-
ilar and overlapping each other, then the pulse-
shape discrimination can be used, otherwise the
technique of electronic discrimination would be
preferable.

The main types of sensitive neutron detectors
are gaseous, scintillator, semiconductor and self-
power. These detectors must have a neutron con-
verter internally to produce ionising radiation. The
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converter is fundamental in the nuclear reactions of
the type: neutron#converterPdetectable radi-
ation [2,4}6].

In the "eld of reactor research, the dimension of
the detector and its materials are important para-
meters in order to avoid interferences or deforma-
tions in the #ux measurements. By reducing the size
of the detector, the deformation of the #ux can be
decreased. When that is not possible, it is necessary
to use complex mathematical processes to over-
come the problem, for example, Dalton [7] de-
veloped theoretically a study of the transport
equation to evaluate the neutron population in
a detector position in order to correct that in#u-
ence. Among other factors, this is the cause of the
continuous e!ort to project small and sensitive
neutron detectors or to improve their character-
istics.

In the nuclear "ssion reactors, the neutrons gen-
erated in the primary process have energies around
20MeV, which are classi"ed as fast neutrons [8].
Other devices, such as the particle accelerators and
sources of AmBe, also produce fast neutrons. How-
ever, in the projects of detectors the most used
nuclear converters, such as 10B and 7Li, are not
e$cient in that energy level. This limitation can be
overcome by using a moderator material to reduce
the neutron energy level. Materials with high hy-
drogen concentration such as para$n, polyethy-
lene or polystyrene are considered good
moderators [8,9]. The e$ciency of these moder-
ators is due to the similarity between the neutron
and the hydrogen nucleus, favouring the energy
transfer from the neutron to the hydrogen.

The silicon detectors are e$cient for charged
particles measurements and they could be also used
for neutron measurements using a converter
[5,9,10,11]. The advantageous use of the Si detector
is due to its relatively high density (2.33 g cm~3)
compared to gaseous detectors. Furthermore, the
ionising particles lose all their energy in a short
path length and, as a consequence, it is possible to
reach high-detection e$ciency with a small de-
tector volume. The a particles, produced in the
neutron reaction with the 10B converter, have in
the Si a stopping-power that depends on the initial
energy of the particle. For a particles ranging from
3 to 50MeV, the path length varies from 0.01 to

1mm [12]. Thus, a thin layer Si detector, of about
1mm thick is su$cient to stop a particles close to
1.5MeV, as the particles generated in the 10B (n,a)
7Li reaction. The silicon also has a high sensitivity
for proton detection. Analogously, the range of the
proton in the silicon varies approximately from
0.09 to 1mm for particles ranging from 3 to 12MeV
[12]. Another advantage of the silicon detector is
due to the high mobility of the electrons and holes.
This characteristic and the small dimension of the
detector allow the charge collection in a short time
and therefore, a high resolution can be reached in
a time of nanoseconds.

In this work, neutron detectors using silicon
semiconductor, surface barrier type, using 10B as
(n, a) reaction and polyethylene as (n, p) recoil
protons generation converters were developed. In
such design the optimum thickness of the conver-
ters is an important parameter to be established.
The optimum thickness was determined experi-
mentally and theoretically. The ability of the de-
tector to act as controller of a reactor of zero-
power-type was evaluated.

2. Experimental procedures

The Si surface barrier detectors were made from
wafers (Topsil), with resistivity of 50 k) cm, 2.54 cm
in diameter* total area 5 cm2 and 1 mm in thick-
ness, according to Takami et al. [4]. Approxim-
ately, 3.14 cm2 sensitive surface was covered with
80lg cm~2 Au and the rear face with 40lg cm~2 Al
in order to form the ohmic electrode, using the
vacuum deposition technique. Such assembly pres-
ents depletion layer depth of 420 lm at 40V bias
voltage and speci"c capacitance of 70 pFmm~2 [4].

To determine the optimum thickness of the
10B (90.1% enriched and 91% chemical purity)
acting as a (n,a) converter, di!erent 10B thicknesses
were covered in the radiation sensitive face of the
detector, ranging from 0.0 to 2.0lg cm~2. Fig. 1
shows the schematic assembly and the picture of
the detector with the 10B converter. The 10B con-
verter presents a larger cross-section for thermal
neutrons than for fast neutrons [13]. So, in order to
thermalize the fast neutron #ux from the AmBe
source, 7 cm para$n block was used.
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Fig. 1. Assembly diagram of the Si detector with converters (a) and illustration of the developed surface barrier detector (b).

The optimum 10B converter thickness was as-
sumed being the result that presents the best e$-
ciency e, that is, the ratio:

e"
Counting rate (ips)

N
0

Incident neutrons (n sv1)
.

For a full-pulse amplitude scale of 10V a threshold
of 0.6V was used. This level was capable to cut
signals from noise and c radiation. For a particles
from 10B(n,a)7Li, the peak was located around
2.4V in a spectrum ranging from 0.6 to 7.5V.

The polyethylene converter was used as recoil
proton generator. The same approach described
above was used to establish the best thickness of
the polyethylene. Experiments were carried out us-
ing di!erent thicknesses of the polyethylene ranging
from 0 to 1.2mm. To "t the thicknesses X (cm) and
counting rate R (ips), a mathematical model was
proposed in this work, which was de"ned as

R(ips)"e
1
N

0
(1!e~&X)e~k >X#e

/
N

0
e~+X

where e
1

is the intrinsic e$ciency for recoil protons
detection, assumed as equal to 1 (all the protons
reaching the detector generate a signal), e

/
the in-

trinsic e$ciency for direct neutron detection, which
was assumed as equal to

Counting ratewithout converter (ips)

N
0

(nsv1)
"0.00165

where N
0

is the 29,600(n s~1). This AmBe neutron
emission rate was measured by activation of the

gold foil technique [14] and depends on: (i) the
solid angle between the neutron source and the
detector geometry [15] and (ii) the AmBe source
activity/geometry, R (cm~1) the mean macroscopic
cross-section to the incident neutrons in the con-
verter and

k"
1

0.00235E1.8
13050/

(cm~1)

the proton absorption coe$cient in the polyethy-
lene converter with E

13050/
in MeV [16,17].

The parameters R and E
13050/

are regression
parameters determined by non-linear least square.

The detectors were studied in two di!erent situ-
ations: (1) in the laboratory, using an AmBe source
and (2) in the zero power nuclear reactor (IPEN-
MB-01), at a radial distance of 360mm and half
height from the reactor core.

Both detectors, (n, p) and (n,a) converters, were
placed around the reactor core, then the reactor
IPEN/MB 01 was operated in di!erent powers.
The slope and interception of the experimental
points [power (W) versus counting rate (ips)] were
determined by the least-squares method.

3. Results and discussion

Fig. 2 shows the response of the two proposed Si
surface barrier detectors using 10B and polyethy-
lene converters and that without a converter. As it
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Fig. 2. AmBe spectra of the Si detectors with polyethylene
converter (a), 10B converter (b), without converter (c) and labor-
atory radiation background (d).

Fig. 3. Detection e$ciency of Si detector as a function of the
converter thickness of: (a) 10B(n,a) and (b) polyethylene (n,p).

can be observed in the "gure the neutrons could
generate small signals in the detector even without
converters. Fast neutrons can produce charged par-
ticles elastically scattered. Like a standard `kine-
matical billiard balla calculation it is possible to
predict the recoil atom energy, without relativistic
considerations. In this way, the neutron energy
fraction transferred to the recoil atom can be pre-
dicted by 4x/(1#x2) [18], where x is the ratio of the
mass of the recoil atom to that of the neutron. For
silicon (x+28), this fraction is +0.143. For in-
stance, for a neutron energy of 4 MeV, which is
representative of the AmBe source, the maximum
recoil energy will be only +0.572MeV. Therefore,
small signals without converters shown in Fig. 2
may be explained. However, the use of a "lm ca-
pable to convert neutrons in ionising radiation (a
or protons) increased the e$ciency of the detection
signi"cantly with the advantage of generating high
signals far from interference of the noise and c radi-
ation. The use of a converter implies in losses and
bene"ts due to the e!ect of the self-absorption of
the produced particle inside the converter material
itself [19]. A very slim thickness of the converter is
not e$cient, because it inserts a little layer of atoms
for interaction with the incident neutrons. On the
other hand, with thicker "lms, the interaction prob-
ability increases and, consequently, a larger
amount of charged particles is produced. However,

since these particles (a or protons) have little range
in the materials [12], they can be absorbed or it
disappears in the converter itself.

In the detector set up with a 10B converter it was
observed that the optimum thickness of the
10B "lm was of 6.55]10~4 cm (1.54mg cm~2),
while the ideal thickness for a polyethylene conver-
ter was of 5.83]10~2 cm (62.64mg cm~2), as
shown in Figs. 3a and b, respectively. Using that
ideal thickness for the converters, the detection
e$ciency increased 3 times for the 10B and 4.7
times for the polyethylene compared to that mea-
sured without a converter. For polyethylene, the
macroscopic cross-section R"0.338$0.010 cm~1

("n
H
zp

H
#n

C
zp

C
) was estimated by the math-

ematical model, where n
H
, n

C
are the number of

atoms per cm3 in the polyethylene; p
H

and p
C

are
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Fig. 4. (a) Spectra of the developed detector using polyethylene
converter, in environment of the reactor, operating at 1, 2, 3, 4,
5 and 10W and c radiation spectrum after shutting down the
reactor. (b) Correlation between the power and the counting
rate. The predicted power (W) is 0.17#0.0067zR (ips). (c)
Spectra of the detector using 10B convert for 10, 50, 100W and
the c-ray residual.

the microscopic cross-section in barns for H and C,
respectively. Using R"0.338$0.010 cm~1 and
microscopic cross-section p (barns) values, which is
a function of energy E from Jaeri data [13], the
representative energy of the neutrons from the
AmBe source was estimated as E"8.88 (8.74 to
9.01) MeV. This energy is in agreement with the
neutron energy range for the AmBe source de-
scribed by Thompson & Taylor [20] and Marsh
et al. [21]. From the mathematical model, pro-
posed in this work, the mean energy of the recoil
protons, E

13050/,
was of 5.3$0.010MeV. This value

is also in accordance with the range from 1.5 to
6.0MeV described by Salgir and Walker [6].

Practically, the radiation background level in the
laboratory, did not interfere in the neutrons
measurement, mainly for the polyethylene conver-
ter, which generates spectra relatively far from
those produced by the radiation background, as it
can be observed in Fig. 2.

The use of the detector in a reactor environment
can be promising. Fig. 4a shows spectra of the
detector for recoil proton, for measurements car-
ried out in the IPEN/MB-01 zero power type reac-
tor, operated at 1, 2, 3, 4, 5 and 10 W. As shown in
this "gure, the detector with polyethylene showed
a good response to the power variation in the
operation of the IPEN-MB01 reactor. The linear
correlation between the nominal power of the
IPEN/MB-01 reactor operation versus the pulse
count rate (ips) of the detector with the polyethy-
lene showed coe$cient r2"99.93% (Fig. 4b). Con-
sequently, there is an excellent correlation of the
linear adjustment model for the studied powers.
The counting rate values used in the linear adjust-
ment were obtained cutting the c interference by
using the pulse rate threshold technique. This was
possible due to the di!erence between the pulse
height generated by the c radiation and the recoil
protons.

Fig. 4c shows the spectra of the detector with
10B in the IPEN/MB-01 reactor, operated at 10, 50
and 100W. After the reactor had been operating for
2 h, it was shut down and the spectra of the c radi-
ation were measured. With the use of the 10B con-
verter a good linear correlation was not obtained
between the nominal power and the pulse count
rate. That occurred because the pulse height gener-

ated by the energy of 1.47MeV of the particle of the
reaction 10B(n, a)7Li is close to the pulses height of
the c radiation existent in the reactor. Even obtain-
ing signi"cant di!erences of pulses for the several
operation powers of the reactor IPEN/MB-01, the
discrimination of the c interference was critical
(Fig. 4c). With the use of that detector in more
potent reactors, or more subject to high #ows,
irradiation damages could occur [5], and that
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would limit the sensor to be used as a power con-
troller.

The detection e$ciency depends on the size, for-
mat and intrinsic e$ciency of the detector [2]. The
e$ciency (e) of detection is de"ned as the ratio
between the detected value and the amount of neu-
tron incident in the converter}detector, i.e.

e"
Counting rate (ips)

N
0

Incident neutrons (ns~1)
.

The incident neutrons (N
0
) can be estimated, theor-

etically or experimentally, in function of the used
source. The gold foil activation technique [14] is
a reliable experimental choice. Applying this tech-
nique to the AmBe source used in this work, it was
found that an incident fast neutrons #ux of
N

0
"(9422$471) ns~1 cm~2. On the other hand,

N
0

estimated geometrically from the solid angle of
a source-detector [15] results in a value of
N

0
"7958ns~1 cm~2. The similarity between

these two values allows us to adopt the experi-
mental value as the #ux of fast neutrons from
AmBe source used in this work. Consequently, the
activity of incident neutrons in the detector
(3.14 cm2) could be estimated as being
(2.96$0.13)]104ns~1. So, for the polyethylene
detector version using the optimised thickness
(5.8]10~2 cm) the counting rate was +225 ips
(Fig. 3b), then the e$ciency was e+0.8%. Similar
considerations are used for the 10B detector, except
for the implication that a 10B conversion is not
e$cient for fast neutrons, implying a thermaliz-
ation step with enriched hydrogen material. Once
more, the gold foil activation technique can be used
in order to estimate the neutron #ux from an AmBe
source thermalized with 7 cm of para$n block. In
such a case, the thermalized #ux was equal to
(361$18)ns~1 cm~2 meaning that (1134$57)ns~1

reach the 10B converter. Hence, for optimised
10B layer thickness (6.55]10~4 cm) showing
a counting rate of 14.6 ips the intrinsic e$ciency
was of 1.29%.

4. Conclusion

It could be shown experimentally that, for fast
neutrons detection, polyethylene is more e$cient

than 10B as a converter, considering the e$ciency
increase and the overlapping of its spectra with the
radiation background spectrum. The detection e$-
ciency of the fast neutrons increased 4.7 times, using
a polyethylene thickness of 5.8]10~2 cm
(62.64mg cm~2), while for a 10B thickness of
6.55]10~4 cm (1.54mg cm~2), the e$ciency was in-
creased 3.0 times, compared to the detector without
a converter. The results show the capacity of the
detector to act as the controller of a reactor of zero
power type. The mathematical model R (ips), as
a function of the parameters e

/
,e
1
,l,&,N

0
,E

/
, used to

explain the intensity of protons that emerge from the
outer surface of the recoil proton converter, was able
to estimate the physical parameters realistically.
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