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The multi-sphere method, a neutron detection technique, has been improved with a BF;long
cylindrical counter as a thermal detector located in the center of seven spheres with a diameter
range of 3.5 to 12 inches. Energy response functions of the system have been determined by
applying the MCNP4C Monte Carlo code of 10-8 MeV to 18 MeV. A new shadow cone has
been designed to account for scattered neutrons. Although the newly designed shadow cone
is smaller in length, its attenuation coefficient has been improved. To evaluate the system, the
neutron spectrum of a 2#1AM-Be source has been measured.
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INTRODUCTION

Neutron particles play an important role in many
fields of science. These particles find use in a diverse
array of applications in physics, engineering, medi-
cine, nuclear weapons, petroleum exploration, biol-
ogy, chemistry, nuclear power, and other industries
[1-8]. The biological effectiveness of neutrons and
neutron-induced secondary particles is so high that
any uncontrolled exposure to free neutrons is hazard-
ous [9-11]. On the other hand, the neutron’s quality
factor depends on its energy, while the response of ex-
isting neutron monitors and personal dosimeters is en-
ergy-dependent. Thus, spectrometric information on
the neutron radiation field plays a crucial role in radia-
tion protection. Among many types of neutron spec-
trometers that have been developed, the system known
as the multi-sphere, or more commonly, the Bonner
sphere spectrometer (BSS), has been built and used by
more laboratories all over the world than any other
type of spectrometer available [12, 13].

It consists of a thermal detector, a set of polyeth-
ylene spheres and associated electronics in the case of
an active detector like BF;, *He or scintillators like
SLi(Eu). Several passive systems have been built, e. g.
those utilizing gold foils or TLD pairs, too. The BSS
characterizes the neutron field from thermal to GeV
[14-21].

The BSS system is very useful, since it is simple
to operate, portable, has an isotropic response, covers
a wild range of energy and data and can be unfolded
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and interpreted fairly easily [22]. Several different
types of thermal neutron sensors have been used at the
center of BSS. The purpose of this paper is to present a
study on the BSS based on a long proportional counter
filled with BF; gas.

In this work, the response functions of energy for
the BSS with a BF; cylindrical detector have been cal-
culated by means of Monte Carlo calculations using
the MCNP4C computer code with an ENDF/B-VI
neutron cross-section and S(et, ) tables for thermal
neutrons [23]. The simulation included a detailed de-
scription of the geometry of the BF; counter filled with
0.92 atm (1 atm = 1013.25 hPa) gas. By applying a
long BF; counter, the resulting contribution of scat-
tered neutrons was also great. Thus, the distance be-
tween the neutron source and the center of the sphere
needs to be decreased. However, for a more precise de-
termination of scattered neutrons, a new shadow cone
with an appropriate length and negligible transmission
of direct neutrons needs to be designed. At the
NLFUM (Nuclear Laboratory of the Ferdowsi Uni-
versity of Mashhad), the energy spectrum for a
241 Am-Be neutron source was measured by this sys-
tem. Lastly, the effect of the scattering contribution on
the spectrum was studied.

THE RESPONSE MATRIX OF
THE BSS SYSTEM

The reading C; of the thermal neutron sensor in-
side the /" Bonner sphere, when exposed in a point ofa
neutron field, can be expressed as
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Eax
Ci= [R,(EYD(E)AE (1)

Emin
where @(F) is the neutron fluence, and R,(E) is the re-
sponse function of the sphere. The response matrix of
a spectrometer is a set of energy response functions of
different spheres. In this work, energy response func-
tions of the BSS system were calculated with the
MCNP4C Monte Carlo code.

An ABF; cylindrical proportional counter with a
height of 28.2 cm and diameter of 2.54 cm (LND2210
type) was located in the center of seven polyethylene
(C,H,), spheres with diameters of: 3.5, 4.2, 5, 6.5, 8,
10, and 12 in" (from 8.89 cm to 38.10 cm); the density
of the polyethylene was 0.9 g/cm’. The BF; wall was
made of copper with a thickness 0f 0.89 mm, while the
effective length of this counter was 25.4 cm and the
pressure of BF; gas filling, according to the manufac-
turer, was 0.92 atm at 293 K. In this detector, the en-
richment of '°B amounted to about 96%.

The response of the BSS was calculated as the
number of counts per incident neutron fluence. The ir-
radiation geometry is based on a disk source, having
the same diameter of the sphere under study. All neu-
tron tracks were parallel to the source-detector axis
and fully included the entire surface of the moderating
sphere (fig. 1).
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Figure 1. General view of the geometric set-up simulaed
in the calculations

The energy response functions for seven detec-
tor configurations were calculated for energies from
1078 MeV to 18 MeV. Discrete neutron energy values
were selected at logarithmic equidistant intervals and
at decade boundaries. The calculation of the response
was accomplished by selecting the tally F4 of the
MCNP4C code, considered to be the (n, @) reaction as-
sociated to a card multiplier that contains the volume
of the detector, the area of the disk source and the atom
density (atom/barn.cm) of BF;. For the thermal do-
main, the S(a, ) treatment was employed in the simu-
lation. The statistical uncertainty was less than 4%. In
fig. 2, the energy responses of the BSS system calcu-
lated with a BF; long cylindrical proportional counter
are shown.

In order to compare the calculated response ma-
trix with another counter, energy response functions

* 1 in or 1" means 2.54 cm
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Figure 2. Energy response functions of the BSS with a
BF;long cylindrical counter, as calculated by MCNP4C

for spheres of diameters of 3.5, 5, and 12 in with a 3He
detector (typical SP9) [18], are plotted together in fig.
3. For the 3He spherical counter with a diameter of 3.2
cm, the gas filling was assumed to be 172 kPa. The re-
sponses were normalized to the value corresponding
to the energy of 5.0 MeV for a 12 in sphere. This was
necessary because of the different sensitivities of the
respective thermal neutron detectors.

It is obvious from fig. 3 that the response matri-
ces are approximately alike in shape; however, in the
case of BF;, the scale of the response function for
small spheres, i. e., those of 3.5 and 5 inches, is less
than the one for spheres of the same size equipped with
3He. This may be explained by means of the long coun-
ter. When a long BF; is located in the center of the
sphere, a part of the counter is out of the sphere; there-
fore, the efficiency of the detector decreases. Also, the
beginning of the 3He gas is at a distance of about 1.6
cm from the center of the sphere toward the source,
while the beginning of the BF; gas is at a distance of
around 1.5 cm from the center of the sphere backward
from the source. Considering the shape of the response
functions, ascertain that the BSS system is equipped
with a BF; long counter.
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Figure 3. Comparison between the energy response
functions of BF; and *He [18] for 3.5, 5, and 12 in.
To normalize the responses of *He, they have been
multiplied by a factor of 0.213



R. Khabaz, et al.: Measurement of the Neutron Spectrum by the Multi-Sphere ...
142 Nuclear Technology & Radiation Protection: Year 2011, Vol. 26, No. 2, pp. 140-146

DESIGN OF THE NEW SHADOW CONE

In an ideal irradiation facility in free space, with
no background due to air and room scattering and no
source anisotropy, a detector would exhibit the so
called free-field response. In practice, when the BSS
system is exposed to a neutron source, the count in the
thermal detector is due to direct (un-collided) and scat-
tered neutrons. The contribution of room-reflected
neutrons to the response of the detector may be signifi-
cant, particularly if the counter is sensitive to low en-
ergy neutrons resulting from room scatter [24].

There are many techniques that have been used
to evaluate scattering corrections necessary for the
proper calibration of neutron spectrometer instru-
ments, one of which is the shadow cone technique.
This technique relies on the experimental determina-
tion of scattered components, due to both wall-re-
flected and air-scattered neutrons, and a shadow cone
designed to prevent any neutrons passing directly
from the source to the detector. The said method de-
pends critically on the design of the shadow cone and
its position relative to the source-detector geometry.
One particular design of the shadow cone consists of
two parts: a frontend, 20 cm long and entirely made of
iron and a rear section 30 cm long and made of poly-
ethylene [25].

In order to tend to the unit, generally, the geome-
try-correction factor for the finite source or detector
size, measurements are made at a distance of greater
than twice the shadow cone length [26]. Therefore,
considering the given shadow cone, the minimum
source-to-detector distance must be no less than 1.0 m.

By using the MCNP4C code, the BSS system
consisting of a BF; counter was simulated based on the
NLFUM (11.5m x 9.0 m x 4.0 m) with 40 cm concrete
walls. In the simulation, the neutron reference spec-
trum investigated an ! Am-Be source (50 mm in
height and 30 mm in diameter). The spectrum for this
source was extracted from the standard ISO 8529-1
[27]. For determining the total count due to direct and
scattered neutrons, the 4! Am-Be neutron source was
considered to be at the center of the NLFUM, at a

height of 2.1 m; the separation distance between the
neutron source and the center of each polyethylene
sphere was 1.15 m. The position of the source was cho-
sen with the aim of minimizing scattered radiation
within the sphere itself. For calculating the contribu-
tion of scattering, the shadow cone (30 cm polyethyl-
ene and 20 cm iron) was placed between the neutron
source and the sphere, while the distance between the
center of the sphere and the back face of the cone was
50 cm. The contribution of direct neutrons was given
by subtracting the scattered counts from the total
count.

Since the probability of a source neutron scat-
tered from the walls of the laboratory to be detected by
the detector was small, the forced collision method
was used for scoring detector cells in order to increase
the number of collisions that may produce large contri-
butions in the detector. This technique forces the parti-
cles to undergo collisions by splitting them into col-
lided and un-collided parts and then adjusting the
weight according to collision probability.

In these conditions, the ratio of the scattered neu-
trons to direct neutrons for small spheres (3.5", 4.2",
and 5") was more than 2.05, while it is expected to be
less than 0.4 [26]. Because the long counter was used,
a lot of scattered neutrons reached the counter from a
part of BF; that was out of the sphere. To eliminate this
problem, the external part of the BF; was covered with
3.0 cm of boric acid (H;BO3). In this manner, the scat-
tered neutrons are prevented from reaching the exter-
nal part of BF;, due to the moderation and absorption
into the boric acid. The ratio of scattered neutrons to
direct neutrons decreased to 1.23. With another calcu-
lation, it became clear that less than 4% of neutrons en-
tered the external part of the counter; thus, it was not
necessary to use additional layers. Table 1 presents the
numerical values for all calculations.

The next stage was decreasing the separation
distance between the neutron source and the sphere,
limited by the length of the shadow cone. A new
shadow cone, smaller in length, was designed. It was
35.0 cm long and made in three sections: the front part,
made of iron, 17.0 cm long; middle section, consisting

Table 1. Calculated values of the total counts scattered counts and contribution of neutrons arriving to the external part of
BF3, for the old shadow cone without and with boric acid (B-A) on the external part of BF;, and the new shadow cone with
boric acid on the detector; the counts were for 10° neutrons emitted from an isotropic >*' Am-Be source

Old cone without the B-A on BF3 Old cone, with B-A on BF; New cone, with B-A on BF;
Diameter Interring the Interring the Interring the
[in] Total | Scattered |external parof|  Total Scattered | external par of | Total Scattered | external par of
BF; [%] BF; [%] BF; [%]

3.5 0.853 0.598 359 0.370 0.217 3.9 0.483 0.133 2.1
4.2 1.230 0.843 22.6 0.849 0.482 33 1.079 0.286 1.7
5 1.845 1.241 16.5 1.432 0.790 2.8 1.968 0.488 1.6
6.5 3.037 1.986 10.1 2.711 1.444 2.1 3.921 0912 1.1
8 3.455 2.166 7.3 3.111 1.571 1.5 5.023 1.098 0.9
10 3.974 2.276 5.2 3.779 1.831 1.1 5.424 1.118 0.6
12 3.575 1.856 4.7 3.376 1.609 0.9 5.103 1.020 0.5
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Figure 4. The newly designed shadow

cone; front end, 17.0 cm in lenght, Am-Be
made of iron; middle section, 14.0 cm T
in length, consisting of water with 5%
boric acid; rear section, 4.0 cm in
lenght, entirely composed of boric
acid, the 2! Am-Be source has 50 mm
in height and 30 mm in diameter
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of water and 5% boric acid, 14.0 cm long; and a rear
section, 4.0 cm long, entirely made of boric acid (fig.
4).

The neutrons emitted from the source reach the
iron and are moderated to a lower energy due to the in-
elastic scattering interaction. Following this, neutrons
enter the water (with 5% boric acid), and some of them
are thermalized or absorbed by 'H and '°B. Finally, in
order to achieve a high capture cross-section for B,
thermalized neutrons are absorbed by the boric acid.
This design optimizes the length, mass, and attenua-
tion coefficient of the shadow cone.

In a free space with no background, the detector
counts being M, without the shadow cone, and M
when the shadow cone is between the source and the
sphere, the attenuation coefficient will be M/M . Table
2 shows the calculated attenuation coefficient for a
241 Am-Be neutron source and half angle (the angle be-
tween the axis and the boundary surface of the cone)
related to each cone, assuming old (50 cm) and new
(35 cm) shadow cones. As can be seen, the new
shadow cone is smaller in length, but its attenuation
coefficient has improved.

Using the new shadow cone, the separation dis-
tance between the **! Am-Be source and the center of
the sphere was considered to be 75.0 cm. The MCNP
calculation revealed that the ratio of scattered neutrons
to direct neutrons at this separation distance, for small
spheres (3.5",4.2", and 5"), and large spheres (6.5", 8"
10", and 12"), was less than 0.38 and 0.25, respec-
tively.

14ecm 4cm 35cm

SPECTRAL MEASUREMENT

For testing purposes, the multi-sphere method in
combination with the newly designed shadow cone
was applied to known neutron-energy spectra. A
241 Am-Be source (50 mm in height and 30 mm in di-
ameter) was used. The measurement was performed at
the NLFUM. The detector was placed in the center of
the laboratory with the source in a position which al-
lowed it to be moved along a horizontal line at the
same height as the detector. In this experiment, the dis-
tance of the detector from side walls and the rear and
front of the room was 4.50 mand 5.75 m, respectively.

The counts of the detectors were determined at a
source-sphere distance of 75.0 cm. The separation of
neutron-induced events from pulses due to noise or
gamma ray-induced events, was performed by intro-
ducing a discrimination threshold below the lower
limit of the neutron-induced pulse-height distribution
in MCA, whilst the rejection of noise pulses did not
have a significant effect on neutron sensitivity.

In order to account for the scattered neutrons, the
newly designed shadow cone (35.0 cm in length) was
used between the source and the sphere. The
source-shadow cone distance was 5.0 cm. In this ex-
periment, three types of shadow cones with different
obscured diameters were applied, fig. 5(a).

The resulting values of these experimental mea-
surement with different detectors for total (direct plus
scattered neutrons) and scattered neutrons are listed in
tab. 3. Figure 6 shows the comparison between direct

Table 2. Attenuation coefficient and opening angle corresponding to each of the old (50 cm), and new (35 cm) shadow
cones; as calculated, the distances between the source and the center of the sphere for both the old and new shadow cones

were 115 cm, and 75 cm, respectively

Diameter [in] Old shadow cone (50 cm) New shadow cone (35 cm)
MIM, Half-angle (degrees) MIM, Half-angle (degrees)
3.5 3.90-107° 0.97 3.16:107° 1.49
42 4.24.10° 1.41 3.87-107° 2.16
5 4.01-10° 1.92 3.92:107 2.94
6.5 5.96-10° 2.86 5.08-10° 439
8 6.17-10° 3.81 5.24.10° 5.83
10 8.65-107 5.07 6.97-10° 7.74
12 1.22-10° 6.32 9.81-107° 9.64
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mron Water B-A =

Table 3. Experimental measurement determined for
different detectors in 1000 seconds

Detector Sphere[iilli]ameter Total count | Scattered count
1 3.5 14565 £ 121 4152 + 64
2 4.2 26001 £ 161 7028 + 84
3 5 44781 £212 | 10593 £ 103
4 6.5 76554 +277 | 17377 +132
5 8 106478 £326 | 21268 + 146
6 10 111897 £335 | 22276 + 149
7 12 105030 £324 | 20959 + 145
100 T . T T T T T T T
—
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Figure 6. Comparison of the direct count rates measured
by the BSS system and those calculated as a function of
the sphere diameter

count rates measured by the BSS and those calculated
by the ISO standard neutron spectrum for >*! Am-Be.
The measurement and calculation are in good agree-
ment if the experimental errors are taken into account.
For some spheres, the measured direct count rates are
slightly greater than the values established by calcula-
tion. This can be attributed to the overshadowing of
these spheres during the measurement.

The results obtained by the BSS system were un-
folded with a modified version of the SANDII code
[28]. This code uses an iterative perturbation method
to obtain a best-fit neutron flux spectrum for a given

Figure 5. The set-up of the measure-
ment with the BSS system at the
NLFUM; the system was placed at a
height of 2.1 m, while the distance of
the detector from the side walls and
those at the front and rear ends of the
room was 4.50 m, and 5.75 m,
respectively

(a) with new shadow cone, (b) with old
shadow cone

input set of measured detector counts. The procedure
consists of a flux spectrum that serves as the initial ap-
proximation to a solution.

The direct counts of the *! Am-Be source and
energy response functions that have been calculated
by MCNP were used as input values in SANDII.
Therefore, in this calculation, the neutron spectrum is
determined at the position of the detector. Also, to
evaluate the effect of the contribution of scattering on
spectrometry, another experiment with an old shadow
cone (30 cm polyethylene and 20 cm iron) was per-
formed. In this experiment, the separation between the
241Am-Be source and the center of the sphere was
115 cm, and the external part of the BF; was covered
with 3.0 cm of boric acid, fig. 5(b).

Figure 7 illustrates the experimental neutron
spectrum of the 2*! Am-Be source that unfolded with
the SANDII program, in comparison with the ISO
standard spectrum [27], using the new shadow cone
(35 cm) and old shadow cone (50 cm). As can be seen,
a satisfactory agreement has been obtained for the
spectrum “*'Am-Be source using the new shadow
cone, if the low energy resolution of the BSS system is
taken into account. In the measurement with the old
shadow cone, the spectrum increases in low energies

o
®

—— Am-Be from I1SO 8529-1
—s— Measured with new cone
..... Measured with old cone

Unity spectrum
o
[=}]
T

0.4t .

02t ]

0.0 ki | i 1l
107 102 107 10° 10'

Energy [MeV]

Figure7. Comgarison between the experimental neutron
spectrums for “'Am-Be, using the new shadow cone
(35 c¢m), and old shadow cone (50 cm), and the ISO
standard spectrum
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values and decreases with higher energies values.
Also, the peak of the spectrum shifts to lower energies.
This deviation can be explained by the large ratio
of scattered neutrons to direct neutrons. Diverting the
shape of the spectrum in low energies happens due to
the excessive increase of this ratio for small spheres
and the resulting increase in error counts. In general,
one can conclude that when scattering contribution in-
creases, the spectrum deflects to lower energies.
The fluence-average neutron energy, Ep, Was
obtained as follows

Eq =] EO(EXE 2)

where @(E) is the neutron fluence. Table 4 presents the
fluence-average neutron energy corresponding to the
use of new and old shadow cones, and compares the re-
sult with reference to values and the report of Bedogni
etal.,[29]. As can be seen, the result for using the new
shadow cone is in agreement with the reference.

Table 4. Comparison of the fluence-average
neutron energy

E, [MeV] LE Eorel 10
o, ref
Reference 4.16 0
With old cone 1.76 57.96
With new cone 4.05 2.64
Bedogni report 4.24 1.92

CONCLUSIONS

A Bonner sphere spectrometer system based on the
BF; long cylindrical proportional counter has been de-
veloped. The energy response functions of the spectrom-
eter have been accurately simulated from 10 MeV to
18 MeV. Although the scale of the response decreased
for small spheres in comparison to the *He response; the
shape of the response was proper for spectrometry stan-
dards.

One of the main aims of this work is the develop-
ment of a system which would be less affected by scat-
tered neutrons. To decrease the effect of scattered neu-
trons, the rear part of the BF; long counter on the
outside of the sphere has been covered with 3.0 cm of
boric acid. In the next stage, to decrease the separation
distance between the neutron source and sphere, a new
shadow cone of a smaller length and improved attenu-
ation coefficient was designed. An experimental vali-
dation limited to seven spheres, applying the new
shadow cone for calibration, was performed via a
241 Am-Be source. Although the BSS system has an in-
herently poor energy resolution, the results presented
herein indicate a satisfactory agreement, since the de-
viation from the fluence and neutron energy average of
the reference value is low. Another experiment re-

vealed that the shape of the spectrum will be changed
due to the increase in scattering contribution. There-
fore, the BSS system equipped with the BF; long cy-
lindrical counter, if the said break throughs are
applied, can be used in neutron fluence spectrometry.
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Paxnm KABA3, Xamem MUPU XAKNMABAL

MEPEILE HEYTPOHCKOI CIIEKTPA MYJITUC®EPHUM
INOCTYIIKOM CA YIIOTPEBOM BF3 BPOJAYA

MyntuchepHa MeTosia, jeHa TeXHUKA IeTeKIrje HeYTpoHa, yHanpeheHa je ymoTpebomM ayror
muHApuyHOr BF; Opojaua kao TepMHUYKOr JeTeKTopa, CMEIITeHOr y IeHTap cefaMm cdepa ca
npeynunuMa off 3.5 1o 12 unva. Y unrepsany og 108 MeV go 18 MeV, onpehene cy pyHKIMje eHEPre TCKOr
omzuBa cucrema npumeHoM MCNP4C Monte Kapno nporpama. HoBu KOHYCHU 3aKJIOH MTPOjEKTOBAH je
pamm ypadyHaBama pacejaHWX HeyTpoHa. Mama kpahwm mo Hy:KWHEM, HOBONPOjeKTOBAaHW KOHYC HMMa
yHanpebeH koedunujeHT cinabiberma. Pagu oneHe cucTteMa M3MEpeH je HEYTPOHCKH CIIEKTap jeHOT
241 Am-Be u3Bopa.

Kwyune peu: cilexitipomeitipuja HeyiupoHckoz ¢payerca, boneposa cgpepa, pyrkuyuja 003usa, KOHYCHU

34KAOH



