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Calibrations of neutron devices used in area monitoring are often performed by radionuclide
neutron sources. Device readings increase due to neutrons scattered by the surroundings and
the air. The influence of said scattering effects have been investigated in this paper by perform-
ing Monte Carlo simulations for ten different radionuclide neutron sources inside several
sizes of concrete wall spherical rooms (R, = 200 to 1500 cm). In order to obtain the parame-
ters that relate the additional contribution from scattered neutrons, calculations using a poly-
nomial fit model were evaluated. Obtained results show that the contribution of scattering is
roughly independent of the geometric shape of the calibration room. The parameter that re-
lates the room-return scattering has been fitted in terms of the spherical room radius, so as to
reasonably accurately estimate the scattering value for each radionuclide neutron source in

any geometry of the calibration room.
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INTRODUCTION

Instrument reading for any neutron irradiation
varies with experimental conditions. One of the fac-
tors is the scattering by walls and air within the room.
Quantifying the impact of this factor is important for
facilities performing instrument calibrations [1-3].

Calibrations of neutron sensitive instruments are
usually carried out by irradiating the device with a
physically small neutron source of known energy and
emission rate [4, 5]. Proper calibration procedures re-
quire that the instrument reading be corrected for all
effects that may influence it, including neutron scatter-
ing by air, also known as room-return. The resulting
calibration factor is independent of the characteristics
of the calibration room, and the results are reproduc-
ible between different calibration facilities. Neutron
room scattering corrections depend upon neutron
source features, detector type, source-to-detector dis-
tance (/), and calibration room configuration [6, 7].

For a point detector and a point source in an
evacuated space, the product M [? is a constant, where
M is the deadtime corrected count rate of the detector,
induced by the source at a separation distance /. Since
the calibrations are generally performed in small cali-
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bration halls, and source neutrons scattered by the air
within the room and reflected by the walls, this simple
relationship has to be considerably modified [8, 9].
The general functional relationship for detector read-
ing in open geometry, M(/), as a function of the separa-
tion distance, is given by

(RO,
M(z)_l2 {FA(Z)JFFZ(I) 1}

where C is the source-detector combination character-
istic constant, function Fy(/) — the geometry correction
[10, 11], Fa()) —the air attenuation (air outscatter) cor-
rection, F, (/) — the correction function which de-
scribes the additional contribution from neutrons that
can be represented by [12]

(M

Fy(I)=1+ A'l+SI* )

where S is the fractional room-scatter contribution at
unit calibration distance, while 4' is the air inscattered

component.
F,(I) can be given by a good approximation as
[13] X
F.()yz——r 3
A= 3)

For a point-like detector F|(/) = 1, eq. (1) can,
thus, be rewritten as



R. Khabaz.: Estimation of Scattering Contribution in the Calibration of Neutron ...
48 Nuclear Technology & Radiation Protection: Year 2015, Vol. 30, No. 1, pp. 47-54

M(z):%F2 (1) 4)

where
F,(I)=1+ Al+SI* (5)

and 4 is given by
A=4"-4" (6)

In eq. (5), Al is the total fractional component
(inscatter minus outscatter) due to air scattering. The
scattering factor F',(/) can also be obtained from
M () _, M)

My — My

where M\(/) is the total detector reading, M(/) — the de-
tector reading due to scattered neutrons, and My(/) —
the detector reading from source neutrons alone.

When the scattering effect is considered a com-
plete data set of neutron spectra measurements, the
function of distance in the calibration room can be
used to have a better evaluation of those wall-returned
neutrons. However, this solution is not always feasi-
ble, due to time-consuming efforts; thus, Monte Carlo
calculations are commonly used to determine neutron
scattering corrections [ 14].

The International Organization for Standardiza-
tion recommends several radionuclide sources for the
calibration of radiation protection measuring devices,
with their own energy spectrum and mean energy
(ME), ranging from a few tenths to a few MeV [15-17].
However, in ideal conditions, the selection of the
source to perform the calibration with should depend
upon the neutron spectrum of the field in which the in-
strument is normally utilized and the variation of its re-
sponse with the incident neutron energy.

The main goal of this paper is to investigate neu-
tron transport inside concrete spherical rooms in order
to determine the value of the scattering, as well as the
features of parameters 4 and S. Thus, ten radionuclide
neutron sources: 24! Am-Li, 2>3Pu-Li, Po-Be, 2*! Am-F,
52Cf, 241Am-B, 2*'Am-Be, Ra-Be, *°Pu-Be, and
242Cm-Be [18], having different energy spectra, were
placed in the center of seven 100 cm-thick concrete
wall spherical cavities, whose radii are 200, 400, 500,
800, 1000, 1200, and 1500 cm, so as to determine the
changes in the neutron spectra due to scattering in sev-
eral /and, in addition, assess the parameters 4 and S for
each of the configurations of the source room.

(D)= O]

MATERIALS AND METHODS

Nowadays, the Monte Carlo method is widely
used for solving various scientific problems involving
statistical processes and is particularly well-suited for
medical physics and nuclear engineering applications,
due to the stochastic nature of radiation emission,
transport and detection processes. In the present work,

the Monte Carlo code MCNPX2.6 [19], with the latest
cross-section library ENDF/B-VII.0 [20], was used to
simulate the 100 cm-thick concrete spherical shell
rooms. For the thermal domain, the S (¢, ) treatment
was employed in the simulation. The S («, 8) treatment
takes into account the effect of chemical binding and
crystalline structure during the scattering of thermal
neutrons. The concrete density whose elemental com-
position was 0.6% H, 50.0% O, 1.7% Na, 4.8% Al,
31.5%S1, 1.9% K, 8.3% Ca, and 1.2% Fe amounted to
2.35 g/em? [21]. In the model, a point-like neutron
source was located at the center of the spherical room
air and the detectors located at different distances from
the source, up to a point located near the room's inner
surface. The air features were dry, near sea level, with
a density of 1.205 kg/cm?, with their element concen-
tration considered to be 79.1% N and 20.9% O. The
number of histories was large enough to reach a statis-
tical error of less than 1% [22].

In the first step, the dependence of scattering due
to the shape of the room was evaluated. In order to de-
termine the behavior of the scattering value in terms of
the room shape, calculations were done for the three
room shapes, i. e., spherical, cubical and rectangular
parallelepiped. In these simulations, two sets of rooms
with equal inner surface areas were studied. One set
included a spherical room with a radius of 500 cm, a
cubical room with dimensions of 723.60 cm, and a
rectangular parallelepiped room with dimensions of
1017.33 cm x 700 cm x 500 cm; another set was con-
stituted by a spherical room with a radius of 800 cm, a
cubical room with dimensions of 1157.76 cm, and a
rectangular parallelepiped room with dimensions of
1530.63 cm x 1200 cm x 800 cm. The inner surface
area of these two sets was 314.16 m? and 804.25 m?,
respectively.

Afterwards, seven different sizes of spherical
rooms whose inner radii (Ry,) are 200, 400, 500, 800,
1000, 1200, and 1500 cm were simulated. The
radionuclide neutron source was supposed to be at the
geometrical center of each room, and the detector at dif-
ferent distances along the spherical cavity radius. Num-
bers of these distances were considered from 10 to 20 sit-
uations depending on the size of the room. For each
situation, using point detector tally (F5), the total fluence
due to direct and scattered neutrons was determined.

By calculating the ratio of the total neutron
fluence to the direct fluence for each source-to-detec-
tor distance (/), the scattering correction factor, F,(/),
is quantified. Then, by the fitting of these values as a
function of / based on eq. (5), one can determine the A
and S parameters for each neutron source and room
size.

RESULTS AND DISCUSSION

The calculated values of M (/) multiplied by the
square of the source-to-detector distance, /, are plot-
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Figure 1. Comparison of the scattering fluence times the
square of source-to-detector distance / for four neutron
sources inside different room shapes with a = 314.16 m*
(to prevent clutter, the results of Po-Be, 2Am-B, and
22Cm-Be have been multiplied by factors of 10, 8, and 5,
respectively)
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Figure 2. Comparison of the scattering fluence times the
square of source-to-detector distance / for four neutron
sources inside different room shapes with a = 804.25 m’
(to prevent clutter, the results of Po-Be, *Am-B, and
22Cm-Be have been multiplied by factors of 10, 8, and 5,
respectively)

ted against /2 in fig. 1. This figure compares the frac-
tion of scattering in three room shapes, i. e., spherical,
cubical, and rectangular parallelepiped, whose inner
surface area (a) is 314.16 m? for the four radionuclide
sources: 2*'Am-Li (ME = 0.56 MeV), Po-Be (ME =
=2.04 MeV), *"Am-B (ME = 3.27 MeV), and
242Cm-Be (ME = 5.50 MeV) [18]. Figure 2 also pres-
ents the corresponding results for the three room
shapes with a = 804.25 m?. In order to accommodate
the presentation of twelve curves in a single figure
and prevent clutter, the results of some sources have
been multiplied by factors.

By comparing figs. 1 and 2, it can be observed
that the scattering neutron fluence is far from 1// be-
havior; for the same / in a smaller room, there is also
more room-return contribution in comparison with the
larger room. Indeed, fewer neutrons hit the surfaces of
the larger room per unit area than in the smaller one,
which leads to a reduction in wall scattered fluence in
the larger room. It can, thus, be noted that the scatter-
ing fluence is dependent on the inner surface area of
the room, and that it is also approximately independent
ofits shape. The largest difference is for >**Cm-Be and
for places where the detector is close to the wall, with
the relative differences being less than 13% ; however,
for other points, it amounts to less than 8%.

Measured or computed neutron spectra are in
most cases originally obtained as group fluences in en-
ergy bins. Each of the bins is described by its lower
boundary, E;, and its upper boundary, E, | ;. The group
fluence in the ith energy bin is given by

E1+1
¢; = | @y (E)E (8)
E.

i

For graphical representation, the logarithm of
neutron energy is used as the abscissa. In this case, it is
an appropriate representation of the fluence per unit
lethargy. Upon substituting InE for £ in eq. (8), one ob-
tains, again using the mean value theorem

InE,;
¢ = [®p(E)d(InE)=
lnEl-
=E/®p (E')(InE},, ~InE}) 9)

Fromeq. (9), it is obvious that the appropriate or-
dinate for the representation of spectra is the group
fluence in a bin divided by the difference in the loga-
rithms of neutron energy, i. e., by lethargy.

To compare the variations in the neutron fluence
spectra, results of 2*! Am-F and Ra-Be as representa-
tive samples are plotted for the smallest and largest
spherical room radii. These sources were selected be-
cause their mean source energies are 2.46 MeV and
4.78 MeV, respectively. In figs. 3 and 4, the ?! Am-F
neutron spectra in the rooms of 200 cm and 1500 cm
radii are shown.

Here it can be noticed that for both rooms and for
a small /, the spectra have similar shapes. As the / in-
creases, the spectrum tends to become softer; how-
ever, in neutron energy (E,) below 10! MeV and
107> MeV, the fluence remains approximately constant
at all / for 200 cm and 1500 cm-radius rooms, respec-
tively.

By comparing the spectra at 100 cm in the 200
cm-radius room with the corresponding spectrum in
the 1500 cm-radius room, the maximum fluence (in
E_ =3.5MeV)is 12 times greater in the smaller room
compared with the larger cavity, which also appears
to be softer.
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Figure 3. 2 Am-F neutron spectrum, at different

source-to-detector distances, inside a 200 cm-radius
concrete room
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Figure 4. 2' Am-F neutron spectrum, at different
source-to-detector distances, inside a 1500 cm-radius
concrete room

In figs. 5 and 6, the Ra-Be neutron spectra at var-
ious / are also shown in the smallest and the largest ra-
dius rooms.

These figures show that for energies of 1077 to
2-1073 MeV in a 200 cm-radius room and 1077 to
2-10* MeV in a 1500 cm-radius room, the spectra
have a similar shape at all distances; however, for
both rooms in other energies, as the / increases, the
fluence of Ra-Be decreases. For the same / in the
smaller room, the total neutron fluence of Ra-Be is
greater; however, this increase is less in compression
to the 2! Am-F source. For example, the fluence of
Ra-Be at 100 cm in the 200 cm-radius room, for
E,=3.5MeV,is only about 1.5 times greater than the
corresponding fluence in the 1500 cm-radius room.
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Figure 5. Neutron spectra of Ra-Be inside a 200 ¢cm-

-radius concrete room at different source-to-detector
distances
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Figure 6. Neutron spectra of Ra-Be inside a 1500 cm-
-radius concrete room at different source-to-detector
distances

In figs. 5 and 6, the behavior of the fluence of the
Ra-Be source at low energies is similar to the
241 Am-F source, since both do not emit neither epi-
thermal nor thermal neutrons; however, the concrete
cavity due to room return creates the epithermal and
thermal neutron fluence.

Using the Monte Carlo simulation inside seven
sizes of a spherical concrete cavity, the correction fac-
tor F°5(/) was obtained based on eq. (7) at different dis-
tances for ten radionuclide neutron sources. These cal-
culations were performed for 107 histories which
provided a reasonable statistical error. The range of
relative statistical errors for the total detector reading
in the simulations of each neutron source is given in
tab. 1.
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The results for any room size were fitted based
on eq. (5), and parameters 4 and S were calculated for
each neutron source. The achieved values of parame-
ters 4 and S are listed in tabs. 2 and 3, respectively. For
all sources, the values of parameter S from tab. 3 were
plotted as a function of the room size in fig. 7.

It can be observed that the value of parameter 4
is negative, except for two sources, i. e., 2*Pu-Li and
Ra-Be, inside the 1500 cm-radius spherical room.
Based on eq. (6), having a positive value of 4 means
that inscattering by the air is greater than outscattering,
and vice versa.

Room radius [cm]

Figure 7. Parameter S of the F(/) vs. the room's radii for
different neutron sources

Here, the S value decreases as the room size in-
creases, and in each room size it varies for each neu-
tron source. This is because of the fact that in the
smaller room there are more neutrons scattered by
walls in comparison with the larger one.

This figure illustrates an inverse square depend-
ence of parameter S values to the radius of the spheri-
cal room. In other words, parameter S varies with the
inner surface area of the room; however, it is inde-

Table 2. Parameter A4 of eq. (5) for the best fit of the calculated fractional component of scattering vs. the source-to-
-detector distance (/), for the different radionuclide neutron sources inside seven spherical rooms

Neutron source (ME) 200 cm 400 cm 500 cm 800 cm 1000 cm 1200 cm 1500 cm
T Am-Li (0.56 MeV) | —1.46E-03" | —7.10E-04 | —6.10E-04 | —3.10E-04 | -2.60E-04 | —1.80E-04 | —2.00E-05
8py-Li (0.60 MeV) | —1.25B-03 | —5.60E-04 | -4.70E-04 | —2.60E-04 | —2.20E-04 | —8.00E-05 | +3.00E-05
Po-Be (2.04 MeV) ~1.09E-03 | —3.80E-04 | —4.10E-04 | —140E-04 | —1.50E-04 | —7.00E-05 | —3.00E-05
#Am-F (2.46 MeV) | -9.90E-04 | —5.00E-04 | —3.60E-04 | —2.00E-04 | —2.00E-04 | —1.10E-04 | -2.00E-05
B2Cf (2.54 MeV) —8.90E-04 | —4.80E-04 | -3.00E-04 | -2.10E-04 | —1.90E-04 | —7.00E-05 | —2.00E-05
*Am-B (3.27MeV) | —7.30E-04 | —3.50E-04 | —4.10E-04 | —1.50E-04 | —1.60E-04 | —1.30E-04 | —5.00E-05
*Am-Be (4.46 MeV) | —7.50E-04 | -4.10E-04 | -3.10E-04 | —1.80E-04 | —1.80E-04 | —1.10E-04 | —7.00E-05
Ra-Be (4.78 MeV) —720E-04 | —3.50E-04 | —3.10E-04 | —2.10E-04 | —1.60E-04 | —9.00E-05 | +1.00E-05
9py-Be (5.40 MeV) | —7.10E-04 | —3.70E-04 | —2.30E-04 | —1.30E-04 | -9.00E-05 | —1.00E-04 | —5.00E-05
*Cm-Be (5.50 MeV) | —7.40E-04 | —3.90E-04 | —2.70E-04 | —1.40E-04 | —1.00E-04 | —7.00E-05 | —5.00E-05

"Read as —1.46-107

Table 3. Parameter S of eq. (5) for the best fit of the calculated fractional component of scattering vs. the source-to-detector
distance (/), for the different radionuclide neutron sources inside seven spherical rooms

Neutron source (ME) 200 cm 400 cm 500 cm 800 cm 1000 cm 1200 cm 1500 cm
Am-Li (0.56 MeV) | 2.700E-04 | 7.000E-05 | 4.000E-05 | 2.000E-05 | 1.000E-05 | 7.832E-06 | 4.902E-06
28py-Li (0.60 MeV) 2.600E-04 | 7.000E-05 | 4.000E-05 | 2.000E-05 | 1.000E-05 | 7.592E-06 | 4.779E-06
Po-Be (2.04 MeV) 2.100E-04 | 5.000E-05 | 3.000E-05 | 1.000E-05 | 8.762E-06 | 6.038E-06 | 3.873E-06
! Am-F (2.46 MeV) 1.800E-04 | 5.000E-05 | 3.000E-05 | 1.000E-05 | 7.690E-06 | 5.286E-06 | 3.350E-06
BICF (2.54 MeV) 1.800E-04 | 5.000E-05 | 3.000E-05 | 1.000E-05 | 7.905E-06 | 5.396E-06 | 3.451E-06
' Am-B (3.27 MeV) 1.500E-04 | 4.000E-05 | 3.000E-05 | 9.893E-06 | 6.447E-06 | 4.519E-06 | 2.868E-06
! Am-Be (4.46 MeV) | 1.400E-04 | 4.000E-05 | 2.000E-05 | 9.101E-06 | 5.913E-06 | 4.083E-06 | 2.638E-06
Ra-Be (4.78 MeV) 1.200E-04 | 3.000E-05 | 2.000E-05 | 8.484E-06 | 5.454E-06 | 3.752E-06 | 2.327E-06
#9py-Be (5.40 MeV) 1.200E-04 | 3.000E-05 | 2.000E-05 | 8.021E-06 | 5.127E-06 | 3.631E-06 | 2.316E-06
*2Cm-Be (5.50 MeV) | 1.100E-04 | 3.000E-05 | 2.000E-05 | 7.459E-06 | 4.786E-06 | 3.336E-06 | 2.161E-06
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Table 4. Fitting coefficient G for the achieved parameter
S vs. room radius for each source

Neutron source (ME) G — coefficient
2T Am-Li (0.56 MeV) 10.811 + 0.081
#¥Py-Li (0.60 MeV) 10.445 +0.099
Po-Be (2.04 MeV) 8.350 + 0.082
I Am-F (2.46 MeV) 7.251 +0.080
B2Cf (2.54 MeV) 7.251 +0.081
I Am-B (3.27 MeV) 6.060 £ 0.099
1 Am-Be (4.46 MeV) 5.633 +0.086
Ra-Be (4.78 MeV) 4.808 +0.023
29py-Be (5.40 MeV) 4.807 +0.016
2Cm-Be (5.50 MeV) 4.439 +0.053

pendent of room geometry. Therefore, parameter S
was fitted as a function of the radius of spherical rooms
by

S =G % (10)
Ry,
where G is a coefficient, O —the neutron emission rate,
and Ry, — the radius of the room. In MCNPX code, the
calculation was performed for O = 1.

The obtained values of coefficient G from fitting
by the least square technique are listed in tab. 4 for
each neutron source. The fitting was done using Ori-
gin version 8 software. It can be seen that the coeffi-
cient G decreases with an increase in the mean energy
of the neutron source.

In order to evaluate the accuracy of this fitting,
the values of scattering achieved by eq. (10) and ob-
tained by Monte Carlo simulation were compared. As
an example, for four different sources inside a 700
cm-radius room, the calculated values of M (/) multi-
plied by the square of the source-to-detector distance
are plotted against /% in fig. 8. The room was simulated
without air, so as to assess only the contribution of
room scattering. Using eqs.(5) and (10) in eq. (7) and
considering 4 =0, the detector reading due to scattered
neutrons can be obtained from

Ms(l>=R%12Md 0 (n
sp
By inserting M (/) based on the inverse square
law, the above equation may be rewritten as
M =—9_r (12)
4TERS2p
It can be seen that the agreement between the
amount of scatterings obtained from fitting eq. (12)
and Monte Carlo simulations are quite good, bearing
in mind that, for the >*! Am-Be source, the difference is
relatively higher; however, the largest difference is
less than 6%.
Thus, egs. (5) and (10) can provide a reasonable
estimate for the room-return scattering in any size of a

T M T M Ty
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Figure 8. Comparison of the scattering fluence times the
square of source-to-detector distance | for four neutron
sources inside a 700 cm-radius room obtained from
MCNPX calculation and eq. (12) (to prevent clutter, the
results of **Cf and **'Am-Be have been multiplied by
factors of 4 and 3, respectively)

spherical room. Furthermore, based on the independ-
ence of room-return scattering from the room
geometric shape (figs. 1 and 2), these relations can ap-
ply to any calibration room having an inner surface
area equal to the area of a specific spherical cavity.

CONCLUSIONS

A Monte Carlo study has been performed to
evaluate the effect of 100-cm-thick concrete spherical
rooms on the neutron spectra of 4! Am-Li, >3*Pu-Li,
Po-Be, 2! Am-F, 252Cf, 2! Am-B, 2*' Am-Be, Ra-Be,
29py-Be, and 2*2Cm-Be radionuclide neutron
sources. The calculations were carried out for spectra
at different source-to-detector distances in cavities
containing air with radii of 200, 400, 500, 800, 1000,
1200, and 1500 cm. The results were used to achieve
the room-scattered component, S, and air-scattered
component, 4, for each source-room configuration.

There is strong evidence of the independence of
the room-return scattering contribution from the geo-
metric shape of the calibration room, the difference
between the scattering contribution of spherical, cu-
bical and rectangular parallelepiped rooms being less
than 13%; however, the scattering value is approxi-
mately equal for different rooms having the same inner
area surface.

Furthermore, the room-scattering component, S,
has been fitted as a function of the inverse square of ra-
dius (surface area) of the spherical room. The differ-
ence between the scattering contribution obtained
from MCNPX simulation and fitting equations for a
700 cm-radius room was less than 6%.

Therefore, the proposed equations, along with
the listed parameters and coefficients, can be viewed
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as a viable tool for assessing and quantifying the con-
tribution of scattering for each radionuclide neutron
source in any geometry of a calibration room.
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Paxum KABA3

MNPOLUHEHA JOIMPUHOCA PACEJAHOI 3PAYEBA KAJIUBPALIMIN
HEYTPOHCKHNX YPEBLAJA IIOMOLY PAJIMOAKTUBHUX U3BOPA VY
INPOCTOPUJAMA PA3INYUTNX NTUMEH3UJA

Kanubpanuja HeyTpoHCKHMX ypebaja 3a MOHUTOPHHI cpefjuHEe 4YecTo ce obOaBiba MOMOhy
pagNoaKTHBHIUX W3BOpa HEyTpOHa, nMajyhu y Buy mpu ToMe fja cy odnTaBama ypebaja ysehana yciep
pacejaHuX HEyTpOHa M3 OKOJIMHE W Ba3flyxa. Tema OBOr pajia je yTHIlaj pacejaHor 3pauewa KOju je
uctpaxkeH obaBbeHuM MonTe Kapio cumynanujama 3a ieceT pa3InuuTuX HEYyTPOHCKUX U3BOPA YHYTAp
chepryHIX MPOCTOPHja pasnuIuThX fuMensuja (Ry, = 200 cm go 1500 cm) ca GeTonckuM 3uroBuMa. 3a
nmpopavyHe KopuirheH je MOJIeNT TIOJIMHOMHAJaTHOT (PUTOBama, KaKO OW ce JOOMIN mapaMeTpu KOju ce
OJTHOCE Ha JIOIPHHOC pacejaHnx HeyTpoHa. [lo61jeHN pe3yITaTh IT0Ka3yjy 1a JONPHHOC pacejaHor 3pademha
OUTHO HE 3aBUCH Of] FeOMETpHUje Kanubpanuone npocropuje. [TapameTrap Koju ce OfHOCH Ha pacejame U3
OKOJIMHE (pUTOBAH je Ipema MOJYINpPEeyHUKy cepuyHe cobe, Kako OU ce JOBOJbHO IPELU3HO MOIJa
NPOIIEHATH BPETHOCT pacejaHOr 3padera 3a CBAKM PAIMOAKTHBHU M3BOP HEYTPOHA y OWIIO KOjOj
reoOMeTpPHjH KaTnOpanuoHe MpoCTopHje.

Kmwyune peuu: Heyttipon, kaaubpayuja, 00ipuHoc pacejarby, paouoakiiusru uzgop, MCNPX




