Radiation Physics and Chemistry 179 (2021) 109207

Radiation Physics and Chemistry

journal homepage: www.elsevier.com/locate/radphyschem

Contents lists available at ScienceDirect " Radiation Physics and
Cl

Application of the Reduced-Fitting Method to determine neutron scattering = M)

Tallyson S. Alvarenga™”, Ivon O. Polo®, Walsan W. Pereira”, Michael R. Mayhugh®,

Linda V.E. Caldas®

Check for
updates

A Instituto de Pesquisas Energéticas e Nucleares/ Comissdo Nacional de Energia Nuclear, IPEN/CNEN, Av. Prof. Lineu Prestes, 2242, 05508-000, Sdo Paulo, SP, Brazil
Y Instituto de Radioprotegdo e Dosimetria/ Comissdo Nacional de Energia Nuclear, IRD/CNEN, Av. Salvador Allende, 9, 22780-160, Rio de Janeiro, RJ, Brazil
¢ Faceted Development, LLC, 3641 Rawnsdale Rd. Shaker Hts, OH, 44122, USA

ARTICLE INFO

Keywords:

Neutron scattering
Neutron calibration
Neutron spectrum

ABSTRACT

As the number of techniques using neutron radiation has grown, the number of neutrons detectors has increased
along with need for their calibration. In Brazil this substantial demand for neutron detector calibration falls on a
single laboratory located in Rio de Janeiro. One of the major problems in the calibration of neutron detectors is
neutron scattering, which varies depending on the size and configuration of the laboratory. This is due to the
neutrons that interact with the experimental setup and the surrounding, walls, floor and ceiling. This scatter
influences the reading of the instrument to be calibrated and causes systematic errors in the calibration of
neutron detectors. ISO 8529-2 recommends the following methods to correct these effects: The Semi-Empirical
Method (SEM), the Reduced-Fitting Method (RFM), the Shadow-Cone Method (SCM) and the Generalized Fit
Method (GFM). In this study, the neutron scattering characterization was performed in the Neutron Calibration
Laboratory (LCN) of IPEN/CNEN, using the RFM method. The neutron source used was 241AmBe, which was
positioned in the center of the calibration room. Neutron spectra were obtained using a scintillation detector
based on 6Lil(Eu) in combination with a Bonner sphere spectrometer (BSS) at source-detector distances from

30 cm to 258 cm.

1. Introduction

The use of neutron radiation is increasing with a corresponding
growth in the importance of the associated radiation protection in-
cluding area monitoring and improving the safety of installations and
operators. Reliable measurement of neutron radiation is a very difficult
task due to the large energy range and complex interactions with matter
(Schuhmacher, 2004; Le et al., 2017). The calibration of radiation de-
tectors, such as survey meters and individual dosimeters, is performed
with the aim of ensuring accurate measurements including determina-
tion of the associated uncertainties, taking into account the require-
ments established by the regulatory authorities.

In practical situations involving the calibration of neutron detectors,
one of the main problems is neutron scattering, which varies with the
size and configuration of the calibration laboratory (Kluge et al., 1997;
Alvarenga et al., 2017). The neutron spectrum (and the reference am-
bient dose equivalent rates), measured at a certain point in the cali-
bration laboratory is not the same spectrum as that emitted by and
arriving directly from the neutron source, due to the addition of scat-
tered neutrons which influence the reading of the instrument to be
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calibrated and cause systematic errors in the calibration of the neutron
detectors (Schuhmacher, 2004; Lee et al., 2018).

To avoid these errors, the calibration laboratory would need to be
free of neutron scattering; however, in practice, it is impossible to ob-
tain such conditions since there are scattered neutrons from the inter-
action of radiation with the experimental set-up, walls, floor, ceiling,
and air (Gressier, 2014; Dawn et al., 2016; Le et al., 2017). To choose a
reliable method for evaluating neutron scattering, several factors must
be analyzed, including: source type, detector geometry, calibration
distance and laboratory dimensions (Lee et al., 2018; Hwan et al.,
2014).

The determination of scattering radiation can occur through simu-
lation using the Monte Carlo Code (MCNP), which allows a more de-
tailed evaluation of the interaction of neutrons with air and structural
components of the laboratory (Lee et al., 2018; Thiem et al., 2017;
Vega-Carrillo et al., 2007a, 2007b), following the recommendations of
ISO 8529-2 (ISO, 2000). Currently, there are four standard methods
recommended by ISO 8529-2 (ISO, 2000) to determine neutron scat-
tering. They are called the Semi-Empirical Method (SEM), the Reduced-
Fitting Method (RFM), and the Generalized Fit Method (GFM), which
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Fig. 1. Simplified floor plan of the Neutron Calibration Laboratory and the set-up used to vary the distance between the detector and the source.

are based on consecutive measurements varying the source-detector
distance, and the Shadow Cone Method, which is based on the mea-
surement at the location selected for measurement (ISO, 2000).

The RFM is a simplified method that may be used if the minimum
value of distance is at least, approximately 1.5 times the largest di-
mension of the device to be calibrated. Under these conditions one can
assume that the scattering in air correction term is negligible compared
to the dispersion from the room.

Knowledge of the neutron scattering spectrum is desirable, but it is
not essential for neutron device calibrations. The study of the neutron
field can be performed using a Bonner sphere spectrometer (BSS),
which has been widely used in neutron spectrometry (Antanackovic
et al., 2015). This system consists of a thermal neutron detector, located
in the center of the moderating spheres, with different diameters. These
spheres are composed of high density polyethylene, which allow the
recording of different neutron counts and different response curves as a
function of energy. The thermal neutron detectors most used at the
center of the moderating spheres are based on: 3He, BF3, 6Lil (Eu) and
thermoluminescent detectors (TL), which have been shown to be very
reliable in neutron spectrometry in mixed radiation fields (Thomas and
Alevra, 2002; Gomez-Ros et al., 2010).

Currently in Brazil there has been only one calibration laboratory
for neutron survey meters which is also responsible for the custody and
maintenance of the neutron fluence standard, located at the Brazilian
National Metrology Laboratory of Ionizing Radiation (LNMRI), of the
Instituto de Radioprotecdo e Dosimetria (IRD/CNEN), Rio de Janeiro.
At the Instituto de Pesquisas Energéticas e Nucleares (IPEN) there are
over 20 neutron radiation detectors used by workers at the two nuclear
reactors and two cyclotrons, besides various neutron sources, which
made it a natural candidate for the establishment of another calibration
laboratory for neutron area monitors, in Sdo Paulo (LCN).

In the process of neutron field characterization it is necessary to
obtain the neutron spectra, and to determine neutron fluence (the
number of neutrons travelling through a small sphere in a time interval)
and ambient dose equivalent rates [H*(10)] at different source-detector
distances (Kim et al., 2001; Bedogni et al., 2014). This type of proce-
dure was performed in several laboratories around the world, where
these parameters were obtained through the unfolding process (Vega-
Carrillo and Martinez-Ovalle, 2016).

The spectrum unfolding aims to obtain the distribution of neutron
fluence as a function of energy. In order to obtain better results, several
computational codes have been developed that are still being refined.
There are several methods of unfolding (algorithms), which are based
on several mathematical principles to obtain the neutron spectrum from
the counts measured with the Bonner sphere spectrometer (BSS)
(Thomas, 2004). Examples of the various computational codes devel-
oped are the Bunki program, which uses a recursive interactive method

based on non-linear least squares methods to obtain the spectrum
(Lowry and Johnson, 1984); the Maxed program, which applies the
principle of the maximum entropy to obtain the spectrum (Reginatto
et al., 2002); the Nsduaz program, which employs artificial intelligence
techniques, using an algorithm of retro-propagation (Vega-Carrillo
et al., 2012), and the NeuraLN program that uses artificial neural net-
works with a mathematical model inspired by the neural structure of
intelligent organisms that acquire knowledge through experience
(Lemos, 2009a).

In this work, the characterization of the neutron scattering at the
LCN was carried out using the RFM method. The spectra, the radiation
energies, the fluence rates, the H*(10) and the conversion factors of
fluence in dose ht (10) were evaluated at distances of 30 cm-258 cm.

The results obtained led to the limitations and conditions to be
observed for calibration work at the laboratory, according to the re-
commendation of ISO 8529-2 (ISO, 2000).

2. Materials and methods
2.1. Calibration laboratory characteristics

A simplified view of the Neutron Calibration Laboratory (LCN) at
IPEN and the set-up used to vary the distance between the detector and
the source is shown in Fig. 1.

The LCN is part of the Calibration Laboratory of the Radiation
MetrologyCenter/IPEN, with dimensions of 6.88 m X 5.46 m and
concrete walls 2.8 m in height with 15 cm of thickness covered by
drywall (2 cm thickness). The laboratory's concrete ceiling is 15 cm
thick and the granite floor is 5 cm thick.

At the laboratory center is located the 2.60 m long apparatus for the
positioning of the detectors with an aluminum base and attachment
points which facilitate varying the distance and the height between the
source and the detector.

2.2. Isotopic neutron source

An 241AmBe neutron source X3 type manufactured by Amersham
International Ltd. was used; it was calibrated at the LNMRI Calibration
Laboratory, with an activity of 37 GBq (1 Ci) and a neutron emission
rate of (2.46 = 0.06) 0.10% . Fig. 2 shows the dimensions of the 2!
AmBe source used in this work.

Table 1 presents the reference values of ISO 8529-1 [23], which are
simulated values in vacuum and in an ideal environment, for energy
and h;(lO) of the 241 AmBe source spectra.

For the conversion of neutron fluence into the quantities re-
commended for radiation protection purposes, the conversion
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Fig. 2. Neutron source of 241AmBe used at the LCN.

Table 1
Reference values of ISO 8529-1 for energy and h; (10) to the source of 2! AmBe

(ISO, 2001). These values were obtained through simulation, where the source
used was point-typed and in vacuum.

Source Spectrum average energy (MeV) hi, (10)
(pSv.cmz)
241 AmBe 4.16 391

coefficients h;(lO), have been calculated based on the spectra pre-
sented in the document ISO 8529-1 (ISO, 2001) and using the fluence to
dose equivalent conversion coefficients as a functio n of neutron energy
as given in ICRU Report 57 (ICRU, 1998).

2.3. Bonner sphere spectrometer

The Bonner sphere spectrometer (BSS) model 42-5 was manu-
factured by Ludlum Measurements. This system is composed of spheres
of high density polyethylene with diameters of 5.08 cm (2 in), 7.62 cm
(31in), 12.70 cm (5 in), 20.32 cm (8 in), 25.40 cm (10 in) and 30.48 cm
(12 in), and by a scintillation detector of 6Lil (Eu) that is comprised of a
4 mm X 4 mm crystal, which is attached to a light guide, which in turn
is coupled to a photomultiplier wrapped in an aluminum -case
(Bramblett et al., 1960).

The electronic system used for this detector consists of an Ortec 142
preamplifier, and a Lynx multi-channel analyzer manufactured by
Canberra, which is operated by the Genie 2000 Spectroscopy System
program. Through this program the scintillation counting spectra are
obtained. The system configuration allows the measurement of neu-
trons from thermal energies up to 20 MeV; this limitation occurs due to
the lack of response function data for energies above this value.

The net counting rate, that is the total counting rate subtracting the
background (BG), was measured using the BSS at several source-de-
tector distances ranging from 30 cm to 258 cm. These net counting rates
were used as input data to the NeuraLN code, which was used to cal-
culate the spectra, neutron fluence rate and H*(10) at different source-
detector distances. The response matrix used was UTA-4, and 81 energy
bins were used to determine the spectra (Lemos, 2009b; Vega-Carrillo
et al., 2006).

Initially, the correction for attenuation in air was applied, due to the
interaction of neutron radiation with oxygen and nitrogen. This at-
tenuation factor F, (d) is described by Equation (2.1):

Fa(d) = exp(-Z. d) (2.1)

where d is the source-detector distance, expressed in ¢cm, and ¥ is the
average linear attenuation coefficient of neutrons by air, obtained by
summing the oxygen and nitrogen cross sections weighted by the
spectral distribution of the neutrons emitted by the source. The re-
commended value of T is given by the standard ISO 8529-2 (ISO, 2000).

From the source activity and the neutron emission rate (given in the
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calibration certificate), it is possible to calculate the direct neutron
fluence (without scattering) and H*(10), at different source-detector
distances. To determine the direct neutron fluence rate (®), expressed
in n./cm_z.s_l, Equation (2.2) was used:
o= —2_F,(6) Ki(d)

4. m. d? (2.2)
where S, is the emission rate of the neutron source (s™'), d is the
source-detector distance (cm), F 1(©) is the correction factor for source
anisotropy, which corrects the neutron fluence as a function of the
angle between the direction of the emission considered and the sym-
metry axis of the source. The anisotropy was measured from a hor-
izontal alignment of the 241AmBe source with the detector at a dis-
tance of 2 m, with the source held by a remotely controlled mechanical
source rotation system, which was used to rotate the source from 0° to
180°. The anisotropy factor of the source obtained was
(1.0288 = 0.0005). The term F 5(d) is the air attenuation factor
mentioned above. The ambient dose equivalent rate H*(10) can be
estimated, using Equation (2.3):

H'(10) = &-hg (2.3)

where @ is the neutron fluence rate (n/cm ™25~ 1), o is the fluence
conversion factor for ambient dose equivalent (pSv.cmZ), used for the
241AmBe neutron source and recommended by ISO 8529-2 (ISO,
2000).

2.4. Determination of uncertainties

The uncertainties for the source-detector distances were determined
according to the resolution on a metric scale of 1 mm; they were based
on the operator experience that the location of one end a given source-
detector distance can be set with an uncertainty of approximately
2 mm. Therefore, the uncertainty of the source-detector distance was
calculated by means of Equation (2.4):

u = Jug® + up? 2.4)

where up is the uncertainty related to the resolution of the metallic
ruler, ux = 1/2J6; and up is the uncertainty associated with the
source-detector distance, up = 2/2.6.

The uncertainties of the fluence rate (theoretical), the ambient dose
equivalent rate (theoretical) and the counting rates were determined
according to the following expressions:

N 2
uc2 = [i] , Whi f af =g
el 2 o A (2.5)
N
u02 = [Czu(xl)]z
; (2.6)

where u, is the combined uncertainty; c; is the sensitivity coefficient
and u(x;) is the uncertainty contribution and f is the function of input
quantities of the measurement result (GUM, 2012). Table 2 shows an
example of the determination of the uncertainties of the fluence rate for
the detector-distance of 30 cm.

The model used to express the uncertainties for the ambient dose
equivalent rate, averaged energy and fluence values was based on the
procedures recommended by the Guide to the Expression of Uncertainty
in Measurement (GUM, 2012).

3. Results

Measurements were taken using the BSS system, to obtain the net
counting rates (obtained by subtracting the background radiation from
the total counting rate data) for each sphere at each of the 13 source-
detector distances from 30 cm to 258 cm. Given the count rates ob-
served, 3 h were required to measure a sphere at one location and all



T.S. Alvarenga, et al.

Table 2

Example of the uncertainty for the fluence rate (source-detector distance of 30 cm).
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Value Standard uncertainty u(x) k = 1 Sensitivity coefficient |c(x)| Uncertainty contribution u(x) = u(x)* c(x)
Quantity
S 2.46 .10 ° 5! 2.8.10% s 9.07.10°° ecm™ 2.6
D 30.0 cm 0.5 cm 14.8 s'em™ 7.4
F1(©) 1.029 0.005 2.17.100cm? 57! 1.08
Fa (d) 0.99733 0.00004 8.9.10° cm? 5! 3.9.10°
® 225.0 n.em? st 8.0
Table 3 spectra presented at the source-detector distances of 240 cm and

Neutron fluence rates and ambient dose equivalent rates, obtained by calcula-
tion using the source emission rates (Theoretical) and by means of the unfolding
program NeuraLN applied to the BSS results (total net counting rates)
(Experimental).

Source- Theoretical Experimental
detector
distance Fluence rate Ambient dose Fluence rate Ambient dose
(cm) d(n.cm?s!)  equivalent rate d(n.cm? st equivalent rate
H* (10) H* (10)
(uSv.h ) (uSv.hh)
30 225.0 = 8.0 316.3 = 11.2 261.6 = 13.1 3814 *= 19.1
50 81.1 + 1.9 1142 = 2.7 121.3 * 6.1 176.8 + 8.8
70 415 = 0.8 58.4 + 1.1 758 + 3.8 110.5 * 5.5
920 25.1 = 0.4 354 = 0.6 54.0 = 2.7 78.7 + 3.9
100 204 + 032 287 = 05 48.6 = 2.4 70.8 = 3.5
110 169 + 0.26 23.7 * 0.36 432 = 22 629 * 3.1
130 12.1 = 0.17 17.0 = 0.24 375 = 19 54.7 * 2.7
150 9.1 + 0.13 12.8 = 0.18 31.8 = 1.6 46.3 + 2.3
170 7.1 = 0.10 10.0 = 0.13 28.0 = 1.4 40.0 = 2.0
190 5.7 = 0.07 8.0 = 0.11 248 = 1.2 36.2 =+ 1.8
220 4.3 + 0.05 6.0 = 0.08 194 = 1.0 282 * 1.4
240 3.6 = 0.05 5.0 = 0.06 18.0 = 0.9 262 * 1.3
258 3.1 + 0.04 4.4 += 0.05 159 = 0.8 232 * 1.2

the spheres were measured at all 13 source-detector distances.

Table 3 shows the neutron fluence rates and the H*(10) values,
obtained by calculation using the source emission rates and Equations
(2.3) and (2.4) (theoretical) and by application of the unfolding pro-
gram NeuralLN to the BSS measured results to give the total neutron
spectrum (direct + scattered) (experimental).

At the source-detector distance of 258 cm the experimental fluence
rate values compared to the theoretical ones present a maximum dif-
ference of 80.5%. The values of H*(10) present a maximum difference
of 81.0% for the source-detector distance of 258 cm, in relation to the
theoretical values. This discrepancy between these values occurs due to
the scattering of neutron radiation from the floor, ceiling, walls and the
irradiation set-up. These additional neutrons make the experimental
values greater than the theoretical ones.

During characterization of the neutron field, the spectra, fluence
rate and H*(10) were determined at several different positions in the
LCN using the total neutron spectrum (direct + scattered) radiation.
The values mentioned were obtained by applying the unfolding process
performed by the NeuraLN program to the net neutron counting rates
registered by each sphere at the several source-detector distances.

Fig. 3 shows log-log and semi-log plots of the total neutron spectrum
(direct + scattered) of the 241 AmBe neutron source, obtained at dif-
ferent source-detector distances, compared to the reference spectrum
from ISO 8529-1 (ISO, 2001). The graphical representation is spectral
source strength, BE = dB/dE, vs. energy (ISO, 2001).

Three of the experimental spectra obtained at distances of
30-258 cm of Fig. 3 show that the total spectra changed as compared to
the reference spectrum. As the source-detector distance increases, the
portion due to scattering also increases because of the interaction be-
tween neutrons and the floor, ceiling and walls of the laboratory. Peaks
between energies of 10”8 MeV and 10~ * MeV were observed in the

258 cm, due to the scattering caused by the proximity of these locations
to the wall.

As just mentioned as the source-detector distance increases, the
fraction of the neutron scattering caused by the interaction of the
neutrons with floor, ceiling and walls of the laboratory increases too.
Thus, it is necessary to characterize the scattered radiation in the LCN,
using one of the methods recommended by ISO 8529-2 (ISO, 2000).

Considering the scattering which occurs due to the size of the LCN
and the limitations of the several scattering evaluation methods it was
decided to use the RFM method, a simplification of the Generalized Fit
Method (GFM). The RFM is based on the premise that the minimum
distance used has a geometric correction factor close to 1 [F;(d) = 1]
and that air scattering can be ignored compared to the scattering caused
by the experimental set-up; so the RFM can be expressed as (ISO, 2000):

k
Mr(d) = (d+a? s (3.1)

where Mr(d) is the total device reading, and the parameters k and a
(constant values for all distances and spheres) and S (room-scatter
contribution) were obtained by adjusting Equation (3.1), of the net
counting rates measured with the BSS system at different source-de-
tector distances (d). After proper adjustment, the fractional room-
scatter contribution (S) obtained for each sphere was constant that is it
did not vary with the source-detector distance. Table 4 shows the S
values obtained for each sphere.

To obtain the counting rates for the [Mp(d)] term, it was necessary
to use Equation (3.1) by setting S = 0 and using only the parameters k
and a.

The contribution of the scattered neutrons measured by each BSS
system sphere at the source-detector distances from 30 cm to 258 cm
was adjusted using Equation (3.1) and the RFM method. Fig. 4 shows
experimental data with background subtracted (net curves) compared
to those obtained using the RFM method (direct curves), for neutrons
detected directly by the bare detector and by the detector within
spheres with diameters from 2 in to 12 in, varying the source-detector
distance from 30 cm to 258 cm. The curves were fitted using an ex-
ponential equation of the type y = yo + A*exp(Ro*x). The R? values for
these fits are also shown.

The results presented in Fig. 4 show that the counting rates due to
the direct neutrons (without scattering) determined with the RFM
method give better fits than the experimental net counting rates. Fur-
ther note that the improvement due to the RFM method increases as the
size of the thermal sphere increases, due to the growing sensitivity of
the detector to thermal neutrons.

Table 5 presents the values obtained for energy, fluence rate,
H*(10) and h; (10) in different positions of the LCN, due to the direct
and scattered neutrons. These results were calculated with the NeuraLN
program from the counting rates determined via the RFM method at
different source-detector distances as shown in Fig. 4. The parameters,
fluence rates and H*(10), presented in Table 5, were obtained by means
of the experimental method (previously described); they may be com-
pared with the data obtained by the calculation (theoretical) method,
which can be observed in Table 3.
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Fig. 3. Total neutron spectra (direct + scattered) radiation of the 241AmBe neutron source [red dots], obtained at three different source-detector distances,
compared to the reference spectrum ISO 8529-1 (ISO, 2001) [black dots]. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

Table 4
Constant values of S obtained by application of Equation (3.1),
using the bare detector and the spheres with different dia-

Table 3, of 2.4% for the source-detector distance of 220 c¢m, and the
values H*(10) presented a difference of 2.3% for the source-detector
distance of 258 cm. The energy values obtained experimentally present

meters. a percentage difference of 1.0%. The source-detector distance of 258 cm

Sphere Diameter (inch) S and the values of h;(lO) showed a percentage difference of 0.3% re-
o 023 = 001 lative to the reference values presented in Table 1.

5 045 + 001 Fig. 5 shows the direct and scattered neutron spectra of the

3 015 + 0.04 241AmBe source, produced by the NeuraLN program operating on data

5 0.95 = 0.07 from each sphere at different source-detector distance. The reference

8 0.73 + 0.07 spectra of ISO 8529-1 (ISO, 2001) are shown for comparison. The

1(2) g:gg z 8:(1); graphical representation is spectral source strength, BE = dB/dE vs.

energy (ISO, 2001).
The reference spectrum (from ISO 8529-1) and the spectra by ap-
The results from the RFM derived direct neutrons presented in plication of the RFM method from 30 cm to 258 c¢m, present similarities

Table 5 show that the fluence rates present a maximum percentage
difference, when compared to the calculated values presented in

that demonstrate that the RFM method is effective in determining
scattering in the LCN. The spectra acquired using the scattered counting
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Fig. 4. Counting rates due to the net neutrons (i.e. background subtracted) from the source measured by the BSS spheres and direct neutron curves resulting from
application of the RFM method. The maximum uncertainty was 2.5%, not visible in the curves.

rates showed significant changes for the measurement positions located The scattering fraction for fluence rate and H*(10) at the different
near the walls at the source-detector distances of 130 cm-258 ¢cm when source-detector distances were determined by adjusting Equation (3.1),
compared with the direct and reference spectra ISO 8529-1 (ISO, 2001). using the experimental values presented in Table 3, when determining

In these positions interaction of the neutrons with the walls, floor the value of fractional room-scatter contribution (S) in each distance
and ceiling of the LCN cause the appearance of peaks between the en- source-detector, which was S = 14.11 * 1.22 at all positions used. In
ergies of 108 MeV and 1072 MeV in the spectra due to the neutron order to determine the scattering fraction at different distances, it is
scattering. necessary to use Equation (3.2)

Table 5

Results obtained by the Neural.N program for energy, fluence rate, H* (10) and h;(lo) at different positions of the LCN, using the direct neutron counting rates

(Alvarenga, 2018).

Source-detector distance (cm) Energy (MeV) Fluence rate (n.cm?s™) H* (10) h;; 10)
(uSv/h) (pSv.cm?)

30 4.20 = 0.21 2275 = 114 320.3 *+ 16.0 392 = 20

50 4.20 = 0.21 81.7 + 4.1 1149 + 5.7 392 + 20

70 4.20 = 0.21 416 = 2.1 58.6 + 2.9 392 + 20

90 4.20 = 0.21 252 + 1.3 354 + 1.8 392 + 20

100 4.20 = 0.21 204 + 1.0 28.7 + 1.4 392 + 20

110 4.20 = 0.21 16.8 + 0.8 237 * 1.2 392 + 20

130 4.20 = 0.21 12.0 = 0.6 17.0 = 0.8 392 = 20

150 4.20 * 0.21 9.0 = 0.5 12.7 = 0.6 392 + 20

170 4.20 = 0.21 7.0 = 0.4 9.9 * 0.5 392 + 20

190 4.20 = 0.21 56 * 0.3 79 * 0.4 392 = 20

220 420 = 0.21 42 = 0.2 59 = 0.3 392 = 20

240 4.20 *+ 0.21 3.5 + 0.2 5.0 * 0.2 392 + 20

258 4.21 = 0.21 31 = 0.2 43 £ 0.2 392 + 20
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Fig. 5. Direct, scattered and total (direct + scattered) neutron spectra of the 241 AmBe neutron source, obtained at different source-detector distances from 30 cm to

258 cm, compared to the reference spectrum of ISO 8529-1 (ISO, 2001).

S
S e
= (3.2)
where Sg is the scattering fraction at a given distance, S is the fractional
room-scatter contribution and @ is the experimental fluence rate or
H*(10). The results obtained are shown in Table 6. The scattering

fraction values were determined at distances from 30 cm to 258 cm

Table 6
Scattering fraction for fluence rate and H*(10), obtained for source-detector
distances of 30 cm-258 cm.

Source-detector distance (cm) Scattering fraction

Fluence rate (%) H* (10)

(%)
30 6 4
50 15 10
70 25 18
20 36 26
100 41 29
110 46 32
130 54 38
150 61 43
170 67 47
190 71 31
220 77 55
240 80 57
258 82 58

from the fluence rate and the ambient dose equivalent rate.

As observed in Table 6, the highest scattering fraction for fluence
rate was 82% at the source-detector distance of 258 c¢m, and for H*(10)
the highest scatter fraction was 58%, also at the source-detector dis-
tance of 258 cm.

Thus, the scattering radiation increases as the source-detector dis-
tance increases and in the geometry of the LCN the source is located at
the center. From ISO 8529-2 (ISO, 2000), the scattering contribution
must not exceed 40% at the calibration point; thus, at the source-de-
tector distances of 30 cm, 50 cm, 70 cm and 90 cm, the scattering
contribution is within the recommended limit.

4. Conclusions

In this study the LCN neutron fields were characterized. The spectra,
fluence rate and H*(10) were determined for a central source and
several source-detector distances with the objective of showing and
correcting for scattered radiation. As the source-detector distance in-
creases, the scattered radiation caused by the interaction of the neu-
trons with floor, ceiling and walls of the laboratory increases too. Thus,
it was necessary to characterize the radiation scattering in the LCN,
using one of the methods recommended by ISO 8529-2 (ISO, 2000).

For the neutron radiation field characterization of the LCN the
scattering of neutrons was evaluated by means of the Reduced-Fitting
Method recommended by ISO 8529-2 (ISO, 2000). The direct neutron
spectra were determined at various source-detector distances.
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The direct neutron spectra were similar in form to the reference
spectrum (ISO 8529-1) (ISO, 2001), and the scattered spectra showed
significant changes in relation to the reference spectrum, especially in
the measurement positions near the laboratory wall. The scattering
fraction values were determined at distances from 30 cm to 258 cm
from the fluence rate and from the ambient dose equivalent rate. The
results show that at distances of 90 cm and less, the contribution of
neutron scattering is within the recommended values of ISO 8529-2
(ISO, 2000).
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