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HIGHLIGHTS

e Granite and bitumen from different geographical location have different radiation levels.

e Most workers in construction/material deposit sites are not aware of the impact of ionizing radiation.
e The ADR was 3 times higher than the world average.

e The effective lifetime cancer risk (ELCR) was above the acceptable risk band (107° to 107%).
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ABSTRACT

The study is aimed at measuring the background ionizing radiation (BIR), the absorbed

: ! aEoas . Global itioni t
dose rate (ADR), the annual effective dose (AED) and excessive lifetime cancer risk bl POSILIORIIG system

(ELCR) at four sites in the Aniocha South local government area (LGA) of Delta State, Radi?HUCIide
denoted as A to D. The study was performed using a calibrated Geiger-Muller (GM) Granite
Bitumen

detector (Radiation Alert Inspector) as well as a geographic positioning system (GPS)
to determine the longitude and latitude of each site. The average (range) outdoor BIR,
ADR, and AED were 0.021 & 0.01 (0.01 to 0.04) mR.hr™!, 181.6 & 77.7 (60.9 to 322.8)
nGy.hr™!, and 0.22 £ 0.10 (0.07 to 0.40) mSv.yr~', respectively. Among the processing
sites, the average AED for granite, bitumen, and staff residential areas were 0.31, 0.12,
and 0.17 mSv.yr~!, while surface measurements at the “burnt stone” had the highest
AED (0.41 mSv.yr~'). ADR and AED were both considerably higher than the world
average of 59 nGy.hr=! and 0.07 mSv.yr~'. The average effective lifetime cancer risk
(ELCR) was 7.7 x 10~* (1 in 1,300), with the highest in the granites. The ELCR risk
grade was high (> 1074), suggesting that remedial action be taken to ensure safety in the
granite sites based on the environmental protection agency (EPA) United States report.
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1 Introduction 2021). The exception comes from certain rocks, such as
shales and phosphates, which contain a lot of radionuclides
(Missimer et al., 2019; Borylo et al., 2017).

The primary sources of Potassium 40 (K-40), Uranium

Many radioactive elements are naturally occurring within
the earth’s crust as deposits (Abed et al., 2022). All soils

contain trace levels of terrestrial radionuclides, resulting
in radiological exposures outdoors (Ahmad et al., 2019;
Doyi et al., 2017). There are specific levels for different
types of soil determined by the rock. Granite is an ig-
neous rock with higher radiation levels, while sedimentary
rocks have low levels (Roy et al., 2022; Kapanadze et al.,
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238 (U-238), and Thorium 232 (Th-232) are rock, soil,
and groundwater. Radium (Ra-228, Ra-226, and Ra-224)
and Radon (Rn) undergo spontaneous disintegration to
produce daughter particles with alpha, beta, or gamma-
ray emission (Joel et al., 2021; Mathuthu et al., 2021;
Degu Belete and Alemu Anteneh, 2021; Napoli et al.,
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2021).

Radiation protection in the environment is poorly un-
derstood by the public (Hobbs et al., 2018; Slovic, 2012).
We also found this to be true in an interview with gran-
ite and bitumen workers at various sites. However, they
have virtually no awareness of radiation protection. An
individual’s educational background may also limit their
knowledge, although this fact hasn’t been explored. Over
the years, the numbers of granite and bitumen processing
sites for road constructions have increased due to large de-
posit of granite, limestone, laterite and bitumen in Nigeria
(Oyedele et al., 2016; Akpan et al., 2011; Magaji et al.,
2020).

Many surveys have been conducted to determine the
background levels of radionuclides in granites, which can
be related to the absorbed dose rates in the air. Many of
which have been found to vary based on geographical loca-
tion (UNSCEAR, 2000; Shahbazi-Gahrouei et al., 2013).

The average of absorbed dose rate (ADR) and annual
effective dose (AER) from terrestrial gamma radiation
was 59 nGy.hr=! and 0.07 mSv.yr~!, respectively based
on the United Nations Scientific Committee on the Ef-
fects of Atomic Radiation (UNSCEAR) report from large
surveys (UNSCEAR, 2000). Extremely high values have
been recorded in places in Kerala in India with up to 70
mGy.yr~! (Nair et al., 2009), while another study in same
area by Sudheer et al. have reported an average AER
of < 1 to 45 mGy.yr=! (Sudheer et al., 2022), however,
there has been no evidence of cancer-related cases in places
where these values are high but chromosome aberration
have been identified from samples collected (Gh et al.,
2019).

The excessive lifetime cancer risk (ELCR) have been
divided into 4 groups of very high (> 10=%%), high (10~*
to 107°), moderate (107> to 107%) and low (< 10~°) from
the development of a nationwide excessive lifetime cancer
risk in Korea (Kang et al., 2021). The United States has
adopted the use of the environmental protection agency
report, which has graded ELCR as negligible (< 107),
acceptable (107¢ to 10™%) and remediation may be desir-
able (> 1071) (EPA, 2014).

The focus of this study is in the Aniocha South Lo-
cal Government Area, which lies in the Northern region of
Delta State with an area of 868 square kilometers (km?).
The purpose of the study is to estimate the average back-
ground ionizing radiation (BIR), annual dose rate (ADR),
annual effective dose (AED) and excessive lifetime can-
cer risk (ELCR) from granite (crushed to different sizes),
bitumen and staff residential areas within the processing
sites in the above LGA. Similarly, this study compared
the results with locally and internationally.

2 Materials and Methods

This research was a prospective and experimental based
study, which was carried out for 3 months, in 4 construc-
tion dump sites (A and D = Otulu, B and C = Ubulu
Okiti) in Aniocha South LGA of Delta state. Conve-
nience sampling method was used in the selection pro-
cess. A global positioning system (GPS) instrument and
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an Inspector USB survey meter calibrated in a Secondary
Standard Dosimetry Laboratory (SSDL) in the National
Institute of Radiation Protection and Research (NIRPR),
University of Ibadan, Oyo State, Nigeria.

Radiation measurements were performed with a cali-
brated inspector USB survey meter. Inspection USB sur-
vey meter (S.E. International, Inc.), is health and safety
instrument that detects low levels of radiation. Specifi-
cally, the instrument measures ionizing radiation, includ-
ing Alpha and Beta particles, Gamma rays, and X-rays
(Fig. 1). There are two different units of measurement
for the survey meter: milliroengens per hour (mR.hr—1)
and counts per minute (CPM), or microsieverts per hour
(Sv.hr~1) and counts per second (CPS) with an operating
range of 0.001 (1 uR) to 100 mR.hr~! or 0 to 350,000 CPM
(Table 1). The Global Positioning System (GPS) appli-
cation software was downloaded and used to measure the
longitudes, latitudes, and elevations of points in all the
studied areas (Fig. 2).

Measurement in
count per minute
(cPm)

Insfigetar

Sensitive
volume facing
the sample at

30 cm away

Modes for
measurement

6°13.

"55%  1.7/1.4/09 7.0

Figure 2: GPS system.
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Figure 3: The construction dump sites for bitumen and gran-
ite.

2.1 Set-up for measurements

The survey meter was switched to the total timer (CPM
or CPS) mode in order for the device to record reading
electronically in count per minute (CPM) mode for a min-
imum time of 60 seconds. The sensitive area of the device
was positioned in such a way that it faces the sample and
it is about 30 cm (0.3 m) away from it. Simultaneously,
the GPS device was activated to record the longitude, lat-
itude and altitude of the point for BIR measurement. A
total of 3 measurements were made per point in the sites
(Fig. 3) and the average BIR was calculated.

The survey meter was used on the CPM mode and
measurement was timed for a total of 180 seconds (3 mea-
surements at 60 s). Conversion to milliroentgen per hour
(mR.hr~!) was carried out using the meter’s calibration
factor (3340 CPM.mR~1.hr=1). The relationship between
CPM and mR.hr~! was given as (Omojola et al., 2020):

x CPM
—p (1)
3340 CLM_l
mR.hr

mR.hr ! =

where x is the count recorded by the survey meter in CPM.

Measurement with both detectors was done simultane-
ously on the same point and data was entered in a record
book for documentation. The BIR measurement was com-
puted in CPM and was converted to mR.hr~! using Eq.
(1).

The annual dose rate (ADR) was estimated based on
the Canadian Health and Safety Code 35 for the installa-
tion, use, and control of X-ray equipment, which is given
as (Health-Canada, 2008):

1 mR.hr! = 8700 nGy.hr " (2)
The annual effective dose (AED) was given as:

AED (Outdoor) (mSv.hr™') =
ADR (nGy.hr ™) x 8760 (hr ™)  (3)
x 0.7 (Sv.Gy™ ') x 0.2

AED was calculated using the dose conversion factor

of 0.7 Sv.Gy~! as recommended (UNSCEAR, 1993) for
the conversion coefficient from the absorbed dose in air to
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the effective dose received by adults and an occupancy fac-
tor of 0.2 for outdoor exposure (UNSCEAR, 1993). The
excessive lifetime cancer risk (ELCR) was estimated as:

ELCR = ADR (nGy.hr ')
x Average duration of life (DL) (4)
x Risk factor (RF)

Where AEDE is the annual effective dose equivalent,
DL is duration of life (70 years) and RF is the fatal can-
cer risk factor (Sv—1). For low-dose background radiation,
this is considered to produce stochastic effects, the fatal
cancer risk factor value of 0.05 for public exposure (Sievert
and Failla, 1959).

2.2 Statistical Analysis

The study used descriptive statistics (average, median
and standard deviation), a One-Sample t-test, One-Way
ANOVA and Pearson correlation to analyze the results.
P < 0.05 was considered to be statistically significant and
vice versa.

3 Results and Discussion

The map in Fig. 4 indicates the points of measurement
from the 4 construction dump sites in Otulu and Ubulu
Okiti, denoted as A to D, while Fig. 5 shows the BIR
contour map. In site A, four sizes of granite stones were
measured. The average (range) altitude was 199 (141 to
222) m and the maximum ADR (322.8 nGy.hr~!) and
AED (0.4 mSv.yr~!) were measured on the surface of
the burnt stone. The values were approximately 6 times
higher than the world average (UNSCEAR, 2000). Mea-
surements around the bitumen area showed the least AED,
which was lower than measurements in the staff residen-
tial areas. A One-Sample T-test showed that there was a
statistically significant difference in BIR, ADR, and AED
(P < 0.001) (Table 2).

This study measured three sizes of granite stones at
site B at altitude of 240 (195 to 256) m. No matter how
big or small the granite was, the BIR and AED measure-
ments were identical. Furthermore, the average BIR was
twice as high as the world average, while the average ADR
and AED were three times as high. It was found that mea-
surements near bitumen tanks had the lowest ADR (60.9
nGy.hr=1) and AED (0.07 mSv.yr—!), which is similar to
the UNSCEAR 2000 report (UNSCEAR, 2000), where 59
nGy.hr=! and 0.07 mSv.yr~! were reported. One-Sample
T-Test results indicated that altitude (P = 0.001), BIR
(P = 0.001), ADR (P = 0.001), and AED (P = 0.001)
were statistically significantly different (Table 3).

Measurements of 4 sizes of granite stones were made
at site C at altitude of 253 (248 to 255) m. Of the four

sizes of granite stones, the — inch stone showed the highest

dose rate. AED and BIR measurements were essentially
the same regardless of granite size (2 and 1 decimal place,
respectively). The lowest dose rate was recorded around
the bitumen and staff quarters, which was above the global
average (Table 4).
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Figure 4: Map showing granite and bitumen construction sites A to D.

Table 1: Technical specifications of survey meter.

Display

Backlit 4 digit liquid crystal display with indicator. Display updates every 3 s

Alert set range

mR.hr~T 0.001-50, CPM 1 to 160,000

Count light

Red LED flashes with each radiation event

Audio indicator

Internally mounted beeper

Detector

Internal Halogen-Quenched uncompensated GM Tube with thin mica window
1.4 to 2.0 mGy.cm™? area density

Operating Range

mR.hr~! = 0.001 to 100
CPM = 0 to 350,000
uSv.hr~! = 0.01 to 1000
CPS = 0 to 5,000

Total/Time

1 to 9,999,000 counts

Energy Sensitivity

Detect alpha down to 2 MeV and Beta down to 0.16 MeV
Typical detection efficiency at 1 MeV is ~ 25%
Detect gamma down to 10 KeV through the window

Accuracy (Cs-137)

mR.hr~" & 10% typical (NIST), 15% Max 0.001 to 100
uSv.hr~" £ 10% typical (NIST), 15% Max 0.01 to 1000
CPM =+ 10% typical (NIST), 15% Max 0 to 350,000

Power requirement

A 9V alkaline batteries

Temperature

-10 °C to 50 °C (14 °F to 122 °F)

Table 2: The geographical location and average BIR, ADR, and AED measurements in granite and bitumen construction site
(A) in Otulu,

Aniocha LGA.

S/N Gravel area Geographical location Alzr;de AE;E?%EEBR (n Ci, ]')hl;{,l) (méAv ?}2,1)
1 3/8 inch NO060 15.59, E060 33.25 141 0.023 198.4 0.24
2 3/4 inch N060 16.00", E060 33.27’ 194 0.033 282.8 0.35
3 Stone-dust NO060 16.00", E060 33.27 195 0.032 281.0 0.34
4 Burnt-stone N060 15.58', E060 33.28' 193 0.037 322.8 0.40

Bitumen area
1 In tanks NO060 15.57", E060 33.26 219 0.013 109.6 0.13
2 Around tanks NO060 15.57", E060 33.25 222 0.013 113.1 0.14
Staff residence area
1 Inside the houses NO060 15.58', E060 33.25 212 0.014 118.3 0.15
2 Around the houses NO060 15.58', E060 33.25 212 0.016 139.2 0.17
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Table 3: The geographical location and average BIR, ADR, and AED measurements in granite and bitumen construction site

(B) in Ubulu Okiti, Aniocha LGA.

Figure 5: Map showing BIR measurements.

S/N Gravel area Geographical location Alg:ll)lde ﬁ:ﬁ?ﬁﬁlﬁ (nés; ]f:—l) (méAV ].3;3_1)
1 3/8 inch NO060 16.25", E060 31.53’ 253 0.030 260.13 0.32
2 Small-stone NO060 16.27", E060 31.53’ 250 0.028 240.99 0.30
3 Stone-dust NO060 16.28', E060 31.54’ 195 0.029 249.69 0.31
Bitumen area
1 In tanks NO060 16.27", E060 31.54’ 256 0.009 76.56 0.09
2 Around tanks NO060 16.27", E060 31.52’ 247 0.007 60.9 0.07
Staff residence area
1 Inside the houses NO060 16.24', £E060 31.29’ 242 0.029 252.3 0.31
2 Around the houses  NO060 16.24", E060 31.29’ 240 0.025 217.5 0.27

Table 4: The geographical location and average BIR, ADR, and AED measurements in granite and bitumen construction site

(C) in Ubulu Okiti, Aniocha LGA.

. . Altitude  Average BIR ADR AED
S/N Gravel area Geographical location (m) (mR.hr 1) (nGyhr!)  (mSv.yr)
1 3/4 inch N060 17.30", E060 30.29’ 251 0.0298 259.3 0.32
2 1/2 inch NO060 17.33', E060 29.27’ 255 0.0255 221.9 0.27
3 Stone-dust NO060 17.33', E060 29.28' 254 0.0293 254.9 0.31
4 Stone-base N060 17.33', E060 33.28’ 254 0.0265 230.6 0.28
Bitumen
1 in tanks NO060 17.31', E060 29.26' 253 0.0115 100.1 0.12
2 around tank N060 17.31’, E060 29.25 254 0.0117 101.8 0.13
Staff residence

1 Inside the houses ~ N060 17.32', E060 33.31 251 0.0113 98.3 0.12
2 Around the houses NO060 17.32, E060 33.32’ 248 0.0115 100.1 0.12
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Table 5: The geographical location and average BIR, ADR, and AED measurements in granite and bitumen construction site

(D) in Otulu, Aniocha LGA.

S/N Gravel area Geographical location Al‘zil;de A(\;ngrﬁl)l{ (n ny ].thr{‘l) (méAV E;B_l)
1 3/4 inch NO060 16.18', E060 31.59 231 0.026 226.2 0.28
2 1/2 inch NO060 17.33, E060 29.27 255 0.026 221.9 0.27
3 Stone dust NO060 17.33", E060 29.28’ 254 0.029 254.9 0.31
4 Stone base NO060 17.33, E060 33.28' 254 0.027 230.6 0.28

Bitumen area
1 in tanks NO060 17.31, E060 29.26’ 253 0.012 100.1 0.12
2 around tank NO060 17.31, E060 29.27’ 255 0.012 101.8 0.13
Staff residence area
1 Inside the houses NO060 17.32", E060 33.31' 251 0.012 101.8 0.12
Around the houses NO060 17.32", E060 33.33’ 253 0.012 103.5 0.13

Table 6: Comparison of the average measurements in this study with other published articles and world average.

Study/Report BIR (mR.hr~ ') ADR (nGy.hr™') AED (mSv.yr ')
This study 0.02+£0.01 181.6 £ 77.7 0.22+0.10
(UNSCEAR, 2000) 0.01 59 0.07
(Ijabor et al., 2022) 0.01 £ 0.002 91.6 +19.5 0.11 +£0.02
(Onwuka and Ononugbo, 2019) 0.026 228.4 0.28
(Akerblom and Mjones, 2000) - - 0.1 to 0.4
(Yousef et al., 2019) - 129.2 -
(Okedeyi et al., 2012) 0.0015 2.3 to 194 0.0026 to 0.0024
(Samuel, 2018) - 18.87 0.25
(Myatt et al., 2010) - - 0.005 to 0.18
(Orosun et al., 2019) - 57.68 0.07

A similar trend is evident in Table 5 for granite, which
showed the highest dose rate. Both bitumen and resi-
dential areas received the same dose rate. Based on the
One-Sample T-test, the dose rate parameters were sta-
tistically different among them. The One-Way ANOVA
test revealed that there was no significant difference in
the average measurements taken at each of the four con-
struction dump sites in Aniocha South LGA (P > 0.05).
Granite had a dose rate that was 3 times higher than bi-
tumen and 2 times higher than the staff residential areas.
Only 3% of the AED matched the global average value.
A correlation in AED was also found between sites A and
C (P = 0.008) and A and D (P = 0.002), indicating a
close association between the measurements. Comparison
of this study with a similar work in Aniocha South Lo-
cal Government Area by Ijabor et al., who investigated
radiation level in 17 petrol stations, shows that the BIR,
ADR and AED were doubled. Indicating that the radia-
tion levels in the granites were higher compared to refined
petroleum products (Ijabor et al., 2022).

This study is comparable to a work in Ebony State,
Nigeria by Onwuka and Ononugbo, who determined dose
rate measurement in quarry site. The average dose rate
from their study was 0.026 mR.hr~!, which was slightly
above this study (0.021 mR.hr=!). The average ADR (330
nGy.hr=1) was twice and AED (2.21 mSv.yr—!) was 6
times this study (Table 6). The geographical location and
activities of the granite might cause the difference in dose
rate (Onwuka and Ononugbo, 2019).

A study in Sweden by Akerblom and Mjones shows

that workers in quarry site were exposed to 0.1 to 0.4
mSv.yr~!, this value was 10 times in range higher com-
pared to our study (0.01 to 0.04 mSv.yr—!) from construc-
tion dump sites of granite and bitumen (Akerblom and
Mjones, 2000) (Table 6).

The concentration of Radon and average annual effec-
tive dose for granite samples collected from Abu Rusheid
area, South Eastern Desert, Egypt, were measured using
passive technique with CR-39 and was found to be 129.2
mSv.yr~!, this value was over 500 times higher compared
to our study. The CR-39 is known to be insensitive to
X-ray, beta and gamma particles. The result indicated
that geographical position and the concentration of ra-
dioactive materials could greatly vary from one region to
another (Yousef et al., 2019) (Table 6).

Conversely a study on dose rate measurement on
bedrocks and soil in quarry sites in Ogun State, South-
West Nigeria by Okedeyi et al., show that ADR value
ranged from 2.3 to 19.4 nGy.hr~! and AED ranged from
2.6 to 23.81 mSv.yr~! (Okedeyi et al., 2012). Similarly,
the maximum ADR and AED from a study by Samuel et
al in Benue State, Nigeria from quarry granite site were
18.87 nGy.hr~! and 0.25 mSv.yr~! (Samuel, 2018). In
addition, a study by Myatt et al, on granite countertops
shows a range of 0.005 to 0.18 mSv.yr~!. A possible reason
for dose rate reduction may be attributed to the finishing
of the granite, which may have interfered with the overall
activities (Myatt et al., 2010) (Table 6). The values were
lower compared to those obtained in this study. This was
also the case in a study by Orosun et al., who determined
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dose rate from granite mining fields in Asa, North-Central
Nigeria. The results (ADR = 59 nGy.hr~!; AED = 0.07
mSv.yr—1) were below our study and were below the world
average values (Orosun et al., 2019).

The excessive lifetime cancer risk (ELCR) for the
granite, bitumen and staff residential areas ranged from
(1.0-1.16) x 1073, (0.280.47) x 10~3 and (0.421.02) x 10~3
respectively with the highest in granites. The average
value in the granite (with different sizes) was (1.07) x 1073.
The average ELCR in this study was lower compared to
studies in Korea, Pakistan, Nigeria and India (Kang et al.,
2021; Qureshi et al., 2014; Isinkaye and Emelue, 2015; Jee-
lani et al., 2021) and was higher compared to a study in
Egypt (Abdel Gawad et al., 2022) (Table 7). The geo-
graphical locations of the samples played a major role in
the variation of the data obtained.

The UNSCEAR 2000 report is an average value from
country reports which is on the average of 0.29 x 1073,
The average value from our study was lower compared to
the world average but ELCR from the granite was higher.
The EPA document has graded risk not according to the
world average but according to the hazards it may cause.
Our study was found to be graded as “high” and with
risk of 0.77 x 1073 (1 per 1,300), connoting that remedial
action is required in the site.

Table 7: Comparison of excessive lifetime cancer risk with
other studies.

Study ELCR (x107°)
This study 0.77 x 1073
(UNSCEAR, 2000) 0.29 x 1073
(Kang et al., 2021) 3.21 x 1073
(Qureshi et al., 2014) 3.21 x 1073
(Isinkaye and Emelue, 2015) 3.21 x 1073
(Jeelani et al., 2021) 3.06 x 1073
(Abdel Gawad et al., 2022) 3.35 x 1073

4 Conclusions

A study to estimate BIR, ADR, AED and ELCR have
been carried out in 4 construction processing/dump site
in Aniocha South LGA of Delta State. The average ELCR
from this study was below the world average but showed a
high risk from the environmental protection agency (EPA)
report, suggesting that remedial action be taken in terms
of safety. This study will create awareness and improve
regulatory compliance in the department environment and
mineral resources in Delta State through regular radia-
tion monitoring and awareness programme in construction
dump sites.
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HIGHLIGHTS

e Flux distribution and its effect on the numerical value of the cross-section has been investigated.

e Neutron Powder Diffraction facility of Tehran Research Reactor were considered as a neutron source.

e Background effects on the calculated cross-sections were compared to the results of the EXFOR, data library.

e Foils of gold, indium, and rhodium have been used as the samples irradiated by monochromatic neutron beam.

KEYWORDS

Cross-section

ABSTRACT

Neutron data and cross-sections are highly regarded and are essential for developing
nuclear equipment such as advanced fission and fusion reactors, accelerators, neutron
shielding, physics studies, etc. The neutron cross-section should preferably be measured
using a single-energy neutron beam, although the presence of a background in research
reactors can affect its accurate determination. The Neutron Powder Diffraction (NPD)
facility of Tehran Research Reactor (TRR) has been taken into consideration for measur-
ing the neutron cross-section based on its properties, including neutron monochromator
and multiple collimators. In this work, radiative capture cross-sections of Au, In, and
Rh materials have been calculated using TRR monochromatic beam. MCNPX is a
Monte Carlo particle transport code that has been applied to simulate the measurement
system of the neutron cross-section and calculate the reaction rates. The effect of the
presence and absence of different sections of the background on the cross-section values
was investigated and the results were compared with EXFOR data library for validation.
According to the findings, neutron backgrounds can have varying impacts depending on
fa?cto.rs s'uch as sample material, the is.otope resonance regions, neutron source spatial Revised: 5 August 2022
distribution, and neutron monochromatic energy. However, the presence of fast neutron

background contributes to the most uncertainty in the cross section values while its Accepted: 18 August 2022
removal produces an average discrepancy from experimental libraries of 7.16%. Also, Published: Spring 2023
removing the cold neutron background also causes a relative difference equal to 7.65%.

Neutron activation
TRR
MCNPX

Monochromatic beam

HISTORY
Received: 30 June 2022

1 Introduction most important particularly for neutron absorber materi-
als. These materials reduce exposure to neutron radiation.
They are suitable for applications using neutron emitting

The importance of neutron reaction cross-section data in  gources: nuclear industry, cyclotron, medical accelerator,

the research and development of nuclear technologies is
well known. Neutron cross-sections are the key quantities
required to calculate neutron reactions taking place in re-
actors, shielding, transmutation process, detecting, space
application, etc. (Huang et al., 1998; Rubbia et al., 1995).
In this regard, the thermal neutron cross-section is the
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etc. (Lamarsh et al., 2001). Therefore in recent decades,
preparing evaluated cross-section sets has become a dis-
cipline in itself and has been developing since the early
1960s. Moreover, neutron activation is one of the most
frequently used techniques for neutron cross-section mea-
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surements (El Abd et al., 2017). Neutron activation anal-
ysis (NAA) is a method based on the conversion of stable
nuclei to radioactive ones by neutron capture. The essence
of this method is about the measurement of released ra-
diation from product radioactive nuclei. All of the stable
elements are suitable for such a method but depending on
the employed instrument, the radioactive product’s half-
lives should be considered.

A mono-energetic neutron source is the most suitable
radiation source to measure the accurate value of material
cross-sections. However, the total distribution of a neu-
tron beam can be also applied in special circumstances. In
neutron diffractometry facilities, single crystals are usually
used as monochromators. Nevertheless, the presence of
a radiation background in a monochromatic output beam
requires the use of neutron filters to minimize higher-order
contaminations. Several materials such as quartz (SiOs)
(Harvey et al., 1988), bismuth (Adib and Kilany, 2003),
silicon (Brugger, 1976), lead (Adib et al., 2002), MgO
(Adib et al., 2011), and sapphire (Al;O3) (Adib, 2005)
have been suggested as the most successful filter materi-
als. At high neutron energies, greater than about 1eV, the
total neutron cross-section of each of the above-mentioned
materials is in the range of a few barns. But at lower ther-
mal energies, less than 0.1 eV, where much of the coherent
Bragg scattering is forbidden the effective cross-section for
single-crystal specimens is much reduced. Furthermore,
iron, beryllium, BeO, and graphite are perhaps the most
suitable materials when used as a cold neutron filter (Adib
et al., 2004). Reserchers in the most of the national lab-
oratories and several the commercial reactor designs have
worked on cross-section measurement and many studies
have been carried out by NAA procedure which some of
them are stated in the following:

Celenk et al. (Celenk et al., 1991) measured the to-
tal thermal neutron macroscopic and microscopic cross-
sections of V, Co, Cu, In, Dy and Au by using neutron
self-absorption properties. 99% pure foils of elements with
different thicknesses were utilized. In addition, Pu-Be
was applied as a Maxwellian velocity distribution neu-
tron source. The thermal neutron flux was about 104
n.cm~2.s7! at the irradiation position. All foils of each
element were irradiated with and without cadmium cover
to determine the epithermal portion of the neutron spec-
trum. Areas of interest of gamma-photopeak, which were
determined from the spectra from the foils, were plotted
as foil thickness function. Then, a non-linear least-squares
fitting method was applied and the total thermal neutron
macroscopic and microscopic cross-section of the elements
were obtained. The results were in good agreement with
the compiled results by the libraries (Celenk et al., 1991).

Drozdowicz et al. (Drozdowicz, 1989) measured the
macroscopic effective absorption cross-section of thermal
neutrons in homogeneous and heterogeneous materials.
Czubek’s pulsed neutron method which is independent
of the scattering properties of the sample was used to
measure the absorption cross-section. The silicon sam-
ples in a cylindrical shape were surrounded by a moder-
ator as only thermal neutrons were desired and covered
with a cadmium cover. It has resulted that generally, the
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thermal-neutron absorption cross-section of any heteroge-
neous medium is always lower than a homogeneous one
consisting of the same components. Very good agreement
was observed between theoretical and experimental results
of this work (Drozdowicz, 1989).

A method was developed by Elabd et al. (El Abd et al.,
2017) for measuring both thermal neutron macroscopic
absorption and scattering cross-sections for any sample in
the form of powder or liquid. It is based on a wide beam of
a Pu-Be neutron source and He-3 neutron detector assem-
bly. Also, a semi-empirical model was proposed to fit the
results. The model successfully fitted the results of both
the solid and liquid standard samples (El Abd et al., 2017).
Furthermore, Jacobson et al. (Jacobson, 1988) reviewed
instrumentations and techniques for measuring thermal
neutron capture cross-section in cased wellbores as an im-
portant formation evaluation tool for the petroleum in-
dustry. They discussed historical development, physical
principles, applications, and recent developments in this
field, and the importance of neutron macroscopic cross-
section in log interpretation (Jacobson, 1988).

The behavior of thermal neutrons of 20 materials con-
sisting of 12 elements, 3 alloys, and 5 chemicals was
analyzed by Kobayashi et al. (Kobayashi et al., 1992)
by applying the neutron radiography technique with the
TRIGA-11 100 kW reactor. Scattering components were
estimated and subtracted from the observed neutron in-
tensities measured behind the slabs. A thermal neutron
fluence of 2 x 10° n.cm 2 was provided at the sample posi-
tion. Measured values agreed within +20% with predicted
values (Kobayashi et al., 1992).

Due to the need for high accuracy in the cross-section
measurement, it is recommended that the situation of
the experiment be simulated using Monte Carlo radiation
transport calculations before any practical work. There-
fore, nuclear models and Monte Carlo based codes are
also frequently used to estimate neutron-induced reaction
cross-section in those calculations in which no experimen-
tal data are available besides neutron cross-section mea-
surement (Cierjacks et al., 1994).

Hancerliogullari et al. (Hangerliogullari et al., 2017)
calculated total neutron macroscopic cross-sections based
on transmission by Fluka Monte Carlo code and determin-
ing minerals, Sussexite and Vimsite, based on new shield-
ing materials against fast neutron particles. The results
of this investigation provided new information about the
total macroscopic cross-sections, secondary radiation, neu-
tron flow absorbed doses, and deposited energies by low
energy neutron interaction of fast neutrons through ma-
terials including different amounts of boron and hydrogen
atoms per unit volume. It is reported that all three miner-
als have been identified as a better neutron shield material
than concrete (Hangerliogullari et al., 2017).

The development of new materials in the nuclear in-
dustry and the necessity of their nuclear data sheet prepa-
ration motivates any advanced nuclear center to develop
itself neutron cross-section laboratory. TRR has been
equipped with a monochromatic neutron beam at the D
beam tube which is supposed to be used for measuring the
thermal neutron cross-section. In this work, radiative cap-
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Figure 1: The schematic view of TRR pools and irradiation facilities (Gholamzadeh et al., 2018).

D beam tube

© v

Acidboric

2nd collimator

Figure 2: D beam tube arrangement of NPD facility of TRR (Gholamzadeh et al., 2018).

ture cross-sections of Au, In, and Rh materials have been
calculated using TRR monochromatic beam. MCNPX is
a Monte Carlo particle transport code that has been ap-
plied to simulate the measurement system of the neutron
cross-section and calculate the reaction rates. Under dif-
ferent conditions, geometries and paricle fluxes, MCNPX
will estimate the most possible reaction rate based on its
experimental data stored in the ENDF library. There-
fore, this code is not capable to calculate a microscopic
cross-section of an unknown compound material. The neu-
tron cross-section should preferably be measured using a
single-energy neutron beam, but in the TRR NPD facil-
ity, the presence of neutron backgrounds in the neutron
spectrum is observed. Then, the background effects on
the calculated cross-sections have been compared to the
experimentally measured data obtained from the IAEA-
EXFOR library to evaluate the relative discrepancies and
consequently determine the most useful neutron filtering
of any background section.

2 Materials and Methods

2.1 Description of TRR

TRR is a pool-type light water nuclear reactor in that wa-
ter acts as both coolant and moderator. Its fuel assemblies
contain low-enriched uranium with a 20% concentration of
U-235 in the form of U308Al alloy. The TRR pool con-
tains two sections. One section called stall-end contains
experimental facilities like beam tubes, rabbit system, and
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thermal column. The other section is the open end which
is designed for bulk irradiation studies. Figure 1 shows a
schematic view of the TRR pool and irradiation facilities.
As it is shown there are seven beam tubes called A, B, C,
D, E, F, and G. These beam tubes are composed of an alu-
minum chamber and stainless steel housing (Gholamzadeh
et al., 2018; Dastjerdi et al., 2016).

2.2 Neutron Powder Diffraction Facility of TRR

D beam tube of TRR provides a monochromatic neutron
beam and has been considered a neutron powder diffrac-
tometer (NPD) system. This NPD facility includes equip-
ment such as a first collimator, monochromator, neutron
and gamma shield, second collimator, sample table, third
collimator, and neutron detectors. The first collimator
is a rectangular soller-type collimator made of steel with
dimensions of 7 x 11 x 120 cm®. A rectangular high or-
dered pyrolytic graphite (HOPG) monochromator is lo-
cated along the beamline at the distance of 15 cm from the
first collimator exit. The monochromatic beam enters the
second collimator, which has dimensions of 6 x 10 x 60 cm?3.
Different thicknesses of the iron box, paraffin, boric acid
powder, and lead surrounded the monochromator room
to decrease the neutron and gamma doses. A shutter is
placed at the end of the second collimator, which is closed
when the beam is not required. The neutron wavelength
of the beam can be varied in the range of 0.5 to 3 A by
different angles of placement and rotation of the HOPG
crystal (65°, 75°, 80°, and 85°). Maximum neutron flux
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on the sample table is obtained at 75°. A schematic of
the NPD facility is shown in Fig. 2. In addition, neutron
flux as a function of energy after the PG monochroma-
tor and at the sample position, which is located 120 cm
away from the second collimator is shown in Fig. 3 (Gho-
lamzadeh et al., 2018). The characteristics of this channel
make it suitable for use in cross-section measurement.

1.0x108 T T T T T T T
8.0x107
6.0x107

4.0x107

Neutron flux (n/cm?.s)

2.0x107 A

0.0 0.2 0.4
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Energy (eV)
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Figure 3: The neutron flux versus energy after the PG
monochromator and at the sample position (Gholamzadeh
et al., 2018).
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Borated
polyethyle

Sample
foil

Air

Figure 4: A view of MCNPX simulated geometry and sample
position.
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2.3 Computational approach

Among all of the capture reactions, (n,) reaction is the
most important one for activation analysis. It is widely
used according to its favorable cross-section, radioactive
products with appropriate half-lives, and the ability to
be run with any source of thermal neutrons (Steele and
Meinke, 1962). To calculate the neutron cross-section by
the Monte Carlo method, neutron flux/fluence and the
reaction rate/density are required. Radiative capture mi-
croscopic cross-section of o, ) is obtained by dividing
neutron reaction rate (RR, ) by neutron total flux (®)
and atomic density of the isotope (V) which is given by
Eq. (1) (Pelowitz et al., 2011):

RR,, ~
ON

Ony = (1)

Partial cross-sections of isotopes have been measured
during recent decades by experimental methods in numer-
ous facilities. By using these experimental data stored in
ENDF libraries, as well as information about neutron flux,
MCNPX is capable to estimate the desired reaction rate.
It should be noted that the MCNPX code cannot calculate
the microscopic cross-section directly and this method is
unusable for unknown isotopes without any data in the
MCNPX library. In this study, different states of the neu-
tron flux after the second collimator of TRR is considered
as neutron source.

The MCNPX is a general-purpose Monte Carlo par-
ticle transport code that began in 1994 as an extension
of MCNP4B and LAHET 2.8 in support of the accelera-
tor production of tritium project (APT) (Pelowitz et al.,
2011). The work envisioned a formal extension of MCNP
to all particles and all energies; improvement of physics
simulation models; extension of the neutron, proton, and
photonuclear libraries to 150 MeV; and the formulation of
new variance-reduction and data-analysis techniques. The
program also included crosssection measurements, bench-
mark experiments, deterministic code development, and
improvements in transmutation code and library tools
through the CINDER90 project (Pelowitz et al., 2011,
2005).

The simulated geometry including the sample position
at 3 cm away from the end of the D beam tube is shown
in Fig. 4. This is a hollow cylinder with depicted di-
mensions and the sample foil (1 x 1 x 0.001 cm) is just
located in front of a 5% borated-polyethylene as a sample
holder. Here, indium (In), gold (Au), and rhodium (Rh)
have been selected as the sample foils.

The track length estimator tally (F4) has been used
to obtain neutron fluence. Due to the limitation in the
optical physics of MCNPX, this is not able to consider
monochromator crystal properties in the neutron spec-
tra. Therefore, the monochromatic peaks have been added
manually. The properties of these monochromatic peaks
including their FWHM were calculated before using the
Vitess code (Gholamzadeh et al., 2018).

The final obtained spectra were introduced as an in-
put source for the microscopic cross-section calculation.
Moreover, the tally multiplier (FM card) has been used to
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Figure 5: (n,~) cross-section of three elements of Rh, In, and, Au by specifying monochromatic energy interval of TRR NPD
facility and upstream and downstream energy ranges (ENDF, 2021).

compute the different neutron reaction rates as Eq. (2)
(Pelowitz et al., 2005):

(2)

where o;(F) is the microscopic cross-section of reaction,
®(F) is the neutron flux as a function of energy, and C' is
the normalized coefficient which may be as atomic density
[atoms.b~l.em™!]. On this occasion, the reaction cross-
sections are microscopic with units of barns. Assuming C
as constant “1” results in a microscopic cross-section in
which the number “-1” specifies a macroscopic scale. The
number of histories has been considered so that statistical
uncertainty is less than 1%.

As illustrated, the neutron cross-section should prefer-
ably be measured using a single-energy neutron beam, but
in the TRR NPD facility, the presence of neutron back-
grounds in the neutron spectrum is observed. The full
spectrum contains a monochromatic peak depending on
PG crystal orientation and the energies of 0.331 eV, 0.083
eV, 0.036 eV, 0.020 eV, and 0.013 eV have been considered
in this regard. In addition, the effects of removing fast and
cold neutron backgrounds on the enhancement of neutron
cross-section calculation using the monochromatic beam
have been investigated. These two other supposed condi-
tions are the upstream spectrum which removes before the
mono-energetic peak and the downstream spectrum which
removes after the mono-energetic peak from the full spec-
trum. Of course, these conditions and the elimination of
such species from parts of the spectrum are exaggerated
and far from the experimental reality, but in this work, a
general estimate has been made to determine the appro-
priate type of filtration. In this case, a suitable filter can

Rm:c/ymmme
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be designed to measure the cross-section more accurately
and in detail in the future.

The neutron capture cross-sections of (n,7), corre-
sponding to the three sample materials (In, Au, Rh), are
shown in Fig. 5. The cross-section values have been ex-
tracted from the nuclear data library of ENDF/BVIII
(ENDF, 2021). As seen, the monochromatic intervals
(which are possible using the NPD system of TRR) have
been depicted in blue color related to the neutron energy
range of 0.020 to 0.331 eV. In addition, the upstream and
downstream ranges have been shown by yellow and green
color regions.

The results of (n,~y) microscopic cross-section calcu-
lation for the Au-197 sample which was irradiated by
monochromatic neutron beams with a peak at 0.331,
0.083, 0.036, 0.020, and 0.013 eV are given in Tables 1
to 5, respectively. All the results are compared with the
EXFOR -Experimental Nuclear Reaction Data- library,
which contains an extensive compilation of experimental
nuclear reaction data around the world. According to Ta-
ble 1, the upstream spectrum with a relative difference of
13.07% in comparing the EXFOR data is the most ap-
propriate spectrum to utilize, for which a cold neutron
background should be removed. The result of employing
the downstream region of the spectrum yielded 22.16%.
Even though this error is higher than that of the upstream
part, it is still preferable than employing the entire spec-
trum with an error of 26.43%. According to Figs. 5 and
6, the presence of a wide peak in the cold region of the
spectrum, as well as a high neutron cross-section in this
energy region can be a justification for the negative effect
of the cold part of the spectrum on values.
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Figure 6: a) full neutron energy spectrum, b) downstream of
mono-peak, ¢) upstream of mono-peak with the energy of 0.331
eV, at end of the D beam tube after the second collimator.

3 Results and Discussion

Figure 6 shows the neutron energy spectrum at the end of
the D-beam tube after the second collimator which is ob-
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tained from previous studies (Gholamzadeh et al., 2018).
The orientation of the PG crystal has been chosen so that
its mono-energetic peak is at 0.331 eV. Moreover, the spec-
tra with upstream and downstream sections of mono-peak
are depicted. There is a monochromatic peak with a sub-
stantially higher flux than the background spectrum at the
energy chosen by the crystal. However, there may be dis-
turbances in the monochromatic spectrum’s performance
due to the existence of the backgrounds in the different
range of energies.

Table 2 also reports the removal of cold neutrons use-
ful for measuring neutron cross-section at the energy of
0.083 eV with a relative discrepancy of 1.43%. However,
unlike the energy of 0.331 eV, using the downstream sec-
tion (8.40%) rather than the entire spectrum (6.34%) is
not recommended in this energy. These findings suggest
that filtering contaminants do not always assist in bringing
results closer to libraries.

On the other hand, the results for neutron beams
with a monochromatic peak at 0.036, 0.020, and 0.013 eV
demonstrate the lowest relative difference in comparing
the downstream spectrum and the EXFOR data, which
are equal to 3.15%, 0.73%, and 1.37% respectively. How-
ever, the use of the full spectrum is more likely for the
monochromatic peak at 0.036 which denotes the favor-
able impact of background presence on the cross section’s
values. Indeed, it behaves in such a way that the neutron
spectrum section before and after the mono-energetic peak
neutralizes each other in the reaction rate. Additionally,
using the upstream spectrum is not recommended due to
the greater relative difference than the full energy spec-
trum in the mentioned cases.

The calculated neutron radiative capture cross-
sections for natural indium including two isotopes of In-
115 and In-113 by several spectra with mono-peak at 0.331
eV are summarized in Table 6. Here, the upstream spec-
trum has the lowest relative difference of 5.69% in com-
paring the EXFOR data. Therefore, removing of cold neu-
tron background is suggested for this purpose which is the
same as the gold sample at the monochromatic peak of
0.331 eV.

Investigation of the appropriate spectrum for calcu-
lating the microscopic neutron radiative capture cross-
section of rhodium (Rh-103) shows the different results
which are given in Table 7. According to the results, the
upstream spectrum has a lower relative difference in com-
paring the EXFOR data which means cold filters are ben-
eficial. also, the full spectrum itself seems to be better
than the downstream section.

The calculated cross-sections for °7Au(n,v)!%8Au in
this study are compared to other experimental data from
around the world in Fig. 7. According to this graph, in the
case of utilizing the full output neutron spectrum of chan-
nel D of the TRR to measure the cross-section, the data
will have a significant relative discrepancy in some ener-
gies compared to other values throughout the world. Self-
absorption, scattering, characteristics of neutron spectrum
and its flux, and other factors can account for the differ-
ences in this comparison. At energies of 0.013, 0.020, and
0.331 eV the discrepancy in results is more obvious than at
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Table 1: The calculation of microscopic cross-section for Au-197 sample by monochromatic neutron beam with the peak at 0.331

eV.

Neutron beam Fluence at sample (n,~) reaction dfansity Microscopic EXFOR Relative difference
(em™2) (atoms.cm™?) cross-section (b) library (b)  with EXFOR (%)
Mono-energetic 8.62 x 107 2.82 32.8 6.74
Full spectrum 8.66 x 1072 3.36 38.8 26.43
Upstream of mono-peak 8.65 x 1072 3.00 34.7 30.7 13.07
Downstream of mono-peak 8.62 x 1072 3.23 37.5 22.16

Table 2: The calculation of microscopic cross-section for Au-197 sample by monochromatic neutron beam with the peak at 0.083

eV.

Neutron beam Fluence at sample  (n,~) reaction density Microscopic EXFOR Relative difference
(cm™2) (atoms.cm™?) cross-section (b) library (b)  with EXFOR (%)
Mono-energetic 8.66 x 10~ 4.96 57.26 2.99
Full spectrum 8.69 x 1072 5.14 59.13 55.6 6.34
Upstream of mono-peak 8.69 x 1072 4.90 56.39 ' 1.43
Downstream of mono-peak 8.66 x 1072 5.22 60.27 8.40

Table 3: The calculation of microscopic cross-section for Au-197 sample by monochromatic neutron beam with the peak at 0.036

eV.

Neutron beam Fluence at sample (n,~) reaction density Microscopic EXFOR Relative difference
(em™2) (atoms.cm™?) cross-section (b) library (b)  with EXFOR (%)
Mono-energetic 8.72x 1077 7.27 83.39 0.72
Full spectrum 8.74 x 1072 7.04 80.57 S8 2.69
Upstream of mono-peak 8.74 x 1072 6.94 79.44 ' 4.06
Downstream of mono-peak 8.72 x 1072 7.45 85.41 3.15

Table 4: The calculation of microscopic cross-section for Au-197 sample by monochromatic neutron beam with the peak at 0.020

eV.

Neutron beam Fluence at sample (n,~) reaction density Microscopic EXFOR Relative difference
(cm™2) (atoms.cm™?) cross-section (b) library (b)  with EXFOR (%)
Mono-energetic 8.78 x 107 9.65 109.94 0.86
Full spectrum 8.80 x 1072 9.01 102.43 1109 7.64
Upstream of mono-peak 8.80 x 1072 8.96 101.82 ’ 8.19
Downstream of mono-peak 8.78 x 1072 9.81 111.71 0.73

Table 5: The calculation of microscopic cross-section for Au-197 sample by monochromatic neutron beam with the peak at 0.013

eV.

Neutron beam Fluence at sample (n,~) reaction density Microscopic EXFOR Relative difference
(cm™2) (atoms.cm™?) cross-section (b) library (b)  with EXFOR (%)
Mono-energetic 8.82x 107 11.78 133.45 2.66
Full spectrum 8.84 x 1072 10.74 121.57 1371 11.33
Upstream of mono-peak 8.83 x 1072 10.72 121.30 ’ 11.53
Downstream of mono-peak 8.83 x 1072 11.94 135.22 1.37

Table 6: The calculation of microscopic cross-section for natural In by monochromatic neutron beam with the peak at 0.331 eV.

Neutron beam Fluence at sample (n,~y) reaction density Microscopic EXFOR Relative difference
(cm™2) (atoms.cm™?) cross-section (b) library (b)  with EXFOR (%)
Mono-energetic 8.61 x 1072 7.67 89.19 3.36
Full spectrum 8.64 x 1072 8.34 96.51 $6.29 11.85
Upstream of mono-peak 8.64 x 1072 7.88 91.20 ’ 5.69
Downstream of mono-peak 8.61 x 1072 8.27 96.02 11.28
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Table 7: The calculation of microscopic cross-section for Rh-103 sample by monochromatic neutron beam with the peak at 0.331
eV.

Neutron beam Fluence at sample (n,~) reaction density Microscopic EXFOR Relative difference
(cm™2) (atoms.cm™?) cross-section (b) library (b)  with EXFOR (%)
Mono-energetic 8.60 x 107 6.20 72.12 6.30
Full spectrum 8.64 x 1072 6.29 72.81 67 85 7.31
Upstream of mono-peak 8.63 x 1072 5.91 68.50 ’ 0.96
Downstream of mono-peak 8.60 x 1072 6.59 76.63 12.95
other energies, and there is a significant gap between data 200 T T T T
from this work and the experimental library. Therefore, 180—- ‘ ® S.YAMAMOTO etel 19%| |
different parts of the full neutron spectrum were used as ] wibe e L
sources so that it may be possible to measure more accu- 160 + Ra e 7
rate cross-section values by determining neutron filtration e - - - JENDL
in the NPD facility. =) 0 Ths sork
The cross-sections derived using the downstream spec- é 120 4 T
trum (removing fast neutron background) are given in Fig. § 100 4
8 compared to EXFOR data. We can notice the good in- » ] |
fluence of removing fast neutron background on the data 8 80
findings by comparing this graph to Fig. 8. However, the 60
data will still be far from the desired outcomes at higher ] N
energies, which removing sold background in this region 40 4
is recommended. 20_-

T T T
0.00 0.05 010 0.15 020 025 030 0.35 04

4 Conclusions Neutron Energy (eV)

The neutron cross-section has been constantly studied to Figure 7: The comparison of 7 Au(n,7)'?®Au cross-section
advance neutron research and applications. The develop- calculated by full neutron spectrum of channel D of the TRR
ment of radiation centers is significantly influenced by the with other experimental data in the world.

precision of a material’s neutron cross-section. In addi-

tion, the computational procedures provide us to evalu-

ate a nuclear facility as completely safe without high-cost 200 ' ' ' '
expenses on such systems’ manufacturing before their op- 2 ] alsnlac s b
timization. NPD facility of the TRR is equipped with ; V.A Konks 1963
PG monochromator, suitable for measuring neutron cross- Ll [ 52‘;;’?; R ]
section. The output neutron spectrum of this beam —_1 40_- -+ JENDL

. . I o] * This work
has a variety of neutron backgrounds in addition to the = i
monochromatic peak. In this work, the impact of differ- S 1204
ent region of the neutron background being either present § 100_'
or absent on the (n,y) cross sections of materials has been ) ] )
examined and also the weight of such backgrounds in the 8 80+
measurement precision has been evaluated. MCNPX, a 604
Monte Carlo-based code has been used to simulate the ] i
TRR cross-section measurement system and to calculate 40 +
the (n,) reaction rates of Au, In, and Rh sample mate- 20_'
rials. This code provides reaction rates using the stored T . . T . . T . .
cross-sections of the code libraries and it cannot determine 0.00 005 010 015 020 025 030 035 040
the cross-section on its own. These reaction rates could Neutron Energy (eV)

differ proportionally to the system’s circumstances and
characteristics, including geometry, neutron flux, etc. Ac-
cording to the results, the impact of neutron background
for determining the (n,~y) cross-section of different iso-

Figure 8: The comparison of *7Au(n,~)'*® Au cross-section
calculated downstream of mono-energetic neutron beam from
channel D of the TRR with other experimental data in the

topes might vary. However, removing fast neutron back- world.

ground is often recommended which results in a mean rel-

ative difference of 7.16% in comparing EXFOR. data for For this reason, it can be examined in the upcoming
Au sample only. Removing the cold neutron background works using simulation codes to design and provide an ap-
from the spectrum is also useful in providing differences propriate neutron filter more accurately for the NPD fa-
of less than 15% and is preferable in some cases, while the cility to measure the thermal neutron cross-section. Sap-
average difference for Au samples in all energies is 7.65%. phire fast neutron filter due to the references has lots of
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the desired characters to be taken under consideration for
NPD facility.

Consequently, it is recommended that the neutron
cross-section be simulated and compared to single-energy
before any measurement for each material. It causes to
guide the system operator to determine which neutron fil-
ter may be required to enhance the measurement accuracy
in the presence of the neutron backgrounds. The results of
this study will be employed in the future for both bench-
marking experimental data and designing a crystal filter to
optimize the neutron spectrum of the TRR NPD facility
for the cross-section measurement.
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HIGHLIGHTS

e Validation of the I-125 (model 6711) seed according to the TG-43U1 recommendation by GEANTA4.
e Simulation of new seeds containing Ag-+AlyO3 markers with different ratio of Ag and Al;Os.
e Similarity between calculated dosimetric parameters of the I-125 seed (6711) and the new sources.

ABSTRACT

Low energy I-125- seeds are considered as a common source in different brachytherapy
techniques for treatment of different cancers. In this study, at first, we simulated
and validated 1-125 (model 6711) seed according to the TG-43U1 recommendation, by
GEANT4 Monte Carlo toolkit. Moreover, we simulated new seeds containing cylindrical
Ag+Aly0O3 markers with different ratio of Ag and Al,Ogs in the final composition of
the marker and compared the radial dose functions and anisotropy functions of the
sources. For validation and evaluation purposes, the radial dose function and anisotropy
function were calculated at various distances from the center of the different simulated
sources. The source validation results show that GEANT4 Monte Carlo toolkit produces
accurate results for dosimetric parameters of the I-125 seed by choosing the appropriate
physics list. On the other hand, results show a similarity between calculated dosimetric
parameters of the I-125 seed (6711) and other sources, with a percentage difference of
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1 Introduction

Brachytherapy is a type of internal radiation therapy,
in which an encapsulated radiation source is positioned
within or close to a region inside the patient’s body to
maximize doses to cancer cells while minimizing damage
to normal tissues (Russell and Blasko, 1993). Although
in some cases beta emitters are used in this method (Ra-
jabi and Taherparvar, 2019), the low-energy photon emit-
ting radioisotopes such as [-125, Pd-103, and Cs-131 are
widely used in brachytherapy for treatment of different
cancer, such as prostate cancer, eye malignant tumors,
cervix cancers, and malignant brain tumors (Rajabi and
Taherparvar, 2019; Ghiassi-Nejad et al., 2001; Taherpar-
var and Fardi, 2022, 2021). 1-125 is the most commonly
used form of local treatment brachytherapy with a half-
life of 59.431 days. It decays by electron capture to

*Corresponding author: p.taherparvar@guilan.ac.ir
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the excited state of Te-125 (Ghiassi-Nejad et al., 2001).
According to the American Association of Physicists in
Medicine (AAPM), determination of dosimetric parame-
ters of brachytherapy sources is essential. These dosimet-
ric parameters consist of dose rate constant (A), radial
dose function (g(r)), anisotropy function (F(r,#)). Today,
different Monte Carlo simulation codes, such as GEANT4,
MCNP, GATE, FLUKA, etc., have been used for deter-
mination of dosimetric parameters of the brachytherapy
sources. In this study, we simulated 1-125 seed model
6711 by GEANT4 Monte Carlo toolkit. The sources have
been validated by comparing our simulation results with
with available data in the literatures, according to TG-
43U1 protocol (Meigooni, 1995). In the I-125 seed models,
the materials and geometry of the active core varies from
company to company. Since Ag+Al;O3 rod is a good car-
rier for an Iodine radioisotope and the distribution of the
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Figure 1: 1-125 seed in GEANT4 (a), the geometry conventions for dose rate calculations (b), r: denotes the distance in cen-
timeters from the center of the source, 61 (62): denotes the polar angle between the point of interest and the beginning (end) of

the source.

Figure 2: Geometric system used to calculate g(r) (a) and F'(r,0) (b) in the GEANTA4.

source on it is relatively uniform, the Ag+Al,O3 has been
suggested as a good compound for seed marker (Babahei-
dari and Shamsaee, 2014). Hereby, in this study by valida-
tion of the I-125 (model 6711) seed according to the TG-
43U1 recommendation by GEANT4 toolkit, we evaluate
the effect of Ag+Al;O3 markers on the dosimetric param-
eters of the new source. Furthermore, effect of different
ratio of Ag and Al;O3 in the composition of the marker
material were evaluated by calculation of the radial dose
functions and anisotropy functions of the sources.

2 Materials and Methods

2.1 Source characteristics

At first, we simulated I-125 (model 6711) seed (named
Seed 1), as shown in Fig. 1. The seed consists of a sil-
ver cylindrical marker with 0.025 cm radius and 3.2 mm
length. I-125 radioisotope is uniformly deposited on the
silver marker with the 1 m thickness. The marker is en-
capsulated within a titanium tube of 0.47 cm in length,
0.08 cm diameter, 0.006 cm thickness on top and bottom,
and 0.4 mm radius at both semispherical ends. The space
between the titanium and marker was filled with air. In
separate simulations, Ag was replaced with Ag+ Al;Os
markers with different percentages consist of: 15%Ag +
85% AlO3 (Seed 2), 25%Ag + 75% AlyO3 (Seed 3), and
35%Ag + 65% Al;O3 (Seed 4). All simulations with the-
ses seeds were repeated and results were compared. Sim-
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ulations were performed by using GEANT4 Monte Carlo
toolkit to determine the dosimetric parameters of the seeds
in the center of a water phantom. The photon energy
spectrum used in the simulations for all seeds are shown
in Table 1 (according to TG-43U1 protocol). The radial
dose functions and anisotropy functions were calculated by
calculation of dose deposition in the specific scoring rings,
according to the TG-43U1, as shown in Fig. 2 (Ghiassi-
Nejad et al., 2001).

Table 1: Photon spectrum of I-125 (Taherparvar and Fardi,
2021).

Energy (keV) Intensity
3.77000 0.150
27.2017 0.397
27.4723 0.741
31.0000 0.257
35.4919 0.067

2.2 Dosimetric parameters

According to the AAMP recommendations (Fardi and
Taherparvar, 2019), the dose-rate at point (r,6) (as can
be seen in Fig. 1-b) could be acquired as follows:

G1 (7’, 9)

Dr,0) = Sp. A L0
(r,) ¥ G1(ro,60)

G1(r).F(r,0) (1)
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Figure 3: Comparison of the radial dose function obtained by GEANT4 simulation results for I-125 with Ag and different
combinations of Ag+Al2O3 with different percentages markers and other experimental and theoretical results.

where D(r, ) is the dose rate at the distance r (cm) from
the capsule center, 6 is the polar angle defining the P
point, Sy is the air-kerma strength, A is the dose rate
constant, G(r,0) and G(rg,6p) are the geometry factors
around the source and reference point, respectively. The
dose rate constant (A) is equal to the dose rate at the ref-

erence point (ro = 1 cm, 6

5) divided by source air

kerma strength.

D(To, 90)
Sk
To calculate the radial dose function, g(r), rings with

0.4 mm thicknesses were located at 0.1 to 10 cm distance

from the source along its transverse axis. Then, g(r) was
calculated as follows:

A= 2)

= D(r,00) G(ro,00)
g( ) D(To,eo) G(T,eo)

(3)

The geometric systems used to calculate g(r) are shown
in Fig. 2-a. The anisotropy function of 1-125 source was
calculated (according to Eq. (4)) at distances of 0.5 ,1 and
5 cm from the source center using rings with 0.4 mm thick-
nesses at different angles. The geometric systems used to
calculate F'(r,0) are shown in Fig. 2-b.

D(r,0)G(r,00)

Fr,8) = D(r,00) G(r,0)

(4)

2.3 Monte Carlo simulation

Simulations were performed using GEANT4 version 10.5,
Monte Carlo toolkit to determine the dosimetric param-
eters of seeds 1 to 4 in a 20 cm radius spherical water
phantom according to the recommendation of the AAPM.
GEANT4 (derived from Geometry and Tracking) is writ-
ten in the C++ programming language with extensive li-
braries, which contain a differential cross-section of dif-
ferent particles in different areas in the energy range of
several eV to PeV.
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At first, I-125 (model 6711) seed (Seed 1) was located
in the center of the phantom and radial dose function and
2D anisotropy function were calculated. According to TG-
43 (U1) recommendations, reference dosimetry media was
considered degassed water with a mass density of 0.998
g.cm™2. On the other hand, since Ag+Al,O3 rod is a
good carrier for an Iodine radioisotope and the distribu-
tion of the source on it is relatively uniform, the effects of
the marker materials consist of different percentages dif-
ferent combinations of Ag and Al;O3 (with different ratio
of Ag 15%, 25%, and 35%) on the radial dose function and
2D anisotropy function were investigated in this study.

We used G4PSEnergyDeposit and G4PSDoseDeposit
classes, which are the standard classes in GEANT4 to 1I-
cluclac energy and dose deposition in the predefined rings.
The G4EmStandardPhysics_option3 was used to simulate
different physical processes such as elastic scattering, ion-
ization, electronic excitation, and Ina vibrational excita-
tion for photons without using any reduction techniques.
The number of primary particles included 5 x 10% and the
mean statistical uncertainty for the dose calculations were
about 2%.

3 Results and Discussion

3.1 Radial dose function

Values of the radial dose function for source in the water
phantom for four simulated seeds, which were calculated
for distances from 0.1 to 10 cm from the source center,
are indicated in Fig. 3 and Table 2. These results. The
comparison between the theoretical and experimental ra-
dial dose function show that the mean difference between
Seedl and those of Fardi et al. (Taherparvar and Fardi,
2021), Rodrguez (Rodriguez et al., 2005), Rivard et al.
(Rivard et al., 2004), Rivard (Rivard, 2009), and Eslami et
al. (by MCNP) (Babaheidari and Shamsaee, 2014) were
about 4%, 3%, 4.6%, 5.8%, and 5%, respectively, which
show a good agreement. On the other hand, the mean
difference between Seed2, Seed3, and Seed4 results and
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Table 2: Radial dose function of 1-125 seed sources obtained from different study.

di":‘i;fe Rgsil{ts GATE  (Rodriguez et al., 2005)  (Rivard et al., 2004)  (Rivard, 2009) Rgsﬁts MCNP Rezos?llits Rgsﬁts
(cm) (Seed 1) (Ag) (Ag) (Ag) (Ag) (Seed2) (Ag+AlaO3) (Seed3)  (Seed4)
0.1 1.080 1.136 1.1278 1.055 1.036 1.033 1.046 1.054 1.061
0.15 1.092 1.152 - 1.078 1.057 1.055 1.065 1.078 1.085
0.25 1.095 1.145 § 1.082 1.074 1.076 1.075 1.092 1.1
0.5 1.073 1.092 1.096 1.071 1.066 1.073 1.061 1.076 1.081
0.75 1.036  1.041 1.0575 1.042 - 1.036 1.035 1.038 1.04
1 1 1 1 1 1 1 1 1 1
15 0.892 0.892 0.8923 0.908 0.913 0.90 . 0.91 0.912
2 0.813 0.794 0.7862 0.814 0.82 0.810 0.837 0.81 0.813
3 0.613 0.594 0.5899 0.632 0.643 0.614 0.666 0.622 0.623
4 0.473 0.456 0.4443 0.496 0.491 0.467 0.516 0.461 0.458
5 0.340 0.355 0.3224 0.364 0.37 0.337 0.39 0.341 0.338
6 0.250 0.267 0.2443 0.27 0.276 0.248 0.295 0.252 0.25
7 0.179 0.191 0.1792 0.199 0.205 0.178 0.22 0.189 0.19
8 0.134 0.143 0.1244 0.149 0.151 0.129 0.164 0.131 0.128
9 0.097 0.108 0.0937 0.109 0.111 0.097 0.121 0.095 0.097
10 0.071 0.079 0.0702 0.083 0.082 0.071 0.089 0.067 0.069
Table 3: Anisotropy function calculated for the 1-125 seed for 0.5 cm, 1 ¢cm, and 5 cm.
Angle (0) 5 10 15 20 30 40 50 60 70 80
F(0.5,0); GATE (Ag) 0.353 0.438 0.557 0.658 0.838 0.945 1.007 1.027 1.039 0.998
F(0.5,0); GEANT (Seedl) 0.366 0.448 0.571 0.689 0.846 0.959 1.014 1.026 1.038  0.994
F(0.5,0); GEANT (Seed2) 0.352 0.420 0.527 0.633 0.794 0.896 0.958 0.983 1.006 0.992
F(0.5,0); GEANT (Seed3) 0.348 0.425 0.538 0.651 0.816 0.919 0.973 0.999 1.02 1.002
F(0.5,0); GEANT (Seed4) 0.349 0.427 0.54 0.66 0.828 0.927 0.978 1.003 1.02 1.018
F(1,0); GATE (Ag) 0.478 0.502 0.611 0.689 0.825 0.919 0.985 1.004 1.022 1.023
F(1,0); GEANT (Seedl) 0.451 0.534 0.632 0.721 0.837 0.931 0.992 1.025 1.040 1.0251
F(1,0); GEANT (Seed2) 0.425 0.495 0.582 0.657 0.786 0.885 0.945 0.985 1.012 1.011
F(1,0); GEANT (Seed3) 0.449 0.501 0.594 0.679 0.802 0.895 0.957 0.99 1.019 1.035
F(1,0); GEANT (Seed4) 0.453 0.501 0.605 0.634 0.814 0.904 0.967 0.997 1.018 1.033
F(5,0); GATE (Ag) 0.684 0.720 0.756 0.823 0.841 0.905 0.962 0.948 0.998 0.952
F(5,0); GEANT (Seedl) 0.593 0.664 0.761 0.821 0.870 0.953 1.022 1.002 1.027 0.979
F(5,0); GEANT (Seed2) 0.535 0.643 0.712 0.760 0.837 0.914 0.981 1.004 1.033 0.986
F(5,0); GEANT (Seed3) 0.620 0.626 0.703 0.789 0.827 0.928 0.948 1.014 1.020 0.973
F(5,0); GEANT (Seed4) 0.63 0.646 0.706 0.797 0.842 0.934 0.957 1.008 1.005 0.986

1-125 seed (Seedl) were about 1.2%, 1.7%, and 4.9%, re-
spectively.

3.2 Anisotropy function

The anisotropy function of the seeds were calculated at
distances of 0.5, 1, and 5 cm from the source center using
rings with 0.4 mm thicknesses at different angles relative
to the source axis (Fig. 2-b). Table 3 shows the calculated
anisotropy function values at different radial distances for
angles between 5° and 80°, respectively. Also, a compari-
son of the anisotropy function of the four simulated sources
and Fardi et al. (Taherparvar and Fardi, 2021) results are
shown in Fig. 4, at radial distances of 0.5 cm (Fig. 4-a), 1
cm (Fig. 4-b), and 5 cm (Fig. 4-c). The mean difference
between GEANT4 results and those of GATE for 1-125
seed (6711) is about 1.7%, 2.7%, and 4.8% at radial dis-
tances of 0.5 ¢cm, 1 cm, and 5 cm distance, respectively.
A comparison of the calculation with the obtained results
shows a good agreement between our simulation results
and other report.

Furthermore, the average difference between results of
the anisotropy function of the I-125 seed with Ag marker

22

and I-125 seed with 15%Ag+85%Al;O3 marker (Seed2) in
our simulation is about 5.2%, 5.3%, and 3.9% at 0.5 cm, 1
cm, and 5 cm distances, respectively. The mean difference
between Seed2 and Seedl is about 1.8%, 1.9% and 3.5%
at radial distances of 0.5 cm, lecm, and 5 cm distance, re-
spectively. In addition to, the mean difference between
Seed3 and Seedl is about 2.3%, 2.8% and 3.3% at radial
distances of 0.5 cm, 1 cm, and 5 cm distance, respectively.

4 Discussion and conclusion

Dosimetric parameters of the I-125 (model 6711)
brachytherapy source have been investigated according to
the TG-43U1 recommendation by using GEANT4 toolkit.
Our results along with a comparison with other commer-
cial source models show good consistency between simu-
lated I-125 source (model 6711) results and other simula-
tion results of seed’s dosimetric parameters in the litera-
ture. It is noted that a little more differences between our
simulation results and reported experimental data could
be due to the experimental errors in the measurements,
imprecision of dosimeter positioning during the experi-
ment, and uncertainty sources in a measurement proce-
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Figure 4: Anisotropy function obtained by GEANT4 results and other results for 0.5 cm (a), 1 cm (b), and 5 cm (c).

dure. Furthermore, since Ag+Al;O3 rod has been re-
cently introduced as a good carrier for Iodine radioiso-
tope with relatively uniform distribution, we evaluated ef-
fect of the Ag+Al;Os on the dosimetric parameters of
new Iodine seed. In addition to, we assess effect of dif-
ferent ratio of Ag and Al;O3 in the final composition of
the marker on the radial dose functions and anisotropy
functions of the seeds. Our results show the similarity
between model 6711 and simulated new seeds containing
cylindrical Ag+Al;O3 markers in the same protocol. So
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that, results indicate mean difference of less than 5% in
calculating the radial dose function and less than 6% in
estimating the anisotropy functions.
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HIGHLIGHTS

e Sapphire crystal has noticeable impact on the dose rates around a neutron beam line shield.
e Simulation methods are vital to investigate the dose rates behavior without practical high costs.
e Benchmark studies are very important procedures to evaluate the simulation accuracy degree.

ABSTRACT

Simulation work provides valuable information on the behavior of different research
reactor neutron analysis facilities. The present study considered neutron and secondary-
gamma dose rate variations by applying a sapphire crystal inside the D channel in
Tehran Research Reactor (TRR). The MCNPX computational code was used to model
the channel and its designed shield. Neutron and gamma dose rates distributions
were calculated with a sapphire crystal modeling to investigate the neutron diffraction
facility hall dose rates. The data from the dose rate simulations were compared with
the experimental data available at a power of 4.2 MW from the research reactor. The
comparison showed that there is very good conformity between two data series. The
simulated neutron dose rate in front of the main shield overestimated the measurement
data by 57% in closed-shutter situation and underestimated the measured data by 32%
in open-shutter measurement situation. The investigation has shown that adjusting the
crystal size to the channel size is considerably effective, especially at high leakage positions.
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1 Introduction

Newly crystalline materials (mainly single crystals) are ef-
fectively used to filter fast neutrons emerging from the
neutron beam lines of the research reactors. These crys-
tals decrease noticeably the backgrounds at the sample
table of the neutron analysis experiments.

Perfect single crystals can be used as filters to produce
a thermal-neutron beam almost free of fast neutron back-
ground. The filter material must have a wavelength de-
pendent cross-section in such a way that is low for thermal
but strongly increasing at epithermal and high energies.
The selection of the filter material and its dimensions are
critical parameters affecting the performance of a neutron
diffusion instrument (Stamatelatos and Messoloras, 2000).

Several materials such as quartz (SiOs3), bismuth, sil-
icon, germanium, lead and sapphire (AlyO3) have been

*Corresponding author: zgholamzadeh@aeoi.org.ir
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25

suggested as the most successful neutron filters. Of the
crystals mentioned, only one Al;Oj3 sapphire crystal was
found to be the most efficient fast neutron filter and was
incorporated into many neutron instruments (Stamate-
latos and Messoloras, 2000). Until now, no database con-
taining thermal cross sections of the most used crystals,
such as sapphire is available (Zahar et al., 2016).

The overall cross section oy, is a superposition of sev-
eral contributions: (a) absorption, o,, proportional to
neutron wavelength, (b) inelastic, ginel, and (c) elastic or
Bragg scattering, e, which depends on neutron wave-
length, crystal orientation and crystal perfection. Item
(b) depends on crystal temperature (phonon population),
where coherent Bragg scattering can be disallowed by us-
ing a particular crystal orientation (Zahar et al., 2016):

Oth = Oa + Cinel + Oela (1)
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Figure 1: Sapphire total neutron cross-section at room and liquid N2 temperatures (Adib and Kilany, 2003).

The first contribution, o, for sapphire is simply propor-
tional to the neutron wavelength A and energy in the range
(107% < E < 10) eV. Thus, o, can be written as (Adib
and Kilany, 2003):

Oy — ClE77 (2)
where (7 is a constant which can be calculated from values
provided by V.F. Sears (Adib and Kilany, 2003).

The second term of Eq. (1) is called thermal diffuse

scattering (TLD) or inelastic scattering that is given by
(Adib and Kilany, 2003):

OTLD = (1_1_714)2 Opat (1 — =W 2E)
9% Obat
(Ch + gﬁAa R) forz <6 (3)
+FE2 :
05 Obat 7
(Cy + gGA 33x72) forx>6

where e~ is the Debye-Waller factor, C5 is a constant
which is dependent on the scattering material and given
by Cy = 4.27exp(A/61), X = 0p/T (T is the sample
temperature), opat is the sum of coherent and incoherent
scattering cross-sections of the bound atom), A in case of
compounds is the average atomic mass number, and the
series R is given by

k= Zn' (n+3

with B,, that is the Bernoulli numbers.

The optimum filter thickness, the crystal orientation
and the temperature give the maximum efficiency of such
filter. One can also use the quality factor R, defined by the
ratio of the total cross section at thermal energies, oy, to

(4)
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the total cross section at high energies, ofee (Zahar et al.,
2016):

Oth
R =

(5)

In the case of mono-crystalline material, the Bragg
scattering cross-section is given by (Adib et al., 2005):

Ofree

1 1
—1
Ny

) (6)

OBragg —
TBragg

where N is the number of atoms.cm™3, t is the effective
thickness of the crystal in cm, and Tgrage is the resulting
neutron transmission from different (hkl) planes, given by
(Adib et al., 2005):

TBragg = H (1 - Pi?kl) (7)

hkl

where PP, is the reflecting power of the (hkl) plane in-
clined by an angle 0px; to the incident beam direction
(Adib et al., 2005). Based on Fig. 1, the researchers
measured the total neutron cross section of the sapphire
crystal (001).

According to a published manuscript, the absorption
cross section of sapphire crystal is 0.231 b at room temper-
ature and its total is 15.7 b (Adib, 2008). Usually other
crystals need to cool to present an expected behavior as a
good neutron filter. Adib et al. (Adib and Kilany, 2003)
showed agreement between calculations and experimental
was obtained for values of Bi-single crystals, at room and
liquid nitrogen temperatures. Therefore, in the following,
a review on the unique sapphire crystal (Al;O3) would be
done to reveal its effectiveness for the mentioned purpose.

Adib et al. (Adib et al., 2003) used a simple additive
formula that permits the calculation of the nuclear cap-
ture, thermal diffuse and Bragg scattering cross-sections
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as a function of sapphire temperature and crystal param-
eters. Their results showed that there is an overall agree-
ment between the theoretical formula and experimental
data. They suggested the use of sapphire single-crystal
as a fast neutron filter in terms of the optimum crystal
thickness, mosaic spread, temperature, cutting plane and
tuning for efficient transmission of thermal-reactor neu-
trons. Their calculation shows that 7.5 cm thick sapphire
single crystal, cut along a-axis and with a FWHM on a
mosaic spread of 5 min of arc, is a good fast neutron fil-
ter. A crystal cut along c-axis with a mosaic spread of
about 1° is also an efficient fast neutron filter, when it is
fine-tuned to minimize the attenuation for each neutron
energy of interest (Adib et al., 2003).

The carried out research by Adib (Adib, 2008) showed
a small increase =~ 5% at neutron energies < 0.02 eV in the
neutron transmission through the cooled sapphire crys-
tal at LNy temperatures. Therefore, it can be concluded
that the crystal can be used at room temperature with
no concerns regarding the reduction of the neutron flux
transmitted after the crystal.

Born et al. (Born et al., 1987) have examined the
intensity transmitted by a single-crystal of AloOg over a
range of orientation angles within £2° and did not see any
significant change. They have found that a 90 mm-long
sapphire-crystal filter has a transmission of about 0.8 for
wavelengths in the range (0.12 to 0.24) nm and 0.07 for ep-
ithermal neutrons. These transmission results are in good
agreement with those obtained by Nieman et al. (Nieman
et al., 1980), who suggest that the effective attenuation
coefficient can be minimized by fine-tuning of the crys-
tal orientation. Born et al. have found that there is no
need to tune the crystals for every wavelength if the crys-
tal mosaic spread is as enough as small. They found that
the intensity of the transmitted beam by their crystals
does not depend on the orientation of the crystal (Nieman
et al., 1980).

Stamatelatos and Messoloras (Stamatelatos and Mes-
soloras, 2000) indicated, the optimum sapphire filter thick-
ness is that which maximizes the slow neutron transmis-
sion and minimizes the fast one, so that there is no se-
vere reduction of the thermal neutron flux. Their calcu-
lations carried out by these authors showed using 15 cm
c-axis sapphire crystal there is 62% transmission of neu-
trons with 0.11 nm wavelength and 76% transmission for

Neutron source position in D channel
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0.25 nm neutrons. Fast neutron transmission is 3% (Sta-
matelatos and Messoloras, 2000).

Adib (Adib, 2005) investigated a-axis and c-axis sap-
phire crystals and indicated that the neutron transmission
through 8 cm sapphire single crystal with mosaic spread of
5" along the a-axis is less disturbed by parasitic Bragg re-
flections than along the c-axis. Since the strong reflections
from (119) and (113) planes disturb the neutron transmis-
sion along the c-axis F 22 0.02 eV. As can be also observed
parasitic Bragg reflections can limit the use of sapphire as
a thermal neutron filter for mosaic spreads > 5" (Adib,
2005).

Many research reactors have used the sapphire crystal
inside their radial neutron beam lines to decrease the neu-
tron/gamma backgrounds at the sample position of their
neutron analysis facility (Mishra et al., 2006; Mach, 2018).

In addition, the main shield and sapphire crystal, some
shield walls are used around these neutron installations to
reduce staff exposures. For example, HANARO Advanced
High Flux Neutron Application Reactor is a 30 MW mul-
tifunction research reactor located in Dajon, Republic
of Korea that uses some zooning shield walls around its
neutron diffraction facilities. The shielding walls around
the neutron facilities installed in this reactor are made
of heavy concrete (http://www.koreaherald.com/view.
php?ud=20140624001075).

The present work aims to investigate the effect of sap-
phire crystal on the reduction of neutron and secondary
gamma dose rates around the main shield of the Tehran
Research Reactor (TRR) diffraction facility.

2 Materials and Methods

Tehran research reactor (TRR) is being equipped to a neu-
tron diffraction facility. The reactor core is composed of
two types of fuel assembly that are standard fuel elements
and control fuel elements. The core consists of 28 stan-
dard fuel element (SFE) containing 19-fuel plates and 5
control fuel elements (CFE) containing 14 fuel plates ac-
cording to the core specifications. The modeled reactor
is a 5 MW reactor light water cooled with 500 m?.h~!
flow rate. Two types of control rods are used in the TRR;
which one made out of Ag-In-Cd alloy, and the other of
stainless steel. Both have a set of two control plates as a
fork type shape. The reactor fuel is U3Og-Al containing

Air

Lead

Iron

Paraffin
Stainless steel
NBR
Cadmium
Barite concrete
Acid boric
Polyethylene
Collimator alloy
Borated polyethylene
Concrete wall

ARUNECNNE R

Figure 2: Detail of the used pieces inside D channel and the main shield simulated using MCNPX.
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20%-enriched uranium (Mirvakili et al., 2012).

MCNPX code was used to simulate the main shield of
TRR diffraction facility (Pelowitz et al., 2005). The sim-
ulated main shield details are shown in Fig. 2. The shield
has been constructed with the optimized dimensions ac-
cording to Ref. (Menarebazari et al., 2022). As in the
figure is seen, the shield is composed of three layers; 55
cm paraffin, 5 cm boric acid, 15 cm lead respectively of
which the final layer is lead. A monochromator room is
seen in the figure with dimension of 30 x 40 cm? which a
60 cm-long soller collimator installed on its corner would
guide the reflected monochromatic neutrons at 20 angel
toward outside the shield. After paraffin layer, 1.5 cm
thick borated-polyethylene (7%-borated) and 3 mm cad-
mium sheets of 20 x 25 cm? were used as thermal neutron
beam stop inside the second layer (boric acid).

D channel of TRR is a 6-inch radial beam tube that
guides the neutrons emerging from the TRR core towards
the reactor hall. A high-density concrete collimator holder
was used inside the channel according to Fig. 1, the con-
crete part length is 120 cm. A soller collimator with 120
cm length consist of a stainless steel fram and three nar-
row sheets which have divided the empty cubic space of
the collimatar is used inside the concrete holder. After the
concrete holder, an iron disc-shaped piece 10 cm thick is
used. Then 15 cm thick polyethylene disc has been used.
As a final piece, a borated-polyethylene (7%) of 5 cm thick
has been used. A 2 mm cadmium disc was used between
the polyethylene disc and the borated-polyethylene disc.
Because the main shield would not stand completely fit
with the concrete wall of the TRR research reactor, a 2
cm Nitrile Butadin Rubber (NBR) was used between the
wall and main shield as flexible neutron shield material.

As the figure shows, different matrials are used to
shield the neutron and gamma rays emerged from the D
channel of TRR. The main shield materials are presented
as the following: Air: invironment material, Lead: final
gamma shield, Iron: shield first gamma shield inside D
channel, Paraffin: neutron shield, Stainless steel: soller
colimators’ material, NBR: flexible neutron shield for the
gap between TRR wall and main shield, cadmium: ther-
mal neutron absorber at the designed beam stop window
inside acidboric layer, Barite concrete: first soller colima-
tor holder material, Acid boric: neutron absorber mate-
rial before lead layer, Polyethylene: heat-resistent neutron
moderators inside D channel, Collimator alloy: strain-
resistent alloy of the soller collimator structure, Borated
polyethylen: thermal neutron absorber at the designed
beam stop window inside acidboric layer, Concrete wall:
the TRR pool wall. The position of the neutron source is
shown in the figure with a dash line.

As the figure shows, six iron girders were used at dif-
ferent positions of the main shield structure, which two of
them (the middle ones) did not fill with lead during the
casting process whereas they were not accessible.

Neutron and gamma sources of TRR were defined in
MCNPX input so that their energy spectrum and spatial
distribution could give the most precise modeling to the
real diffusion of the particles inside the TRR D channel
(Fig. 3). Then the gamma and neutron dose rates in front
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of the modeled shield and beside the wall near the NBR
layer were calculated. DE/DF card and ANSI/ANS-6.1.1-
1977 flux to dose conversion factors were used to calculate
the gamma dose rates. Flux to dose conversion factor
of NCRP-38, ANSI/ANS-6.1.1-1977 was used to calcu-
late the neutron dose rates. The neutron and gamma
dose rates were calculated at different positions around
the shield with and without sapphire crystal application
inside the D channel that is to be installed before the con-
crete collimator holder. The neutron spectra was defined
at the mentioned position according to the Fig. 3 which
shows smooth distribution of neutron source without the
sapphire crystal, as well as the reduced positional intensity
of the neutron source by using the sapphire crystal. Neu-
tron spectra before the sapphire crystal has been shown
in Fig. 4.

Crystal postion

Figure 3: Neutron source definition a) smooth distribution
without sapphire crystal b) non-smooth distribution with sap-
phire crystal.
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Figure 4: Neutron spectra obtained using MCNPX code be-
fore first soller collimator holder.

To define the neutron source when a sapphire crys-
tal is used inside the D channel, the reduction factor as
mentioned by the different experimental and theoretical
works was applied for the radial distribution of the neu-
tron source as well as the neutron energy of the spectra.
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Figure 5: The different positions for neutron and gamma dose rates calculations around the main shield of TRR, dxt sphere is

observed at position No. 1.

Figure 6: The constructed and installed main shield a) front view, b) back view that the second collimator entrance is clear in
this view where the point No. 1 and other ones have been selected co-level with it.

The reduction factor was chosen according to Ref. (Adib,
2008). Hence, the intensity of the neutrons with an energy
more than 1 eV was reduced by a 0.9 factor in the spectra
shown in Fig. 4. In addition, the radial distribution of
neutron spectra was reduced by the same factor, which
indicates the crystal position. It should be mentioned any
cross section for crystalline materials are not available in
the used version of MCNPX code. Therefore, the crystal
effects on neutron spectra has been applied for the follow-
ing simulations and the crystal material was not modeled
inside the D channel. The neutron source was defined by
SDEF card before the first soller collimator holder. In ad-
dition, the crystal size effect on the neutron and gamma
dose rates was investigated using enhancement of the crys-
tal diameter in the neutron source definition of the MC-
NPX SDEF card. Clearly, reduction of the neutrons using
the sapphire crystal would decrease the secondary gamma
dose rates. Therefore, neutron dose rate and secondary
gamma dose rate tallies were used in the MCNPX code
input file for any code being performed. Mesh tally card
was applied to determine the neutron and gamma dose
rate distributions around the modeled shield. In addition,
the primary gamma dose rates were calculated using a
smooth gamma source definition in the MCNPX code in-
put. Figure 5 shows the positions (No. 1 up to No. 4)
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that the neutron and gamma dose rates were calculated
around the main shield of the TRR D channel. A shutter
also is being designed for the shield to avoid any neutron
and gamma departure from the second soller collimator
towards the TRR hall when the facility is not under oper-
ation. In the present work, the gamma and neutron dose
rates of the position No. 3 were calculated in open shutter
situation.

Figure 6 shows the constructed and installed main
shield which has been modeled in detail by MCNPX code.

Dextran card (dxt) was used for the calculations as a
variance reduction method to decrease the statistical er-
rors of the calculations. Neutron flux distribution of ther-
mal energy range (F,, < 0.4 eV) and fast energy range
(E,, > 1 keV) were calculated using mesh tally card of the
used computational code too.

Finally, a benchmark study was carried out for posi-
tion No. 3 at 4.2 MW operation of TRR to verify the
obtained simulation data accuracy.

3 Results and Discussion

Neutron and gamma dose rates were calculated for posi-
tion No. 1 (beside the concrete wall gap), position No. 2
(in front of the empty iron girder), position No. 3 (in front
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Table 1: Neutron dose rate of different positions around the D channel main shield.

Position number No. 1 (uSv.h™T)

No. 2 (uSv.h™T)

No. 3 (uSv.h™')  No. 4 (uSv.h™1)

Without sapphire 8930
With sapphire Dia. 14 ¢cm 2580
With sapphire Dia. 15 cm 1256

6520 314 580
966 155 270
853 153 264

Table 2: Secondary gamma dose rate of different positions around the D channel main shield.

Position number No. 1 (uSv.h™T)

No. 2 (uSv.h™T)

No. 3 (uSv.h™ 1) No. 4 (uSv.h™ 1)

Without sapphire 3160
With sapphire Dia. 14 cm 1170
With sapphire Dia. 15 cm 1162

1000 5.4 222
395 4.2 12.3
314 4.1 10.2

of the main shield third layer in direct beam leakage path)
and position No. 4 (in front of the second soller collima-~
tor exit). The obtained results presented in Table 1 show
that in the case of position No. 1, the neutron dose rate
could be reduced from about 9 mSv.h~! to 1 mSv.h~?
by using sapphire crystal, which the drop is noticeably.
It should be mentioned that the D channel diameter is
about 16 cm. The calculations showed that in this po-
sition, by changing the crystal diameter from 14 cm to
15 c¢m, the neutron dose rate would be reduced by half
(2.580 mSv.h~! to 1.256 mSv.h™1). The obtained results
for position No. 2 showed that using the sapphire crys-
tal would result in a high reduction of the neutron dose
rate at this position but (about 6.5 times). However, the
crystal size enhancement would not have a noticeable ef-
fect on the neutron dose rate reduction at this position
(only about 11.6%). In the case of position No. 3, ap-
plication of sapphire crystal inside the D channel would
reduce the neutron dose rate by half. The low reduction
of the neutron dose rate at this position is resulted as the
fact that the crystal is fast neutron shield so the most
arrived neutrons to this position are thermal hence ther-
mal flux had not much reduction in direct neutron beam
path with and without sapphire crystal. In addition, the
crystal size enhancement would not have any effect on the
neutron dose rate at position No. 3 (155 + 7.9 uSv.h—!
to 153 & 8.7 uSv.h~1) so it can be said the difference be-
tween the values is in the statistical error range of about
5%. The carried out calculations showed that according
to Table 1, the neutron dose rate would be reduced by
half at position No. 4 (580 uSv.h~! to 270 puSv.h™!) us-
ing a sapphire crystal at D channel of TRR. In addition,
the crystal size reduction has not any noticeable effect on
neutron dose rate reduction at this position. The same
reasons for position No. 3 could be accounted for position
No. 4, while the second collimator body is stainless steel
(a fast neutron scattering material). In overall, the calcu-
lations indicate that the crystal has a high effect on the
neutron dose rate for the positions that have high neutron
leakage without experiencing many moderator materials.

Clearly, it would be expected that the secondary
gamma dose rates are reduced by using sapphire crystal
inside the D channel of TRR. Table 2 shows the obtained
results of the secondary gamma dose rate calculations. Ac-
cording to Table 2, position No. 1 gamma dose rate would
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be reduced to one third using sapphire crystal. Position
No. 2 shows the same behavior. Position No. 3 gamma
dose rate would be reduced slightly (about 22%) by using
sapphire crystal as the fact that the highest (n,~) reac-
tion rates inside paraffin belong to low energy neutrons
which are not filtered by the crystal. Application of the
sapphire crystal has a noticeable effect on the gamma dose
rate of position No. 4, which is the second collimator exit
position. In the case of all the positions, the crystal size
enhancement has no obvious effect on the gamma dose
rate reduction.

In overall, it can be said the most affected positions of
the crystal size are No. 1 owing to its high neutron leakage
and No. 4 owing to its high gamma leakage.

Mesh tally was used to map the dose rates around the
main shield. The calculations were carried out with the
expectation of a 15 cm-diameter sapphire crystal presence
inside the D channel. The carried out calculations showed
that the average neutron dose rate in front of the main
shield is about 100 zSv.h~! while the values increase near
the concrete wall where the highest neutron leakages are
possible. The mesh tally calculations showed that in front
of the main shield the average gamma dose rate is about
116 puSv.h=! (Fig. 7).

Neutron flux distribution around the main shield was
investigated using mesh tally according to Fig. 8. As
the figure shows near the concrete wall, the average to-
tal neutron flux changes from 10* n.s™'.cm™2 up to 10°
n.s~'.cm~2 while in front of the main shield the value de-
creases to the order of 10® n.s™!.cm™2. In addition, the
figure shows the fast neutron flux in front of the main
shield would be in order of less than 34 n.s™!.cm™2.

Figure 4 shows the primary gamma distribution
around the main shield. The carried out investigations
showed the average gamma dose rate is about 18 pySv.h~!
in front of the main shield while the highest leakage is
observed around the empty girders.

The carried out investigations show there needs to be
reinforced near the empty iron girders as well as the gap
between the concrete wall and the main shield, especially
in view of neutron shielding. It should be mentioned con-
struction of a bigger main shield was not possible on ac-
count of its weight limitations. In addition, the facility
is to be used for diffraction equipment, where the bigger
shield would disturb proper installation of the equipment.
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Figure 9: Primary gamma dose rate distribution around the main shield of the TRR D channel.

Hence, the local reinforcements would damp the high ex-
posure problems around the main shield.

Neutron and gamma dosimetry was carried out at po-
sition No. 3, which has been depicted in Fig. 5, which is a
location exactly in the middle of the direct beam leakage
after the lead layer of the main shield. The measurement
was done at different TRR powers (Fig. 10). According
to the figure, the simulated neutron dose rate is 1.57 times
(57%) higher than the measured value at 4.2 MW power
in the situation of a closed unfit shutter installed on the
second soller collimator exit. The simulation value was
32% less than the measured neutron dose rate at 4.2 MW
in open shutter situation of the second soller collimator.

The carried out benchmark study showed good agree-
ment between the simulation and experimental data. The
observed discrepancy between the two data is arisen from
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the fact the dose rate calculations could not be done us-
ing KCODE mode of the MCNPX code which involves
completely the research core geometry with the installed
facility on its D channel. Complication of the modelled
geometry would result in long run times of the compu-
tational code, mainly several months. Moreover, the final
run statistical errors would not be acceptable. So, the neu-
tron and gamma sources were calculated using KCODE
mode at the entrance of the first soller collimator, then the
sources were defined in another MCNPX input involving
only D channel beam line and its shield, not the whole
TRR core. Hence, this discretization would result in some
calculation errors itself. The facility beam shutter has not
been completed yet. The above-mentioned measurement
plots have been done using another unfit shutter, so the
in front dose rate measured values may be less when a fit
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shutter is installed. The TRR core configuration is an-
other reason for the observed discrepancies between sim-
ulation and experimental data. It should be mentioned
the TRR core configuration might change in every oper-
ation run, which would result in variation of the source
terms even up to 30%. The used dosimeter uncertainties
in experimental measurements would be another reason
for the observed discrepancies between the simulation and
experimental data.

450 ~
400 A measurement- closed unfit shutter Q
# Simulation- open shutter
350 4 O measurement- open shutter
300 -
L
250 -
200 -

150

100

50

Neutron dose rate of No.3 (uSv/h)

Power (MW)

Figure 10: Comparison of neutron dose rate measurement
and simulation at position No. 3 (in front of the main shield) .

4 Conclusion

Simulation data before installation of the neutron facili-
ties in the research reactors could effectively guide the re-
searches and the beam line operators to design the suitable
required shield material around the facility. The present
work using MCNPX code to simulate TRR D channel is to
be applied to monochromatic neutron cross section mea-
surement with different materials. The carried out simu-
lation showed that the sapphire crystal application inside
the beam channel would drastically decrease the neutron
dose rates around the main shield of the D channel espe-
cially in high-leaked neutron positions. Fitting the sap-
phire crystal with the D channel diameter would not have
a significant effect on the experienced neutron dose rate
of the different investigated positions except the position
No. 1 where the dose rate reduction is about half because
of the excessive leakage of the neutrons from this posi-
tion (gap between the concrete wall and the main shield).
Whereas the neutron flux reduction by using the sapphire
crystal inside the D channel would result in secondary
gamma reduction, the secondary gamma dose rates were
calculated. The calculations showed that the crystal appli-
cation reduces the secondary gamma dose rate noticeably
(about 3 times) at positions No. 1 and No. 2 which are
the high-leaked gamma positions. The crystal size fitting
with the D channel diameter has no significant effect on
the secondary gamma dose rates (because the variation
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is in the range of statistical calculation errors of ~ 5%),
except position No. 2 which is a high-leaked gamma area.
The crystal diameter enhancement from 14 ¢cm to 15 cm
would result in 20% reduction of the secondary gamma
dose rate at position No. 2. In overall, the calculations
indicate the high-leaked positions need reinforcement and
the sapphire crystal size should be as possible as fit with
the D channel size without considerable gap when it is in-
stalled inside the channel. The study also helped to select
the proper partitioning that was to be done around the fa-
cility to protect the reactor personnel from high radiation
exposures.
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HIGHLIGHTS

e The PAW activity is due to the plasma reactive species.
e Discharge time affect the PAW properties.

e PAW play an effective role in different fields, such as food industry, agriculture, and healthcare.
e By increment of the treatment time, Nitrite and nitrate concentrations of PAW are increased and pH is decreased.

ABSTRACT

Design, construction, and experimental investigation of the plasma water activation

KEYWORDS
Plasma activated water
Nitrite

device have been presented in this article. In this design, one of the electrodes, which is

plate ss316, is placed in water. The other electrode which is made from tungsten is placed
inside a glass tube and immersed in water. Air is also blown into the water through a

Nitrate
pH

constant rate air pump of 5 L.min~!. An AC power supply with voltage and current of
15 kV and 30 mA has been used to create plasma in water. The results of the analysis of

nitrite, nitrate, and pH in three water samples that have been irradiated with plasma for
10, 20, and 30 minutes showed a very significant change compared to the control sample.
The pH of PAW is drastically decreased with an increase in treatment time due to the
formation of strong acids. Nitrite and nitrate concentrations of PAW are increased with

an increase in treatment time.
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1 Introduction

Freshwater is a scarce commodity that makes up only
2.5% of the earth’s total water, and less than one per-
cent of that amount can be readily available as terrestrial
and surface water resources. At present, this vital com-
modity of life has been affected by population growth and
overdevelopment, which has also led to the destruction of
groundwater resources (Foster, 2017). According to avail-
able statistics, up to 10.6 billion cubic meters of surface
water in Iran, including saline and brackish water. Also,
despite the drought in recent decades, which has brought
the country’s water resources to a critical level, as well as
the high need for water in agriculture and green space,
much attention has been paid to the use of lower qual-
ity water resources. For example, one of these unconven-
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tional sources of water is gray water, which is efluent from
household uses other than toilets (Pan et al., 2018). Tt is
also important to develop new innovative strategies that
are more effective and efficient in combating bacterial in-
fections, with increasing concerns about the emergence of
antibiotic-resistant bacteria in the health and food indus-
tries (Sakudo et al., 2019; Oh et al., 2017). Using plasma
is a very cheap solution to this problem. The use of plasma
technology is very effective in eliminating biological con-
taminants of water (fungi, bacteria, viruses). The method
is simple: water is processed with electric plasma before it
reaches its target. Plasma activated fluid (PAL), including
PAW | is antibacterial against several microorganisms.

Previous studies showed that low-temperature plasmas
can be used to generate plasma-activated water (PAW)
by treating water under specific conditions, which has the
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Figure 1: Left: Schematic diagram of PAW device. Right: experimental setup of PAW device.

capability of bacterial and fungi inactivation on contami-
nated solid surfaces or liquids (Bormashenko et al., 2012;
Chen et al., 2018). Also, PAW can be used as fertilizer
because it is a rich source of nitrogen oxide.

2 Experimental setup

2.1 Preparation of the materials

The fundamental method of generation of PAW involves
operating a plasma generator inside the water to gener-
ate the ions, which lead to reactive species for bacterial
inactivation (Soni et al., 2021).

The major components of the system included a high-
voltage power supply, an air pump, and electrodes. She-
matic diagram and the real picture of the experimental
setup have been presented in Fig. 1. The device was
specifically designed to activate water by inserting an elec-
trode beneath the water’s surface. The working gas for the
plasma was normal air that was pumped by an air pump.
Based on the preliminary study, the water volume, volt-
age, frequency, and airflow rate were set at 100 mL, 15
kV, 50 kHz, 30 mA, and 5 L.min~!, respectively. Plasma-
activated time was (10, 20, and 30 min). When plasma
is applied to water-based liquids, it changes their charac-
teristics (pH and electrical conductivity) and the result-
ing liquids are named as plasma-activated water (PAW)
or plasma-activated liquid (PAL). After inactivation, the
PAW was stored at room temperature.

3 Results and Discussion

Nitrite, nitrate, and pH levels of plasma-activated water
have been measured. The results show that the produc-
tion of plasma inside water along with aeration could sig-
nificantly increase nitrite and nitrate and decreases pH as
shown in Table 1.

Depending on the nature of the discharge gas, reactive
oxygen species (ROS-ozone, O3z, HoO2, *OH) and reac-
tive nitrogen species (RNS-ONOO—-, NO3—, NOsy—, and
the corresponding acids, nitrogen oxides NO,) are gen-
erated in the PAW (Thirumdas et al., 2018). After the
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treatment pH of the solution was measured using a pH
meter.

Nitrite concentration in PAW was determined using
standard USEPA diazotization method and absorbance
was read by spectrophotometer at 507 nm (Punith et al.,
2019). Nitrate concentrations were measured photometri-
cally by using the Spectroquant nitrate assay kit (Merck
Chemicals) adapted to a 96-well plate format, as described
in (Tsoukou et al., 2020).

Table 1: pH, nitrate, and nitrite levels of plasma-activated
water.

Nitrate Nitrite
Water sample pH (mg.kg ") (ugke™)
Untreated water 7.58  6.16 & 0.31 10.12 4+ 0.21
10 min 7.28 25.2+£0.9 30.56 £0.72
20 min 3.46 40.6 £ 1.3 45.5+1.2
30 min 3.16 45924133 52.32+1.3

The pH value of PAW dropped significantly from 7.58
to 3.16 during 30 minutes of treatment as shown in Ta-
ble 1, implying that the water has undergone acidification.
The reactions taking place between the chemical species
formed in the plasma and water result in acidification. In
addition, it was known that acidic solutions are highly
effective in bacterial inactivation (Soni et al., 2021). Sev-
eral researchers have studied the impact of acidification to
reduce bacterial colony formation (Lin et al., 2019; Soni
et al., 2021; Chen et al., 2018). The results show that
the concentration of nitrate increases with treatment time
(Tabel 1). It is known that a solution containing a nitric
ion with a pH below 4 to 5 is antimicrobial. Detection of
nitrites and nitrates ions in the PAW is the main evidence
for the formation of RNS. Besides ROS, reactive nitrogen
species (RNS) such as nitrite and nitrate also play impor-
tant role in bacteria inactivation. This solution would be
a good candidate as fertilizer. Reactions between water
gas-phase species lead to the formation of aqueous species
like nitrite, nitrate, and hydrogen peroxide.



M. Omrani et al.

4 Conclusions

Design and construction of the plasma water activation
device have been presented in this article. By creating
plasma in water along with aeration, the amount of ni-
trate and nitrite increases significantly, and also the pH
decreases. This solution can be used as fertilizer in agri-
culture and greenhouses and also as a disinfectant solution
that can have many applications in agriculture, medicine,
and daily life. Nitrate concentration of PAW increased
from 6 for control to 25, 40, and 46 for 10, 20, and 30
minutes of treatment, respectively. The acidity of the so-
lution along with generated ROS and RNS is central to its
effectiveness in bacterial inactivation. This result suggests
that PAW has suitable characteristics for the inactivation
of bacteria and as a medium for the sterilization of medical
devices.
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HIGHLIGHTS

e The burning process of deuterium-tritium fuel and the effect of all the dominant phenomena has been investigated.
e Minimum conditions that are required for starting the thermonuclear reactions in a self-sustaining mode were obtained.

e The effect of the Compton scattering energy from a relativistic point of view is studied.

ABSTRACT

A numerical model was developed and a system of the nonlinear equations of deuterium-
tritium burn-up in inertial confinement fusion have been solved to find the minimum
conditions which are required for the formation of hot spot and starting the thermonu-
clear reactions in a self-sustaining mode. The effect of all the dominant phenomena
in the nonequilibrium plasma, including the alpha particle energy deposition in the
hot spot and transferring to ions and electrons, ions-electron coupling energy, and
the main photons-matter interactions, which includes the bremsstrahlung radiation
and the Compton scattering, were investigated. By using the Klein-Nishina equation
for scattering cross-section of high energy photons, the effects of the photon-matter
interactions from a relativistic point of view have also been studied. It was shown that
the change of photon distribution shape can have a significant effect on the photon
temperature, the photon-electron coupling energy and as a result on the electrons and
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1 Introduction

Precise calculation of a physical phenomenon that accrues
in fusion medium, plays an essential role in the correct
simulation of burn-up process of thermonuclear fuel. The
main goal of this paper is to calculate the effect of all the
phenomena associated with the absorption and emission
of energy, after the nuclear reactions start to happen and
the resulting energy releases in the hot spot of inertial con-
finement fusion (Atzeni and Meyer-ter Vehn, 2004; Lindl,
1998).

According to the Lawson criterion (Lawson, 1957;
Zhou and Betti, 2008), when the minimum requirements
for initiation of nuclear fusion for an equimolar mixture of
deuterium and tritium were prepared, the ignition in the
hot spot starts, and the burning wave propagates in the
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surrounding dense fuel (Christopherson et al., 2020). Af-
ter deposition of alpha particle energy in the hot spot, it
is instantaneously transferred to ions and electrons in cer-
tain proportions (Fraley et al., 1974). It was assumed that
the ignition model is volume like, the burning medium is
infinite and the electrons and ion distribution function is
Maxwellian throughout the burn and the interactions be-
tween them are in the form of classic Coulomb scattering
(Spitzer, 2006). Electron-photons coupling can vary de-
pending on the plasma regime. If the plasma regime is
optically thick throughout the burn, the photon distribu-
tion is blackbody or Planckian, and the plasma can be
described by three temperature model, while if plasma is
optically thick and at a certain energy, the photon dis-
tribution changed to Bose-Einstein, and plasma regime is
also changed to optically thin. In this case, a new pho-
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ton temperature is defined, which differs from Planckian
radiation temperature (Molvig et al., 2009). In the Bose-
Einstein distribution, the Compton scattering can boost
the photons to high energy without changing the photons
numbers. If the scattering calculation is done with nonrel-
ativistic approximation, the energy exchange rate between
electrons and photons is not completely precise. So we
should consider the Compton scattering from a relativistic
point of view which its results have well compatible with
Monte Carlo calculations (Cooper, 1971; Corman, 1970).
In this paper, the photon-electron coupling and their
effects on the burning process of deuterium-tritium in both
relativistic and nonrelativistic cases have been studied.

2 Radiation field calculation

In order to explain the photon-matter interaction in
plasma, the equation of the time evolution of photon num-
ber density which is called the photon kinetic equation, is
used as (Cooper, 1971; Corman, 1970; Rose, 2013, 1996;
ZelDovich and Levich, 1969):
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The Bose-Einstein form of photon distribution in zero-

order can be expressed as (Pathria, 2016):
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where p is chemical potential, « is dilution factor, 7}, is
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the photon temperature, v = ?p is the ratio of photon
€
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temperature to electron temperature and ¢ = T is the
e
energy variable.
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The first term of the right-hand side of Eq. (1) repre-
sents the Compton operator, and the second term shows
the bremsstrahlung operators. The power radiated power
from electrons to photons can be extracted from these op-
erators when they are calculated for the zero-order photon
distribution as (Molvig et al., 2009):

4 7 e [Tomec?
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Prad:PB+PC:VCne

oo +e/v _ A&
—ej2pe (6 (T —€f)
X [/0 dee K0(2> cote/r — 1 }
1 T2 (5)
+ veNyo(Te) (1 — 3) e

eOtJrE/’Y

0
de 5£

oo
<
0
where K is the modified Bessel function of the second
kind. In Eq. (5), the first term of right-side is the
bremsstrahlung power, and the second term is the Comp-
ton power that can be replaced by

)2>

( 4
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(T. - T,)
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where Fg is the radiation energy density was defined in
Eq. (2).

3 Klein-Nishina scattering cross-section

When the energy of photons is comparable or greater than
the rest mass of energy of the electron (mg.c?), a quan-
tum treatment is necessary, and the Klein-Nishina formula
must be used to calculate of photons cross-section, while
for photons energy much smaller than the rest mass of
energy of the electron, hv << mg.c?, the scattering of
photons is described by Thomson formula. According to
the Klein-Nishina equation, when the photon energy in-
creases, its cross-section or its collision probability with
electrons is decreased. The Klein-Nishina scattering cross
section per steradian of solid angle ) can be written as
(Nishina, 1929)

do —r2(1 + cos20) 1
0 0 2 (1+hv(l - cos@))
2
[ (hv)?(1 - 0059) + 1} (7)
1+ cos?0) [1 4+ hv(1 — cost)]
1 2 N2/ k ko 2
~ 2 O(ko> (/ﬂo T 9)
. hVo o hv — 62 i
where kg = m> k W’ and 1o = W "

classical electron radius, hig is the energy of the incident
photon, hv is the energy of the scattered photon, m. is
the rest mass of the electron, and c is the speed of light.
When a high-energy photon collides with an electron, for
accuracy of calculations, it is necessary to use a relativis-
tic approximation for describing the Compton scattering
phenomenon. According to The Fokker-Planck equation
(Cooper, 1971), a correction factor pgr(e) applies on the
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Compton scattering operator in plasma in a relativistic
case

T. 0
mec? Oe
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(8)

Threfore, the Compton scattering power relation in Eq.
(6) is changed as (Molvig et al., 2009; Cooper, 1971):
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g =10.009T,, (12)

o = 0.0000042 T,

Equation (6) is the relativistic form of the Compton
scattering energy, and in the following section, we use this
relation in DT burn-up equations.

4 Nuclear Ignition and Burn-up Equation

In the four temperature model, the areal density- depen-
dent calculations of the fusion process of DT fuel in an infi-
nite medium such as ion-electron collisions, alpha particle
energy deposition, radiation-matter interaction including,
the Compton scattering and the bremsstrahlung radiation,
were performed. The nuclear reactions are considered in
the calculation as follows:

1D? +,T% — yHe* + on' 4+ 17.6 MeV
1D?>+ D% — 5He® + gn' + 3.27 MeV
1D? 4+ 1D* — T3 4 1p* 4 4.03 MeV

(13)

We consider the 4-T model (Molvig et al., 2009) for the
description of the plasma, in which its components have
different temperatures in a nonequilibrium situations. In
the 4T model, the radiation temperature is distinguished
from photon temperature when the plasma regime under-
goes a transition from optically thick to optically thin.
The equation of electrons revolution with time are shown

41

Radiation Physics and Engineering 2023; 4(2):39—44

as (Molvig et al., 2009):
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where f,; is the fraction of alpha particle energy, E,,, de-
posited in the hot spot which transferred to ions, (ov)
is the reaction rate and In(A) is the Coulomb logarithm
which is defined as the ratio of Debye screening length to
the minimum value of the impact parameter in Coulomb
collision processes (Mulser et al., 2014).

The equation of ions revolution with time are shown
as (Molvig et al., 2009):
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where n;, = — is the constant initial ion density.

According to Lawsons criterion in inertial confinement
fusion, we need to compute the minimum value for the
product of initial mass density and initial hot spot radius
(poro)- So it is required to change the variable from time
to areal density (poro), and use Frolovs approach (Frolov
et al., 2002), which have been shown in our earlier work
(Nazirzadeh et al., 2015, 2017) thus the Egs. (14) and (15)
are changed as
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where x = pgr is areal density, Cy. and Cy; are specific

heat capacity of electrons and ions respectively, V4. =

dr | .
m is the speed of hot spot expansion, ¢. and ¢; are the

net energy release rate for electrons and ions, which are
represented respectively in Eq. (16) and Eq. (17) as

ge = Eo (1 = fui) nf (ov) + P,e — Pc — Pp (18)

3
6i = (B foi + 5Ti) n (ov) = Py (19)
where n; is the ions number density which its variation
with areal density for both the deuterium and tritium can
be expressed as
on;  n? (ov)
pOVmaa:

(20)
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The time evolution of radiation energy in Eq. (2) can
be shown as (Molvig et al., 2009):
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When the dilution factor does not change with time,

da

ot
shape, and time variation of radiation temperature is ex-

pressed as

= 0, photons retain their Planckian distribution

dTR _ hSC3 8ER
dt 327 T3 F(0) ot
otherwise, the time variation of photon temperature can
be written as (Molvig et al., 2009):
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By changing the variable from time to areal density

and use Frolovs approach, Eq. (22) and Eq. (23) are
represented as (Nazirzadeh et al., 2015, 2017):
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where e is the variation of dilution factor with respect

x
to areal density that can be expressed as (Molvig et al.,
2009; Nazirzadeh et al., 2015):
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In the following section, the rules of influential phe-
nomena that participate in the fusion such as ion-electron
coupling power, P;., the Compton scattering power, P,
in two cases: relativistic and nonrelativistic, the divi-
sion of alpha particle energy transferred to ions and elec-
trons that were each expressed by known formulas and the
bremsstrahlung power were explicitly investigated.
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Figure 1: The amount of alpha energy transferred to ions and
electrons.

Radiation Physics and Engineering 2023; 4(2):39—44

6x10’
: 1 ——ion's alpha power

5x10° 1 —-—- ion-electron coupling power
?' — — ion's total power

4x10°

lon power(Mj/cm?®.ns)

0 10 20 30 40 50 60 70
pr(glem?)

Figure 2: The total ion energy is consists of ion alpha energy
and ion-electron coupling energy.
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Figure 3: The total electron energy is consists of electron
alpha energy and ion-electron coupling energy, the Compton
scattering energy, and the bremsstrahlung radiation energy.

5 Results and discussion

In this paper, a Fortran program was used to solve a set of
six coupled nonlinear differential equations of deuterium-
tritium burn in a four-temperature model. These differen-
tial equations include four plasma components (ions, elec-
trons, radiation, and photons), ions number density, and
dilution factor revolutions with respect to areal density.
The initial mass density for both deuterium and tri-
tium were chosen to pg = 100 g.cm™3, so the initial ions
density is n; = 1.2044 x 10%®> cm~3. The starting ion and
electron temperature is set to 5 keV , and the initial pho-
ton and radiation temperature were assumed to 2.5 keV.
In Fig. 1, the division of alpha energy which trans-
ferred to ions and electrons, was shown. It was assumed
that all the neutron energy produced in the fusion reac-
tions is wasted from the system. In Fig. 2, the factors that
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effects the energy of the ions are depicted. A portion of
alpha energy which is transferred to ions and ion-electron
coupling energy, are the sources of ions energy, in which
the former plays a positive rule, and the latter has a neg-
ative effect on ions energy. In Fig. 3, the total energy of
electrons is represented, which is consisted of electron al-
pha energy, ion-electron coupling energy, which both have
the positive effect on electron energy, and the Compton
scattering energy, and the bremsstrahlung radiation en-
ergy, which have negative effects on the electron energy.

It was assumed that the burning process is uniformly
in an infinite medium and plasma is in an optically thick
regime; in other words, photons distribution is initially
Planckian with no dilution factor (o = 0), then at certain
photon energy when a > 0, the plasma undergoes a transi-
tion to the optically thin regime, and photons distribution
is changed to Bose-Einstein. In an optically thin regime
with fixed radiation energy, the dominated photon-matter
interaction is the Compton scattering which increases the
photon temperature, so for high energy photons, it is nec-
essary to consider the Compton scattering relativistically.
In this case, the Compton scattering probability of high
energy photons with electrons is smaller than that of the
nonrelativistic case.

In Fig. 4, the domination of photon temperature in
the relativistic case in comparison to the nonrelativistic
case is represented. It was clear that with a low scattering
cross-section, the photon temperature decreases less, and
as a result, the Compton scattering energy for high energy
photons is smaller than that of low energy photons, which
is represented in Fig. 5. The bremsstrahlung radiation
is almost the same in both models. In Fig. 6, the total
radiation power, which is consisted of the Compton scat-
tering and the bremsstrahlung radiation, was shown. As
is clear if the burning calculation was done from a rela-
tivistic point of view, the total radiation from the hot spot
is decreased in comparison to the nonrelativistic case.

. 50
> ’ . -
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404 A P~
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—
S |
© 30+ |
QO
=
& 20 1
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Figure 4: Photon temperature in relativistic and nonrelativis-
tic cases. High energy photons interactions with electrons is
decreased.
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Figure 5: The Compton scattering power and bremsstrahlung
radition in relativistic and nonrelativistic cases.
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Figure 6: Total radiation power in the relativistic and non-
relativistic cases.

6 Conclusions

In this paper, by using a 4T model, the burning process of
deuterium-tritium fuel and the effect of all the dominant
phenomena involved in the fusion, including the alpha par-
ticle energy transferring to ions and electrons, ion-electron
coupling energy, the Compton scattering energy, and the
bremsstrahlung radiation in an infinite medium has been
investigated.

The effect of the Compton scattering energy from a
relativistic point of view is also studied. It was shown
that in a diluted plasma, when photons distribution is
changed from blackbody radiation to Bose-Einstein, the
Compton scattering heats photons to high temperature
without change the photons number. So by applying the
relativistic model of the Compton scattering in the fusion
burn-up calculations, fusion hot spot will stay more time
in self-sustaining mode.
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HIGHLIGHTS

e The decontamination of Cs-137 from irradiated graphite is investigated using the plasma-sputtering method.

e The results show that the decrease in radiation pollution depends on the release of Wigner energy.

e This study demonstrates the benefits of using noble gases as a plasma feed gas in the plasma decontamination process.
e The results can be used to decontamination of various types of irradiated porous materials used in nuclear systems.
e Researchers of radiation safety, nuclear waste management and nuclear decommissioning will be interested in the results.

ABSTRACT

During the operation of Graphite -fuel HTGR (High-Temperature Gas-cooled Reactor)
nuclear reactors, Graphite used as a neutron moderator, is irradiated and has a variety of
contaminants (such as Cs-137, Co-60, and Sr-90) and due to industrial and environmental
considerations, decontamination of irradiated Graphite is very important. In this study,
the decontamination of Cs-137 trapped in Graphite pores of Graphite -fuel (HTGR) nu-
clear reactors has been analyzed. The proposed method for decontamination of irradiated
Graphite surfaces is the thermal plasma-sputtering method with noble feed gases, which
are used to reduce the risk of radioactive Graphite waste and in this regard, a math-
ematical model was developed to describe the process of decontamination of irradiated
Graphite, which is prone to release Wigner energy due to defects and torsion caused by ra-
diation. The results show that the decrease in radiation pollution of irradiated Graphite
waste and various parameters of its decontamination process depend on the release of
Wigner energy. The results obtained are in good agreement with the other researchers
results.
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1 Introduction

The decommissioning and dismantling of old and worn-out
nuclear equipment are as important as the commission-
ing of nuclear power plants and new nuclear sites (Laraia,
2012; TAEA, 2001). In 2008, the International Atomic
Energy Agency published a report in which the high im-
pact of using dry plasma decontamination method in the
process of decommissioning of the nuclear equipment is
mentioned (IAEA, 2008).

1.1 The role of Graphite in the high-temperature
gas-cooled reactor (HTGR)

The HTGR nuclear reactor is a generation IV nuclear re-
actor that uses Graphite as a neutron moderator, the Ura-

*Corresponding author: m.nikoosefat@ihu.ac.ir

https://doi.org/10.22034/rpe.2022.340253.1084
https://dorl.net/dor/20.1001.1.26456397.2023.4.2.8.4

45

nium fuel cycle, and Helium as coolant. During the oper-
ation of HTGR (High Temperature Gas Reactors) nuclear
reactor, Graphite is irradiated and after a while, Graphite
loses its original properties and needs to be decontam-
inated or replaced. In addition, after the useful life of
the HTGR reactor and during its decommissioning pro-
cess, in order to comply with radiation and environmental
protocols, irradiated Graphite must first be decontami-
nated and then scrapped (Kuijper et al., 2006; Sato and
Yan, 2019). In 2020, Chinese researchers published a re-
port on the decontamination of Graphite surfaces using
plasma method in which, factors related to plasma abil-
ity to decontaminate radioactive agents from Graphite
surfaces were investigated and it acknowledges that the



M. Nikoosefat et al.

(a)

Radiation Physics and Engineering 2023; 4(2):45-51

Figure 1: a) SEM images of polished irradiated Graphite; b) Autoradiographic images of irradiated Graphite in which, red, blue,
and white represent high, medium, and low activity, respectively (Bespala et al., 2019).

plasma method is very effective, inexpensive and promis-
ing. Bushuev et al. (Bushuev et al., 2003) presented the
results of a study of bushing contamination in Graphite
-uranium reactors. These radioactive contaminants are in-
cluding the radioisotopes of H-3, C-14, Fe-55, Co-60, and
etc; and fission fragments such as Ru-106, Sb-125, Ba-
133, Cs-137, Eu-154, Eu-155, and the transuranic elements
such as Am-241, Am-243, Cm-244, etc. In the meanwhile,
the most active radioisotopes are Cs-137, Co-60, Sr-90, Cl-
36, and H-3 (Bespala et al., 2018; Pavliuk et al., 2018Db).
In 2016, the international project of the GRAPA (Irradi-
ated Graphite Processing Approaches) was implemented
by the ITAEA (International Atomic Energy Agency) with
the participation of various countries in which, its con-
tent is about the upcoming and new approaches to irradi-
ated Graphite processing (Wickham et al., 2017). Modern
knowledge offers a variety of methods for the treatment
of Graphite radioactive waste (GRW) and in the mean-
while, the plasma sputtering method using noble feed gas
is very effective in decontamination of Cs-137 from irradi-
ated Graphite surfaces (Theodosiou et al., 2018; Vulpius
et al., 2013; Fachinger et al., 2008; Dunzik-Gougar and
Smith, 2014).

Also it has been shown that Cesium, cobalt, and stron-
tium radionuclides are to be metallic during reactor oper-
ation and they have no fixed molecular bond with each
other or with Graphite molecules and they are trapped
in the Graphite pores and this lack of molecular binding
is a good motivation and physical basis for researchers
to study the process of decontamination using plasma-
sputtering method; Because contamination molecules do
not chemically bond with Graphite substrate molecules
and thus, we don’t need to use plasma-chemical methods
for decontamination (Pavliuk et al., 2018a; Theodosiou
et al., 2018). Plasma processing is one of the promis-
ing methods for decontamination of irradiated Graphite
in the nuclear industry and therefore, the simulation and
the mathematical study of this process cause that, in ad-
dition to detailed analysis of decontamination operations,
we minimize the potential effect of the radiation hazards
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during the actual experimental operation process (Bespala
et al., 2016).

1.2 Plasma-sputtering method in decontamina-
tion of surfaces

One of the important advantages of plasma in the surface-
processing is its major role in minimizing the adverse ef-
fects of industrial activities on the environment. Many
physical and chemical phenomena are often involved in
plasma etching. One of the mechanisms of plasma etch-
ing is the etching by sputtering method. In the sputter-
ing method, the positive ions are present throughout the
plasma sheath and due to their inherent escape, they ac-
celerate to the boundaries of the plasma and they strike
the contamination of substrates with high kinetic energy
and some of their energies are transferred to the atoms of
the surface contamination, which will lead to the evapora-
tion (or sublimation) of the contamination. This process
is different from other mechanisms because its mechanism
is mechanical (not chemical), i.e. their escape conditions
are provided only by applying force and transferring mass
and energy to surface molecules (Auciello et al., 2012). In
the present study, the decontamination of Cs-137 from ir-
radiated Graphite is investigated and analyzed using the
plasma-sputtering method in which, Thermodynamic pro-
cesses of heat and mass transfer during the interaction and
effect of plasma on the surfaces of irradiated Graphite are
analyzed.

2 Methods

2.1 Selection of reference irradiated Graphite

sample

In reference (Bespala et al., 2019), a Graphite sam-
ple (sampling from Graphite stack) of Seversk Uranium-
Graphite reactor in the Tomsk region of Russia is experi-
mentally analyzed. This Graphite sample, which has been
irradiated in the reactor core for 9 years and was exper-
imentally studied by Russian researchers in 2019, is used
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as a reference sample for thermodynamic analysis in this
study.

Figure 1-a shows the SEM image of the irradiated
Graphite in which, gray, black, and white indicate the
irradiated Graphite, pores, and non-carbon solid impuri-
ties respectively. The white dots indicate the presence of
fission products and neutron activation products at the
Graphite surface. However, radioactive contaminants can
be located inside the Graphite pores and not appear in the
SEM image (Bespala et al., 2019; Bushuev et al., 2015).
Radionuclides are impurities that can penetrate into the
Graphite substrate and disperse into its pores and we also
know that one of the challenges of technology is to re-
move contaminations from porous materials. The decon-
tamination process requires almost complete removal of
contaminants from the Graphite pores and for this pur-
pose, arc discharge plasma and non-thermal atmospheric
pressure plasma (NTP) can be used to process irradiated
Graphite. In order to reduce the specific activity of irradi-
ated Graphite and also reduce its potential hazards, it is
recommended that its heat treatment be performed in an
inert gas environment. When a plasma gas stream comes
in contact with the Graphite substrate, the Graphite will
heat up and when the surface reaches the boiling point
of radioactive contaminants, evaporation or sublimation
of radionuclides is possible under certain thermodynamic
conditions. In most of the experimental findings of other
researchers, the results of analysis of the SEM images show
that Graphite has an integrated porous structure and most
of the non-carbon pollutants are inside its pores.

2.2 Thermodynamic analysis

In this study, in order to thermodynamic analysis of the
Graphite decontamination process, we consider the geom-
etry in such a way that a thin layer of the Cs-137 ra-
dionuclides are located in the one of the Graphite pores.
We also assume that in during the mathematical model-
ing process, Cs-137, Co-60, and Sr-90 radiation pollutants
dont mix with each other. Thus, in addition to simplifying
the form of differential equations, we get closer to the real
physical conditions (Bespala et al., 2018, 2019). In refer-
ences (Bespala et al., 2019; Kane et al., 2013; Barbin et al.,
2015; Bespala et al., 2017, 2016; Pavliuk et al., 2018b)
efforts for mathematical modeling of thermal processing
of the irradiated Graphite are presented and in some of
them, the release of Wigner energy is also considered. In
our proposed geometry for the analysis in this study, it
is assumed that an atmospheric pressure plasma jet with
argon as feed gas moves along the Graphite specimen that
has a porous surface (Fig. 2).

3 Results and discussion

3.1 Thermodynamic analysis

The plasma decontamination process of irradiated
Graphite confirms the effectiveness of the plasma flow
on the Graphite surface, which leads to the sublimation
of the radioactive contaminants that are trapped in the
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Graphite pores. When irradiated Graphite is exposed to
argon plasma flow, we can get a fairly good estimate of
the chemical composition produced (Bespala et al., 2018,
2019). For this purpose, in this study, TERRA software
package was used for modeling and thermodynamic anal-
ysis of reactions, in which the capabilities of the main ver-
sion of this software package are mentioned in references
(Aref’yev et al., 1974; Young, 1975).

Up

h,
h;

ho X

L

0 L, Ls
Figure 2: Our proposed scheme for analyzing in this study; 1-
Layer of Cs-137 (as the radioactive contamination), 2- Graphite

(divided into three parts), and 3- Plasma region.
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Figure 3: Variation of Cs-137, CsCl, and Graphite concen-
trations during interaction of unit cell with argon atmospheric
pressure plasma.

The results show that, in the temperature range of
500 to 2000 °C, the Cs-137 structures are in the form of
chloride (SrCls, SrCl, and CsCl). Figure 3 shows that se-
lective sublimation of radionuclides due to the interaction
of plasma flow with irradiated Graphite can be managed
by changing the temperature of plasma average mass and
this factor reduces GRW activity. The diagrams shown
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in Fig. 3 also illustrates that in the plasma decontamina-
tion process of irradiated Graphite and over a wide range
of temperatures, the Cs-137 radionuclides have high mass
concentrations and therefore it is very important and this
is another reason that why, of all the radionuclides, we
will do the calculation for the Cs-137 radionuclides in this
study. Another important conclusion to be drawn from
Fig. 3 is the evaporation of irradiated Graphite starts
at approximately 3000 °C; Therefore, to avoid damaging
the Graphite structure, the temperature of the plasma jet
should not be exceeded 3000 °C. In Fig. 3, the mass frac-
tion means the evaporated mass divided by the initial mass
(the amount of evaporated material divided by the amount
of the initial material).

3.2 Thermodynamic modeling of the plasma
decontamination process of the irradiated
Graphite

According to Fig. 2, in the intended geometry for compu-
tational analysis, the plasma flow velocity at the input of
the desired computational range (has height of |hs — hs]
on the Graphite surface) is equal to ug. It is also assumed
that the transverse and longitudinal dimensions of entire
computational cell are much larger than the thickness of
the Cs-137 contamination. The Graphite surface heats up
due to contact with the plasma particles and heat transfer.
For simulation of the heat and mass transfer processes of
Cs-137 in irradiated Graphite pores, their differential heat
transfer equations were solved in Cartesian coordinates by
Maple 2020 software. The positive direction of the X-axis
is assumed along the velocity vector ug (plasma flow ve-
locity):

o1y 0’1y, 8°Thy
0101E 1(?)%2 3y2 ) (1)
in which hy <y < h;+9d and Ly < z < Lo.
o1y 0T, 0°T,
C2P2E = Q(W + TyQ) + QWig (2)

iIlWhiChO<l‘<L1, hg <y<h2; Ly <1'<L2,
h()<y<h1;L2<$<L3,h0<y<h2.

0%Ts
Ox?

0%Ty
oy?

) -3 28 1

in which Iy < z < Lo, hi +90 <y < hg; 0 < x < Lg,
h2<y<h3.

C3p3—F7— = A3

0
7 =

(4)

In these equations, ¢, p1, and Ay are heat capacity, den-
sity, and thermal conductivity of Cs-137 contamination,
respectively. co, p2, and Ay are heat capacity, density,
and thermal conductivity of irradiated Graphite, respec-
tively. Qwig is the power density of heat released due to
temperature changes of defective graphitic structures (the
release of Wigner energy). cs, p3, and A3 are heat ca-
pacity, density, and thermal conductivity of plasma flow,
respectively. hg is the initial height of inactive Graphite
layer (equal to zero), hq is the height of the Graphite pore
from the origin, hs is the height of the upper surface of the
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inactive Graphite layer from the origin, h3 is the height of
the plasma boundary, L; and Ly are the longitudinal co-
ordinates of the beginning and end of the Cs-137 contami-
nation layer, and L3 is the length of the Graphite sample.
Also, Ty, Ty, and T3 are the temperatures of Cs-137 con-
tamination, the temperature of irradiated Graphite, and
the temperature of plasma particles (at the time t), respec-
tively. The right side of Eq. (2) contains Qw;4, which
represents the release of stored energy (Wigner energy)
and during the plasma processing of irradiated Graphite,
this parameter affects the thermal balance of the whole
system. Additional information on the release of Wigner
energy from irradiated Graphite is also given in the ref-
erence (Bespala et al., 2018). Calculations show that as
a result of the release of Wigner energy, the temperature
of irradiated Graphite under the adiabatic heating can be
increased up to AT = 600 — 650 °C (Bespala et al., 2019).

—a— Variation in Temperature of Graphite ; Tg= 900 °C
—&— Variation in Temperature of Cs-137; T= 900 °C

1000 T T

T(C)

T T
300 500

t(s)

200 400 600

Figure 4: Temperature changes over time in Graphite and
Cs-137. The sharp variation occurs at ¢ = 200 s for Graphite
which is due to the release of Wigner energy.

The mass transfer process depends on thermodynamic
conditions and diffusion coefficients in which, their values
are given in (Bespala et al., 2018, 2019). Also, the ther-
modynamic parameters of the Cs-137 contamination are
mentioned in reference (Bespala et al., 2017). Since the
sublimation of Cs-137 leads to its diffusion in the plasma
stream, solving the above equations requires the determi-
nation of specific parameters of this process and since in
this case, it is difficult to accurately calculate the diffusion
parameters, the values of the Cs-137 diffusion parameters
in Argon gas obtained from the reference (Aref’yev et al.,
1974). We assume that at the initial time, for the whole
system that it has not yet been irradiated with plasma,
the temperature is uniform and equal to Ty (T, > To).
Equations (1) to (4) were solved using Maple 2020 soft-
ware under certain boundary conditions. Graphite tem-
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perature changes was investigated at T, = 900 °C; The
results show that in the first 200 seconds, the graphite
temperature changes linearly and in the next 100 seconds,
the Graphite temperature changes rapidly and exponen-
tially; The cause of this phenomenon is that in the first
200 seconds, most of the heat given to the Graphite leads
to the compensation of lattice defects and as a result of
the heated defects, the release of Wigner energy occurs,
which is shown as a sharp variation in the Fig. 4. Finally,
due to the fact that the heat of the irradiated Graphite is
transferred to radioactive contaminants, 300 seconds after
starting of the process, the Graphite temperature changes
to saturation level. In this case, a sudden rise in tempera-
ture has a greater effect on the rate of heating of radioac-
tive contaminants. Among all radioactive contaminants,
Cs-137 radionuclide is more affected by the sudden rise
in temperature than other contaminants due to its high
thermal conductivity (Bespala et al., 2017).

The most meaningful parameter that indicates the effi-
ciency of the irradiated Graphite surface processing is the
rate of entry of the mass of radioactive contaminant (M)
into the gas phase (Pavliuk et al., 2018a).

Therefore, after 200 seconds the interaction of argon
gas flow with the Cs-137 surface, the Cs-137 tempera-
ture will be on the verge of saturation and due to the
increase of sublimation capability of radioactive contam-
inants, plasma processing of irradiated Graphite is sug-
gested at higher temperatures (up to a maximum of 3000
°C). According to Fig. 4, the Wigner energy emission si-
multaneously affects both the heating of the Graphite and
Cs-137, but since the heat capacity of carbon is equal to
8.51 Jmol~ ' K~! and it is almost four times lower than
the heat capacity of Cs-137 (32.210 J.mol~1.K~!), Carbon
is more sensitive to Wigner energy than Cs-137 and thus,
its temperature chart has a steeper slope than the temper-
ature chart of Cs-137 and this is an example of the physical
interpretation that under the same thermodynamic con-
ditions, the materials with lower heat capacity will have
a steeper slope of temperature changes than the materi-
als with higher heat capacity; But in the case of Cs-137,
although Wigner heat affects the Cs-137 temperature in-
crease, but due to the high heat capacity of Cs-137, the
amount of Wigner heat is not effective enough to show its
effects on the Cs-137 temperature diagram and finally, the
entire system reaches thermodynamic equilibrium within
300 seconds after the start of the heat treatment opera-
tion. Figure 5 shows the T" and M; change for the Cs-137
radionuclide during the temperature range up to 2700 °C.
When the plasma flow interacting with surface of the ir-
radiated Graphite pore, the rate of Cs-137 evaporation
will soon be changed due to the temperature changes in
the surface. Calculations show that the mass transfer rate
varies in the range of (2.5 — 60) x 107¢ kg.m=2.s7! under
the boundary conditions that we have chosen for Graphite
processing. As an important result, in the plasma pro-
cessing of irradiated Graphite surfaces, the radionuclide
compounds which have the lowest heat capacity evaporate
more quickly, and then the surfaces are clean of them.

49

Radiation Physics and Engineering 2023; 4(2):45-51

Cesium-137 sublimation mass rate
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Figure 5: Temperature changes and rate of mass changes of
Cs-137 sublimation in noble-gas plasma jet (with Argon as feed
gas) over time and in the circumstances that plasma tempera-
ture rises from 900 to 2700 °C in a total of 270 s.

In Fig. 5, the vertical axis dimension (rate of mass
changes of Cs-137 sublimation) is expressed in 107°
g.mm™2.s7!, which in order to better express the phys-
ical concept, is shown in terms of its equivalent, which is
1075 kg.m=2.5s71. In general, we use the sputtering decon-
tamination technique when, from an engineering point of
view, the sublimation temperature of the desired radioac-
tive contamination is available. For example, the Co-60 ra-
dionuclide has a sublimation temperature of 2870 °C and
its sublimation is possible using the plasma technique, but
it requires more energy. Also in the case of the possibility
of selective decontamination, this is possible for contami-
nants that have a very long half-life; because it may take
a long time to reach the maximum rate of pollutant sub-
limation. For example, Co-60 radionuclide has a half-life
of 5.27 years and can be selectively removed by modifying
plasma parameters. It is important to note that in the
plasma decontamination technique, the time to reach the
highest rate of pollution sublimation should be less than
the half-life of the desired pollutant and this issue should
be paid special attention (Bespala et al., 2017).

4 Conclusions

Plasma processing is one of the promising methods for
decontamination of irradiated Graphite in the nuclear in-
dustry and therefore, the simulation and the mathemat-
ical study of this process cause that, in addition to de-
tailed analysis of decontamination operations, we mini-
mize the potential effect of the radiation hazards during
the actual experimental operation process. In this study,
the decontamination of Cs-137 from irradiated Graphite
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is investigated and analyzed using the plasma-sputtering
method in which, Thermodynamic processes of heat and
mass transfer during the interaction and effect of plasma
on the surfaces of irradiated Graphite are analyzed. In
order to reduce the specific activity of irradiated Graphite
and also reduce its potential hazards, it is recommended
that its heat treatment be performed in an inert gas envi-
ronment (this action reduces GRW activity). This study
demonstrates the benefits of using Argon as a plasma feed
gas in the plasma decontamination process.

In the plasma decontamination process of irradiated
Graphite and over a wide range of temperatures, the
Cs-137 radionuclides have high mass concentrations and
therefore it is very important and this is another reason
why, of all the radionuclides, we will do the calculation for
the Cs-137 radionuclides in this study. Another important
conclusion is the evaporation of irradiated Graphite starts
at approximately 3000 °C; Therefore, to avoid damaging
the Graphite structure, the temperature of the plasma jet
should not be exceeded 3000 °C. Results show that se-
lective sublimation of radionuclides due to the interaction
of plasma flow with irradiated Graphite can be managed
by changing the temperature of plasma average mass and
this factor reduces GRW activity.

During the process of decontamination of Cs-137 from
irradiated graphite surfaces, using the plasma-sputtering
method with noble argon feed gas, most of the heat given
to the Graphite leads to the compensation of lattice de-
fects and as a result of the heated defects, the release
of Wigner energy occurs. The release of Wigner energy,
simultaneously, affects the heating of graphite and Cs-
137. Heat released due to temperature changes of defec-
tive graphitic structures (the release of Wigner energy)
affects the thermal balance of the whole system. But be-
cause of the heat capacity of carbon which is about four
times lower than that of Cs-137, carbon is more sensitive
to Wigner energy and therefore, its temperature behavior
will have a steeper slope than Cs-137 temperature. In the
case of Cs-137, Wigner’s heat has an effect on its temper-
ature rise, but due to the high heat capacity of Cs-137,
Wigner heat is not that much which its effects can be seen
in the temperature rise diagram of Cs-137 and finally, the
entire system reaches to the thermodynamic equilibrium
within 300 seconds after the starting at heat treatment
operation. the release of Wigner energy was also shown
to affect the removal rate and clearance of Cs-137. The
results obtained are in good agreement with the other re-
searchers results (Bespala et al., 2018).

The results of this study can be used to decontamina-
tion of various types of irradiated porous materials used in
other nuclear systems. According to the obtained results
on the characteristics of plasma required for decontami-
nation of Cs-137 from irradiated graphite, based on these
characteristics, it is possible to design and manufacture
useful plasma actuators in this field.
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HIGHLIGHTS

e Measurement of natural radionuclides in soil samples of Borujerd city.

e Calculation of radiometric parameters for these samples.

e Comparison of them contains with other reported work from other countries.
e Provided discussion about of radiological indices.

e Drown radiological map of Borujerd city.

ABSTRACT

The specific activity of radionuclides in the soil of the Borujerd region using high purity
Germanium detector (HPGe) was measured and the associated radiological hazards
were calculated. The mean specific activity of radionuclides of Ra-226, Th-232, K-40,
and Cs-137 in soil was obtained at 10.99 + 5.11, 35.36 + 4.44, 324.20 + 10.24, and
2.93 & 0.60 Bq.kg™'. These values were below the global average. Also, the value of
basic radiological risk parameters, such as Raeq, AEDout, AEDint, Hexw, Hin, and I,
ranged from 52.02 to 139.54 in Bq.kg ™!, from 24.98 to 68.27 and from 42.90 to 117.22 in
mSv.y !, 122.57 to 334.93, 0.14 to 0.37, 0.16 to 0.40, and 0.27 to 1.04, respectively. The
range of excess lifetime cancer risk (ELCR) value for the surrounding soil samples varied
from 0.15 x 1073 to 0.41 x 1073, in which samples S4, S14, S24, S27, S28, S29, and S30
exceeded the global average of 0.29 x 1072, A radiological map of the city of Borujerd
was prepared using the GIS program. The study showed that the level of radioactivity in
the Borujerd area did not exceed the critical value and is in line with the global results.
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1 Introduction

Humans are always affected by nuclear radiation from nat-
urally occurring radioactive nuclei such as elements in the
U-238 and Th-232 chains and some radioactive nuclei such
as radionuclide K-40. The high level of potassium in the
soil is due to the fact that it makes up an average of 2.8%
of soil weight. On average, the amount of uranium and
thorium in soil was estimated as 2.7 and 9.6 mg.kg=! (Mo-
hebian and Pourimani, 2019). In addition to natural radi-
ation, our environment also has radiation induced by spe-
cial artificial radioactive nuclei, such as Cs-137 and Sr-90
(UNSCEAR, 2000). Cs-137 is one of the fission products
created and released into the environment due to nuclear
accidents such as the explosion of the Chernobyl reactor
in Ukraine (1986) (UNSCEAR, 2000).

Due to the harmful nature of nuclear radiation to hu-
man health, it is necessary to conduct soil monitoring in

*Corresponding author: r-pourimani@araku.ac.ir
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areas where people live and are exposed to natural and
artificial nuclear radiation. This is important for deter-
mining the distribution and radiological mapping of ra-
dionuclides in residential and food-producing regions. In
the field of measuring the amount of radioactivity in soil
samples, countless types of research have been conducted
in the countries of Iraq, Turkey, Saudi Arabia, Pakistan,
India, Congo, China, Egypt, Malaysia, and also in Iran
(Agbalagba and Onoja, 2011; Hussain and Alzhraa, 2017;
Adewoyin et al., 2022; Hasan and Majeed, 2013; Dizman
et al., 2016; Alshahri and El-Taher, 2019; Khan et al.,
2020; Suresh et al., 2020; Diahou et al., 2022; Ziqiang et al.,
1988; El-Araby et al., 2021; Alzubaidi et al., 2016; Pouri-
mani et al., 2017; Mohebian and Pourimani, 2020). This
study specifies the distribution of radionuclides and a ra-
diological map of the city of Borujerd in the central region
of Tran.



. Pourimani et al.

510
il dal) v

1815 (50 s

oty
ool

Sean oty

s =

3 Mo
Sl (gn b

%

Jus

e

S
s

4
'@ @l .\ I
fs1a!
¥

\

5 657J %L i jsznl

515‘

I%’ I%’

Radiation Physics and Engineering 2023; 4(2):53-60

ol

]

(a3

‘%_7‘

15261
v o

Pere

spilly

Figure 1: Sampling points area of Borujerd city in Iran.

2 Materials and Methods

2.1 Area and sampling method

In the present study, 30 soil samples were taken from sur-
face soils (less than 10 cm depth) in the Borujerd areas of
Iran, and the longitude and latitude of the sampling site
were recorded with the Global Positioning System (GPS).
Figure 1 shows the sampling area that covered the entire
city area.

2.2 Preparation of samples

500 g of soil were collected from the sampling points and
transported in a plastic bag with a region label. In ac-
cordance with the International Atomic Energy Organi-
zation’s environmental sample preparation and packaging
instructions, 300 g of powder after grinding and passing
the samples through 20 and 50 mesh was packed, sealed,
and encoded in cylindrical containers of 300 g (Barnett
et al., 2009). Coding was done according to the geograph-
ical location of each sample. Soil samples were sealed with
silicon glue. The seal of the container prevents the release
of radon gas in the uranium chain. To measure the amount
of Ra-226, it is necessary to establish a secular equilibrium
between radium and radon so that the sample containers
are tightly closed for at least 50 days before the measure-
ment (Jibiri and Esen, 2011). In the event of the release
of radon gas, the activity of the radium nucleus cannot be
obtained from the activity of the radon daughter nuclei
(Ranjbar and Yousefi, 2019).

2.3 Radionuclide analysis of samples

To determine the specific activities of radionuclides in the
samples, it is necessary to calibrate the energy and ef-
ficiency of the detector-sample system. Energy and ef-
ficiency calibration was done using a standard RGU-1
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and Cs-137 sources of known activity (Pourimani and
Davood Maghami, 2020). RGU-1 is a known reference
material in the form of a fine powder with known activity
that can be used in any configuration, including a sample
container. The relationship between energy and channel
is shown in Eq. (1):

Energy = 7.52 + (0.33 x Channel) (1)

High purity germanium detector system was used in
this research. The GCD30195BSI model detector oper-
ated at voltage of 3000 V, an energy resolution of 1.95
keV and a relative efficiency of 30%. The gamma ray
spectrum of each sample was registered using LSRMBSI
software. The spectra were analyzed using Gamma Vi-
sion Master II Ortec EG software. The efficiency value of
gamma lines was determined using Eq. (2) (Hossain et al.,
2010):

Net Area 9
Ax BR(%) xT @)
where NetArea is the net count under the full energy peak
corresponding to the energy E;, A is the specific activity
of the radionuclide, BR (%) is the probability of E; photon
emission, and T specifies the counting time. The graph of
efficiency as a function of gamma-ray energy plotted using
the Matlab program is shown in Fig. 2. The gamma ray
spectrum of each sample was recorded for 86,400 s. Back-
ground radiation was measured with an empty container
under the same conditions and subtracted from each spec-
trum (Pourimani and Mohebian, 2021).

(%) = % 100

2.3.1 Measuring the specific activity of radioac-
tive nuclei

Using the net count under full peak energy (NetArea),
detector-sample efficiency (€), sample weight (m), and
gamma emission probability (BR), the specific activities
of Ra-226, Th-232, K-40, and Cs-137 in the samples were
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calculated using Eq. (3) (Kabir et al., 2009):

Net Area

%) % BROG) x T xm = 100

A=- 3)
So that A is the specific activity of the radionuclide in
the sample in Bq.kg™!, T is the counting time in sec-
onds. The global average value of the specific activity of
radium, thorium and potassium nuclei is 30, 35, and 412
Bq.kg™! (Annex et al., 2000). The activity of Ra-226 was
calculated from the gamma emission of Pb-214 (351.93
keV) and Bi-214 (609.31 keV). Th-232 activity was deter-
mined using gamma energies of Pb-212 (238.6 keV), Ac-
228 (911.21 and 968.97 keV), and T1-208 (583.2 keV). The
K-40 activity was assessed directly with its gamma radi-
ation (1460.75 keV) and Cs-137 activity was determined
using its gamma line as 661.66 keV.

Efficiency (%)

1/

Energy(keV)

Figure 2: Efficiency diagram of the detector-sample configu-
ration as a function of gamma-ray energy.

2.3.2 Radium equivalent activity

Ra equivalent activity is a single quantity that is used
to determine the radiation level of natural radionuclides
in terms of Ra-226 radioactivity and is one of the most
common indicators of radiation level. This indicator is
based on the evaluation that 370 Bq.kg~! of Ra-226, 259
Bq.kg™! of Th-232, and 4180 Bq.kg™! of K-40 give the
same gamma dose rate. It can be calculated using Eq. (4)
(UNSCEAR, 2000):

Raeq = ARa + 1.43A1y, + 0.077 Ak (4)

2.3.3 The absorbed dose rate in the air

At a height of 1 m above the ground, for radionuclides uni-
formly distributed in soil and rock, the absorbed gamma
radiation dose (D) in the air can be calculated using Eq.
(5) (UNSCEAR, 2000):

D (nGy.h™") = 0.427 A, + 0.662 Ay, +0.0432 A (5)

2.3.4 Internal and external annual effective dose

The annual effective dose in open air (AED) in terms of
pSv.y ! is related to the dose absorbed in the air (D) at
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a height of 1 m from the soil surface in terms of nGy.h~!
(Egs. (6) and (7)). Since soil sampling is possible in mate-
rials, if a building is used, the annual effective dose inside
the building has also been calculated (Pourimani and Mo-
hebian, 2021).

AEDoutdoor (,USV~y_1) = Dose rate (DGy.hil)
x 8760 (h.y ') x 0.20
x 0.7 (Sv.Gy ') x 1073

(6)

AED;ndoor (uSv.y_l) = Dose rate (nGy.h_l)
x 8760 (h.y ™) x 0.8
x 0.7 (Sv.Gy™ ') x 1073

(7)

The internal and external occupancy factors are 0.80 and
0.20 respectively, and also a factor of 0.7 was used for the
Gy to Sv conversion (Pourimani and Mohebian, 2021).

2.3.5 Calculation of internal and external risk in-
dicators

The external risk index shows the amount of gamma radi-
ation in the environment and the presence of radioactive
nuclei in soils and rocks that may pose a threat to hu-
mans. The internal risk index is caused by inhalation of
radon gas or ingestion of radionuclides. These parameters
are calculated using Egs. (8) and (9) (Kabir et al., 2009).
For a safe environment, the maximum values of external
and internal radiation risk indicators should be less than
1 (UNSCEAR, 2000).

Ara  Amn Ak

H,, = <1 8
370 + 259 + 4810 — (8)
ARa ATh AK

H,, — <1 9
185 + 259 + 4810 — )

2.3.6 Calculation of gamma index (I,)

The gamma index is used to estimate the level of exposure
to gamma radiation associated with naturally occurring
radionuclides in soil and rocks. Equation (10) is used to
calculate this index (Annex et al., 2000):

Aty
100

Ax
1500

ARa
I =
7150

In Egs. (4) to (10), Aga, Arn, and Ak are the spe-
cific activities of Ra-226, Th-232, and K-40 in Bq.kg™*',
respectively.

(10)

2.3.7 Excess Lifetime Cancer Risk

The Excess Lifetime Cancer Risk (FLCR) is proportional
to the absorbed annual effective dose (AED), life ex-
pectancy (LE), and risk factor (RF'). Equation (11) using
for the calculation of this important index. The Excess
Lifetime Cancer Risk during the lifetime causes by envi-
ronmental gamma radiation (UNSCEAR, 2000).
According to the World Health Organization report
for Iranians, LE was 73.15 years (CINAR and Altundas,
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Table 1: The specific activities of natural radionuclides, Cs-137, radium equivalent, and absorbed dose rate in the air. MDA

shows th Minimum Detectable Activity.

Radiation Physics and Engineering 2023; 4(2):53-60

Sample Specific activity (Bq.kg 1) Radiological Index
code Ra-226 Th-232 K-40 Cs-137 Racqg Bakg™) D (nG.h™T)
S1 17.63 £ 0.78 23.00 £ 3.78 363.85 £ 9.84 0.36 < MDA 78.53 38.47
S2 10.40 £ 0.89  67.10 £ 5.57 376.24 + 1048 1.11 < MDA 135.32 65.11
S3 6.16 + 0.84 33.90 + 4.53 513.85 + 12.12 093 < MDA 94.20 47.27
S4 7.11 + 0.85 40.80 + 4.83 516.98 + 12.34 1.04 < MDA 105.26 52.37
S5 2.56 £ 0.76 27.41 +4.13 380.56 £ 9.71 096 < MDA 71.05 35.67
S6 3.73 £ 0.77 45.77 +£ 4.65 407.13 £ 10.07 094 < MDA 100.53 49.48
S7 29.85 £ 2.14  25.41 £ 3.77  293.26 £ 8.21 3.49 4+ 0.32 87.76 42.23
S8 9.72 £+ 0.69 31.40 +4.16  315.56 +9.02 0.90 < MDA 78.92 38.56
S9 2.39 £ 0.75 31.58 £4.04 353.58 £9.35 094< MDA 75.31 37.20
S10 MDA > 261 41.74 +4.51 265.20 £ 7.58 0.89 < MDA 80.10 39.08
S11 2.58 £ 0.72 22.46 + 3.80 306.69 + 8.51 0.85 < MDA 58.31 29.21
S12 MDA > 256 41.41 +£4.76 490.91 + 12.05 0.96 < MDA 97.01 48.62
S13 26.74 £ 2.02 17.06 + 3.59 22846 + 7.22 084 < MDA 68.72 32.58
S14 8.96 + 0.83 42.57 £ 4.80 48742 + 12.68 0.99 < MDA 107.36 53.06
S15 5.25 + 0.78 33.20 +4.53  252.02 £ 888 093 < MDA 72.13 35.10
S16 29.66 £ 2.19 17.88 £ 3.99  159.01 £ 6.72 1.254-0.30 67.47 31.37
S17 8.13 £ 0.73 32.55 + 3.88 280.51 £ 9.11 093< MDA 76.27 37.13
S18 7.01 £+ 0.81 35.24 +4.53 25298 £9.36 097 < MDA 76.88 37.25
S19 5.70 + 0.80 36.04 + 442 261.48+9.36 099 < MDA 77.37 37.58
S20 12.33 £ 0.68  23.25 £ 5.02  226.23 £8.02 0.92< MDA 65.71 30.42
S21 1148 £ 0.69 18.99 +3.84 173.92 £8.03 0.94< MDA 52.02 24.98
S22 14.48 + 0.74  20.11 +4.57 191.35 £8.79 097 < MDA 57.97 27.76
S23 23.50 +£ 0.84 27.61 +4.83 351.50 £ 10.29 1.01< MDA 90.04 43.49
S24 13.48 + 0.67 40.54 + 6.05 458.51 + 11.75 4.45 + 0.40 106.75 52.40
S25 6.10 + 0.70 34.78 £4.04  413.57 £ 9.90 3.33+0.30 87.68 43.49
S26 7.84 + 0.71 40.77 £ 4.33  427.40 £+ 10.15 2.15 £ 0.28 99.05 48.20
S27 6.42 + 0.74 47.09 + 4.27 539.22 + 12.21 094 < MDA 115.27 57.20
S28 10.19 £ 0.79  53.15 £ 4.77 505.13+11.8 0.97 < MDA 125.08 61.35
S29 9.744-0.78 62.10 + 4.94 532,55 £ 1229 097 < MDA 139.54 68.27
S30 8.57 £ 0.74 45.87 + 4.43 488.46 £ 1145 092 < MDA 111.77 55.12
MIN MDA > 256 17.06 £3.59 159.01 £ 6.72 0.36 < MDA 52.02 24.98
MAX 29.845 4+ 2.14  67.10 £ 5.57 539.22 + 12.21 4.45 + 0.40 139.54 68.27
MEAN 10.99 + 5.11  35.36 + 4.44  324.20 + 10.24 0.60 4+ 2.93 88.64 43.33

2015) and the International Committee on Radiation Pro-
tection established the risk conversion factor to be 0.05
Sv~!. The global average is 0.29 x 10~3 and the maxi-
mum acceptable limit is 1072 (UNSCEAR, 2000).

ELCR = AED,yyuid00r X LE x RF (11)

3 Results

The specific activities of Ra-226, Th-232, K-40 and Cs-137
radioactive nuclei was measured in 30 soil samples. The
data results are listed in Table 1. Based on the data from
Table 1, the highest value of the specific activity of Ra-226
was obtained in sample S7, and the lowest in sample S10.
The highest and lowest value of specific activity of Th-232
radioactive nucleus is in samples S2 and S13, respectively.
The highest value of the specific activity of the K-40 nu-
cleus was obtained in sample S27 and the lowest amount
of activity was obtained in sample S16. The Cs-137 with a
maximum value of 4.45 Bq.kg™! was measured in Samples
S1, S16, S24, S25, S26, and S27, and for the rest of the
samples was lower than the MDA level of the detector sys-
tem. The calculated radiological parameters are presented
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in Table 2. The values of radiological risk parameters such
as Racq, AEDoyt, AED;ny, D, Hey, H;p, and I, varied
in the range of 52.02 to 139.54) Bq.kg™!, 24.98 to 68.27
and 122.57 to 334.93 in uSv.y !, 42.90 to 117.22 nGy.h™1!,
0.14 to 0.37, 0.16 to 0.40, 0.27 to 1.04, respectively. Fig-
ure 3 shows the comparison of the equivalent activity value
of radium in this study with other countries. According
to this figure, Pakistan shows a higher equivalent activity
value compared to other countries. On the other hand, all
values are lower than the global average value.

Figure 4 compares the gamma index value in this study
with other countries where Turkey and Pakistan show the
highest and the lowest gamma index values, respectively,
compared to other countries. For all mentioned countries
except Turkey, the gamma index values were lower than
the global average. The range of ELCR values for soil
samples ranged from 0.15 x 1073 to 0.41 x 10~3, which
for samples s4, s14, s24, s27, s28, 529, and s30 was greater
than the global average of 0.29 x 1073. Maps of Ra-226
distribution and airborne dose rate by GIS software are
shown in Figs. 5 and 6. Ra-226 was higher at several lo-
cations near the central part of the city, and the absorbed
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Table 2: Radiological parameters of samples.

Radiological Index
Sample code  AED,y: (uSv.y ') AED;, (uSv.y ') He. H; I ELCR (x1077°)

S1 66.05 188.48 0.21 0.25 0.59 0.23
S2 111.79 319.42 0.36 0.39 0.98 0.39
S3 81.16 231.88 0.25 0.27 0.72 0.28
S4 89.93 256.95 0.28 0.30 0.80 0.31
S5 61.25 175.02 0.19 032 0.54 0.21
S6 84.95 242.73 0.27 0.27 0.75 0.29
S7 72.51 207.18 023 032 0.64 0.25
S8 66.22 189.20 0.21 0.23 0.58 0.23
S9 63.87 182.49 0.20 0.20 0.56 0.23
S10 67.11 191.75 0.21 0.21 0.59 0.23
S11 50.16 143.33 0.15 0.16 0.44 0.17
S12 83.47 238.51 0.26 0.26 0.74 0.29
S13 55.94 159.83 0.18 0.25 0.50 0.19
S14 91.10 260.300 0.28 0.31 0.81 0.31
S15 60.27 172.22 0.19 0.20 0.53 0.21
S16 53.86 153.89 0.18 0.26 0.63 0.18
S17 63.76 182.18 0.20 0.22 0.39 0.22
S18 63.95 182.73 0.20 0.22 0.56 0.22
S19 64.53 184.39 0.20 0.22 0.57 0.22
S20 52.24 149.27 0.17 020 0.46 0.18
S21 42.90 122.57 0.14 0.17 0.38 0.15
S22 47.66 136.18 0.15 0.19 0.42 0.16
523 74.68 213.37 0.24 030 0.66 0.26
524 89.97 257.05 0.14 032 0.80 0.31
S25 74.67 213.37 0.23 0.25 0.66 0.26
526 82.76 236.62 026 028 0.74 0.28
S27 98.22 280.64 0.31 0.32 0.27 0.34
528 105.34 300.99 0.33 036 0.93 0.36
529 117.22 334.93 0.37 040 1.04 0.41
S30 94.65 270.43 0.30 0.32 0.84 0.33
MIN 42.90 122.57 0.14 0.16 0.27 0.15
MAX 117.22 334.93 0.37 040 1.04 0.41
MEAN 74.40 212.59 0.22 0.26 0.63 0.25

Table 3: Comparison of specific activity and risk indicators with other countries of the world.

Specific Activity Radiological Index
Country Ra226 Th-232 K40  Rao, s I, H.. Reference
Nigeria 18.00 22.00 210.00 65.63 0.21 0.18 (Agbalagba and Onoja, 2011)
Najaf 5.50 9.05 332.92 44.08 0.13 0.09 (Hussain and Alzhraa, 2017)
Nigeria(Ogun) 2549  64.89  181.38 134.97 0.07 0.36 (Adewoyin et al., 2022)
Iraq 58.80 42.38 1025.35 198.37 0.73 0.53 (Hasan and Majeed, 2013)
Turkey 85.75 51.08 771.57 85.75 1.60 0.59 (Dizman et al., 2016)
Saudi 23.2 7.73 278.00  23.19 045 0.15 (Alshahri and El-Taher, 2019)
Pakistan 69.50 123.68 453.60  281.27 0.14 0.75 (Khan et al., 2020)
India 36.12 50.45 315.35 130.33 0.48 0.36 (Suresh et al., 2020)
Congo 25.14 18.16 46.15 64.70 0.44 0.17 (Diahou et al., 2022)
China 38.00 57.60 838.00 184.89 0.62 0.50 (Zigiang et al., 1988)
Egypt 12.88 12.33 445.33 66.36 0.24 0.04 (El-Araby et al., 2021)
Malaysia 37.00 53.00 293.00 135.35 043 0.37 (Alzubaidi et al., 2016)
Iran (Sareband)  37.27 43.18 604.05 14891 0.49 0.39 (Pourimani et al., 2017)
Iran (Shazand) 23.99 31.74 461.09 108.08 0.73 0.29 (Mohebian and Pourimani, 2020)
Iran 10.99 35.36 324.20 88.64 0.63 0.22 Present study
dose rate was higher in the southeastern part of the city. that, in general, the amount of radiation and the doses
The Borujerd is a mountain city where the kind stones are absorbed was lower than the global average and do not
igneous and sedimentary that causing in some regions the pose a threat to human health.

radioactivity to increase or decrease. This study showed
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Figure 3: Comparison of the radium equivalent activity value of this study with other countries.
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Figure 5: Radium distribution in Borujerd city in Iran.
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Figure 6: Dose map assignment of Borujerd City in Iran.

4 Conclusions

The study examined the radioactivity of soil samples in
the city of Borujerd. The amount of natural radioactive
elements was below the global average, and cesium was
not detectable in most samples. Radiological parameters
of soil samples were calculated and maps of radium dis-
tribution and absorbed dose in the air were drawn with
the use of GPS software. The quantities of radiological
parameters were lower than the global values, and in this
sense, the existing nuclear radiation does not pose a threat
to the city’s inhabitants.
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