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This article focuses on the in-situ calibration of area radiation monitors by examining changes
in backscatter factors. A mobile X-ray irradiation device was developed, and a reference radia-
tion level was established. Using the Monte Carlo method, an in-situ calibration measure-
ment model was created to study backscatter factors at different distances and radiation field
conditions for radiation qualities ranging from N-60~N-200. The accuracy of the simulation
was verified, with a relative deviation between simulation and experimental results not ex-
ceeding +4.7 %. In addition, the variation of the backscatter factors with different cham-
ber-wall distances and wall materials was simulated. Results indicate that backscatter factors
for all materials decrease as the chamber-wall distance increases. For conventional concrete,
the maximum backscatter factor within the studied energy range did not exceed 1.35. Itis im-
portant to note that for heavy concrete and lead, the presence of K absorption edges can result
in a sudden increase in scattered radiation.
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INTRODUCTION

Nuclear power plants, accelerators, and radia-
tion environment monitoring stations utilize numer-
ous fixed X- and gamma-ray radiation dosimeters.
These devices are used for area radiation monitoring,
online evaluation, and early warning of radioactive
hazards associated with nuclear facilities [1-4]. Con-
sidering the accuracy of monitoring, the capability of
dosimeters with high sensitivity and quick response
are usually required. The conventional method for us-
ers to ensure the reliability of measurement results of
such fixed radiation dosimeters is to regularly disas-
semble them from the surface of the installation wall
every year and transport them to the primary standard
dosimetry laboratories or secondary standard dosime-
try laboratories for calibration [5-7]. This method has
drawbacks, including cumbersome instrument disas-
sembly, lengthy submission cycles, and the risk of los-
ing control of monitored points during submission.
According to the standard IEC 60846-1:2009 [8], the
conventional monitoring quantity of the dosimeter is
the ambient dose equivalent A*(10) or air kerma K.

* Corresponding authors, e-mails: minlin716@126.com,
huangy@bjjl.cn

The radiation performance mainly evaluates its sys-
tematic error, measurement repeatability, and energy
response characteristics. Narrow-spectrum series
(N-series) filtered X reference radiation or ®°Co, 37Cs
and ' Am radionuclide gamma reference radiation
can be used in calibration. The calibration factor of a
dosimeter is defined as the quotient of the conven-
tional true value of the monitoring quantity by the in-
dicated value (with necessary corrections) of the do-
simeter. It can be seen that the accuracy of the
conventional true value measurement at the test post
will greatly affect the accuracy of the calibration fac-
tor. The ISO 4037-1:2019 indicates that the contribu-
tion due to scattered radiation in the fixed reference ra-
diation field should be less than 5 % of the total dose
rate at the test point. However, different from the stan-
dard laboratory, in-situ calibration requires special
consideration of the impact of scattered radiation gen-
erated by the surrounding environment on the dose
rate at the test point.

During in-situ calibration, scattered radiation is
affected by the installation wall of fixed dosimeters,
and by obstacles on the wall surface (such as pipelines,
junction boxes, and hosts that are compatible with do-
simeter probes). Usually, these obstacles are small in
volume and positioned outside the radiation field,
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hence the dose rate at the test point is less affected by
the scattered radiation from these obstacles. In con-
trast, during the in-situ calibration, almost all the radi-
ation fields are perpendicular to the installation wall,
resulting in a larger exposed area and a greater interac-
tion probability between the incident X-ray and the
wall. The installation position of the dosimeters is usu-
ally close to the wall surface, and the backscattered ra-
diation generated by the wall may seriously affect the
dose rate of the test point, resulting in significant devi-
ation in the calibration factor measurement results.
Therefore, it is important to determine the impact of
backscattered radiation from the fixed dosimeter in-
stallation wall on the dose rate at the test point when
in-situ calibration is adopted. In summary, the back-
scattered radiation is mainly related to the radiation
quality, field size, wall material, and the distance be-
tween the dosimeter and the wall.

In this study, a mobile X-ray irradiation device
was developed for in-situ calibration, and its radiation
characteristics were systematically verified according
to the standard ISO 4037 [9]. Monte Carlo simulation
and experimental methods were used to evaluate the
changes in backscattered radiation of the installation
wall under different distances, radiation fields, and
wall materials. The results provide important refer-
ences for in-situ calibration using mobile X-ray irradi-
ation devices.

THEORY AND METHODS

Establishment of mobile X-ray
reference radiation

The reference radiation field generated by the
mobile X-ray irradiation device is used to carry out
in-situ calibration of the fixed dosimeters, which the

200 cm

Installation wall

typical layout is shown in fig. 1. An XPO EVO 225D
portable X-ray tube (YXLON International GmbH)
serves as the X-ray source with a 20° tungsten target
and a maximum power of 1200 W. The tube voltage
ranges from 25 kV to 225 kV (1 kV/step), and the tube
current ranges from 0.5 mA to 10 mA (0.1 mA/step).
The device features a collimation design, using 2 mm
lead and 1 mm stainless steel shielding around the tube
to reduce the impact of leakage radiation on the mea-
surement. These dosimeters are mounted on movable
support platforms, eliminating the need to remove
them from the installation wall during the in-situ cali-
bration. The laser positioning module ensures that the
X-ray tube focal spot is at the same horizontal height as
the calibrated dosimeter reference point and that the
central axis of the X-ray beam is perpendicular to the
installation wall.

In backscattered radiation measurement, the cal-
ibrated dosimeter reference point is replaced by the
geometric center of TW 32005 (PTW) secondary stan-
dard ionization chamber, the vertical height of the test
pointis 150 cm and remained unchanged in the follow-
ing discussion. The distance from the X-ray focal spot
to the chamber (SCD) varies from 100 cm to 300 cm,
which is commonly used. The distance from the cham-
ber to the installation wall (CWD) ranges from 2.2 cm
to 50 cm, with 2.2 cm chosen as it corresponds to the
radius of the TW 32005 chamber. Three different sizes
of apertures that can respectively adjust the output
X-ray to conical beams with angles 6 of 5°, 8°, and
10°. For a specific SCD, the radiation field will be-
come larger when 6 is increased. According to the di-
mensions of common fixed dosimeters, beams with an
angle 6 of 8° are most suitable for in-situ calibration,
and circular radiation fields with radii » of 14 cm,
28 cm, and 42 cm (including penumbra area) can be
obtained at distances of 100 ¢cm, 200 cm, and 300 cm
from the focal spot, respectively. Laser locator 1 is
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Table 1. Characteristics of reference radiation quality

Tube Additional Mean

Radiation voltage | _filtration [mm] | energy

HVLy

WY | [kVT [pb [ sn | cu | kev] (MM
N-60 60 - — 10.77 | 48.08 0.24
N-80 80 - - |11.97] 65.40 0.59
N-100 100 — — 1494 83.14 1.15
N-120 120 — [1.01]5.02|100.63 1.75
N-150 150 - 1249 - |119.03 2.43
N-200 200 1.16 [3.10]2.03 | 167.99 4.18

used for spatial alignment between the focal spot and
the test point, while laser locator 2 ensures that the
field is perpendicular to the installation wall.

Table 1 shows the characteristics of reference ra-
diation qualities used in this paper. The additional
filtrations are made of Pb, Sn, and Cu sheets with a pu-
rity better than 99.9 %. According to the measurement
results, the inherent filtration of the irradiation device
is4.01 mm A1[10]. The calibrated ionization chamber
and type UNIDOS E electrometer are used to measure
the dose rate at the test point, where the impact of scat-
tered radiation from the surrounding environment can
be ignored (that is, the dose rate in free air), and the
value is traceable to the primary standard of 60-250 kV
X-ray air kerma.

Monte Carlo simulation

Monte Carlo N-Particle Transport Code
(MCNP), Version 5 [11] is used for the simulation of
backscattered radiation. The MCNP is a general-pur-
pose, continuous-energy, generalized-geometry,

time-dependent, coupled neutron/photon/electron
Monte Carlo transport code. Figure 2 shows the
MCNP model for backscattered radiation calculation,
which reproduces the geometric structure of the in-situ
calibration experiment in fig. 1. A point source with
N-series photon fluence spectra is set up at the focal
spot of the X-ray tube, and the source terms used in the

Installation wall

Mobile X-ray
reference radiation

i
=

Figure 2. The MCNP calculation model for
backscattered radiation

simulation are shown in fig. 3. Figure 3(a) shows the
corresponding bremsstrahlung spectra, which is ob-
tained from the calculation model of cathode electron
beam bombard to 20° anode tungsten target. By incor-
porating additional filtration consistent with the mate-
rial and thickness specified in tab. 1, the N-series pho-
ton fluence spectra are obtained, as shown in fig. 3(b).
Using a DIR card the beam is shaped into a conical
form. It is then further adjusted with a beam aperture,
ensuring the simulated field range remains consistent
with the actual measurement.

A spherical cell with aradius of 2.2 cmis used to
simulate the sensitive volume of the transfer chamber.
Using an F4 tally card to record the incident photons
flux, and its physical quantity is as follows

oy :Vlj'dEj'dtIdVJ'de/(?,Q,E,t) )

where ¢, is the average flux in spherical tally cell (par-
ticles-cm ), ¥ [em®] — the volume of the tally cell, £ —
the energy of photons incident on the tally cell, 7 [cm]
—the particle position vector, €2 —the direction vec-
tor, /— time in shake (1 shake = 10""s), and v —the an-
gular flux familiar from nuclear reactor theory. Then, a
DE/DF card is used to convert flux into air kerma. The
ICRP Report 74 [12] provides the conversion coeffi-
cient K,/¢ [pGy-cm?] of air kerma per unit flux, which
is a function of incident photon energy.

In this paper, conventional concrete was first
chosen as the simulation scattered material, which was
commonly used in laboratory wall construction. In the
simulation, the dimensions of the fixed dosimeter in-
stallation wall were set to 600 cm x 350 cm x 30 cm
(i.e., length x height x thickness). These measures re-
mained unchanged. The CWD was set to 4 cm, and
SCD was sequentially set to 96 cm and 200 cm. The
tube voltage range was adjusted within the range of
60-200 kV, corresponding to radiation qualities
N-60~N-200. The simulated values were compared
with the measured results to verify the validity of the
MCNP model and calculation method. Subsequently,
to comprehensively evaluate the backscattered radia-
tion variation in conventional concrete materials, the
variation ranges for CWD and SCD were setto 2.2-50
cm and 100-300 cm, respectively. These ranges, com-
monly used in in-situ calibration, were selected to
study the variation of the backscattered radiation fac-
tor with CWD and SCD. In addition to conventional
concrete, brick, heavy concrete, iron, and lead were
also employed as simulation scattered materials. The
reasons are that brick is used as construction material,
iron is used as holder material for fixed dosimeters,
and heavy concrete and lead are commonly used as ra-
diation shielding materials. The detailed simulation
parameter information of the above five materials is
listed in tab. 2, and the relevant data is sourced from
the report published by Williams, [13].
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Figure 3. Source terms
used in the backscattered
radiation simulation;
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spectra and (b) N-series
photon fluence spectra

6.0-107

Relative count

4.0107]

2,010

Electron beam energy 60 keV
== = Electron beam energy 80 keV
- Electron beam energy 100 keV
= = « Electron beam energy 120 keV
= = - Electron beam energy 150 keV
------ Electron beam energy 200 keV

T 120 T T T T

©/Pmax

Table 2. Simulation parameters of five materials in
in-situ calibration

Wall material Composition information .
- ; Density
Element Atomic Weight [gem ]
number (Z) | fraction [%]
O 8 52.50
Al 13 0.50
Brick Si 14 44.90 1.800
Ca 20 1.40
Fe 26 0.70
H 1 0.40
O 8 48.21
Na 11 0.22
) Mg 12 1.41
Conventional | 13 694 | 2.180
concrete
Si 14 27.75
K 19 1.30
Ca 20 8.02
Fe 26 5.75
H 1 0.36
O 8 31.16
Mg 12 0.12
Al 13 0.42
Heavy Si 14 1.04 | 3350
S 16 10.79
Ca 20 5.02
Fe 26 4.75
Ba 56 46.34
Iron Fe 26 100.00 7.874
Lead Pb 32 100.00 11.350

Calculation method for
backscatter factor

To quantitatively discuss the impact of backscat-
tered radiation from the installation wall on the dose at
the test point under different CWD and SCD, we intro-
duced a backscatter factor.

For experimental measurement, the backscatter
factor ky is calculated as follows

kve = (@)

where Dyro [mGyh '] is the dose rate at the test point
in free air, and Dy [mGyh '] — the dose rate at the test
point with installation wall backscattered radiation.

Photon energy [keV] (b)

T
200

Photon energy [keV]

For simulation calculation, the backscatter fac-
tor kyc is calculated as follows

DMC

3)

for =
YD MCO
where Dyco [pGy] is the dose at the tally cell when the
installation wall is filled with air and Dyc [pGy] — the
dose at the tally cell when the installation wall is filled
with conventional concrete, heavy concrete, brick,
iron, and lead [pGy].

It should be noted that for MCNP simulation, ad-
justing the tube voltage can be accomplished by set-
ting photon source terms with different spectrum dis-
tributions. However, adjusting the tube current cannot
be simply achieved by changing the number of photon
transports. Increasing the number of photon transports
will only reduce the statistical fluctuations of the simu-
lation results. This means that with N different tube
currents, N measured backscatter factors &y will be
generated, corresponding to only one simulated back-
scatter factor ky;. The current of the X-ray tube is pro-
portional to the intensity of the photon source. For a
specific energy spectrum distribution, when the output
of the X-ray tube is stable, there is no significant
change in the backscatter factor, which has been stud-
ied [14]. Therefore, in the following discussion, we
will ignore the description of tube current.

RESULTS AND DISCUSSION

Experimental verification of
backscattered radiation calculation model

The backscattered radiation experiment was car-
ried out in the laboratory of the China Institute of
Atomic Energy, and the laboratory wall material was
conventional concrete. The statistical uncertainty of
the simulation results is less than 2 % (the number of
photon histories is set to 10%). The comparison
between kyp and ky at beam angles 8 of 5°, 8°,
and 10° for SCD =96 cm and 200 cm, is shown in fig.
4(a) and fig. 4(b).

In fig. 4(a), the radiation field radius (r) projected
at the installation wall changes from 8.5 cm (0 of 5°) to
17 cm (6 of 10°). The interaction probability between in-
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Figure 4. The CWD of 4 cm, 0 of 5°, 8°, and 10°, the comparison of kyg and kyc when; (a) SCD of 96 cm, (b) SCD of 200 cm

cident photons and the wall will increase, leading to an
increase in backscattered radiation. The /&y changes
from 1.13 (6 of 5°) to 1.22 (6 of 10°) when tube voltage is
120 kV, and a similar pattern can also be seen in fig. 4(b).
When 6 remains unchanged (taking 10° as an example),
adjusting the SCD from 96 cm to 200 cm will also in-
crease the radiation filed radius, and the ky;; changes
from 1.22 (SCD 0f 96 cm) to 1.25 (SCD 0f200 cm) when
tube voltage is 120 kV. The relative deviation between
the simulated and measured results in fig. 4 is within 4.7
%, which verifies the validity of the backscattered radia-
tion calculation method and the MC model.

SCD =100 cm

1.30

1.28 SCD =300 cm

The variation of backscatter
factor with CWD

The validated backscattered radiation MC calcu-
lation model was used to study the variation of the
backscatter factor of conventional concrete walls with
CWD under different tube voltages. The beam angle 6
was set to 8°, SCD was sequentially set to 100 cm, 200
cm, and 300 cm, and the calculation results are shown
in fig. 5.

As shown in fig. 5, the backscatter factor &y, de-
creased with the increase of CWD and gradually ap-

1.28]
1.26
1.24 4
1.22
1.204
1.18
1.164
1.14
1.124
1.10
1.08/4

SCD =200 cm

kMC

Figure S. The fof 8°, the variation of backscatter factor k. of
conventional concrete wall with CWD when; (a) SCD of 100 cm,
(b) SCD of 200 ¢cm, and (¢) SCD of 300 cm
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proached 1.00. As the wall gradually moves away, the
influence of backscattered radiation on the dose at the
test point will gradually decrease and eventually dis-
appear (when the distance is far enough). At CWD of
50 cm, the backscatter factor can be reduced to below
1.01 when SCD is 100 cm, while at SCD of 200 cm and
300 cm, due to the increase of radiation field size, the
backscatter factor can only be reduced to below 1.04
and 1.06, respectively. Due to the long distance be-
tween the wall and the test point, the fluctuation of the
backscatter factor with the tube voltage is small. On
the contrary, when the wall is adjacent to the test point
(CWD of 2.2 cm), the backscattered radiation will be
more easily detected. As the SCD increases from 100
cm to 300 cm, the maximum backscatter factor can in-
crease to 1.22, 1.25, and 1.27, respectively. At this
time, the fluctuation of the backscatter factor with the
tube voltage is greater than that at CWD of 50 cm.
The aforementioned studied the variation of the
backscatter factor at the test point when the wall mate-
rial is conventional concrete under a commonly used
in-situ calibration layout. During the in-situ calibra-
tion, the radiation field size can be reasonably selected
based on the actual situation, and the impact of scat-
tered radiation can be reduced by adjusting the mea-
surement distance or the beam aperture size.

The variation of backscatter
factor with wall material

The installation wall was sequentially filled with
brick, ordinary concrete, heavy concrete, iron, and
lead materials, and the variation of backscatter factor
ke with CWD was simulated and the results are
shown in fig. 6. The beam angle 0 was set to 8°, radia-
tion quality was set to N-60 and N-200, SCD was set to
100 cm and 300 cm, and CWD was set to 2.2-50 cm.

In fig. 6, the backscatter factor &y, of all materi-
als decreases and approaches 1.00 with the increase of
CWD, which is consistent with fig. 5. When the wall is
adjacent to the test point (CWD of 2.2 cm) and SCD
was setto 100 cm, backscatter factors of the five mate-
rials under radiation quality N-60 in descending order
are: heavy concrete (1.48), lead (1.17), brick (1.16),
ordinary concrete (1.11), and iron (1.09). However,
backscatter factors of the five materials under radia-
tion quality N-200 in descending order are: brick
(1.24), ordinary concrete (1.21), lead (1.09), iron
(1.09), and heavy concrete (1.05). The backscatter fac-
tors for heavy concrete and lead at N-60 are approxi-
mately 41.0 % and 7.3 % higher, respectively, com-
pared to those at N-200. In contrast, the backscatter
factors for brick and ordinary concrete at N-60 are
about 6.5 % and 8.3 % lower, respectively, than those
at N-200. The backscatter factor for iron remains al-
most unchanged. When SCD was set to 300 cm, a sim-
ilar pattern can be observed.

Because the reaction cross-section is related to the
incident photon energy and the material type, the back-
scatter factor varies with the radiation quality. Under the
X-ray energy of 200 keV, the main forms of interaction
of photons with matter include photoelectric absorp-
tion, Compton scattering and coherent scattering. The
NIST XCOM photon cross-section database provides
detailed data on the reaction cross sections of the above
five materials [15], as shown in fig. 7. In addition, the
X-ray fluence spectra of N-60~N-200 are also shown to
characterize the relative weights of different reaction
cross sections under different energy photon.

Combining the backscatter factor in fig. 6 with
the reaction cross-section in fig. 7, we can see that for
brick material, when the photon energy is 20-50 keV,
the photoelectric absorption cross-section is larger
than the Compton scattering section. When the photon
energy ranges from 50-200 keV, the photoelectric ab-
sorption cross-section decreases rapidly and Compton
scattering gradually becomes dominant. For conven-
tional concrete material, the variation is similar to that
ofbrick, and the cross-section of photoelectric absorp-
tion and Compton scattering of these two materials are
almost the same near 60 keV. Therefore, for brick and
conventional concrete materials, the backscatter factor
at N-60 is smaller than at N-200.

For heavy concrete and lead materials, photoelec-
tric absorption is always dominant within the photon
energy range of 20-200 keV, mainly because the effec-
tive atomic number Z of the material is large, and the
probability of photoelectric effect is proportional to the
Z 3. However, the barium (mass fraction 46.34 %) in
heavy concrete has a K absorption edge at the photon
energy of 37.44 keV. For N-60, more characteristic
X-rays will be detected, resulting in a sharp increase
in the backscatter factor. Similarly, for lead material,
there is a K absorption edge at the photon energy of
88.00 keV, which directly leads to a sudden increase of
backscatter factor under N-100 and N-120, as shown in
fig. 8.

Based on the above analysis of the changes in
backscatter factors of five materials under different
energy photons, it can be concluded that in the actual
calibration process, the main material of the fixed do-
simeter installation wall should be fully considered.
According to the radiation quality and energy range
used in the calibration, it is necessary to consider the
sudden change near the K absorption edge on the back-
scatter factor.

CONCLUSIONS

In this study, a mobile X-ray irradiation device
was developed, and reference radiation levels ranging
from N-60~N-200 were established. A Monte Carlo
model for backscattered radiation calculation was
built and validated. The wvariation of the fixed
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dosemeter installation wall backscatter factor with
SCD, CWD, field size, and wall materials was investi-
gated. For ordinary concrete material, the variation of
backscatter factor with photon energy under different
SCD and 0 was verified, with a relative deviation be-
tween measured and simulated results within +4.7 %.
Results showed that the CWD and the size of the radia-
tion field directly affected the measurement results.
During the calibration process, the impact of scattered
radiation can be reduced by adjusting the measure-
ment distance and using appropriate beam apertures.

Finally, the variation of the backscatter factor with dif-
ferent wall scattering materials was studied using
radiation qualities of N-60 and N-200 as examples. It
was found that ordinary concrete and brick materials
exhibited similar patterns of change, with a maximum
backscatter factor not exceeding 1.35. For heavy
concrete and lead materials, the backscatter factor
significantly increased, near the energy region of the
K absorption edge, because of characteristic X-rays.
The maximum backscatter factor is 1.57 for heavy
concrete at N-60, with CWD of 2.2 ¢cm, and SCD of
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300 cm. This research highlights the importance of
considering wall materials, detector size, radiation
field size, and photon energy in the process of in-situ
calibration using mobile X-ray irradiation devices.
The findings provide a solid theoretical basis for
in-situ calibration and offer valuable data to support
future studies.
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Janr CJY, Yen J1YO, Jen XYAHTI, Keoun BA, Jyenrao JbY, Mun JIMH

INPOYYABAIBE ®AKTOPA PE®JIEKCUIJE O 3UOA Y MOBWIHOJ IN SITU
KAINBPAIINIA PEHATEHCKOTI 3PAYEIbA

OBaj pap dokycupa ce Ha in sifu Kanubpauujy MOHUTOpPA 3pavyetha UCIUTHBAKEM NMPOMEHA
dakTopa pedaekcuje. PazBujen je MoOmitHEN ypebaj 3a peHATeHCKO 3pavere U yTBpheH je pepepeHTHH
HUBO 3pauewa. Kopuctehu Monte Kapino meTony, KpeupaH je MEpHU Mofes in situ KanuOpanyje 3a
npoy4aBame (pakTopa pedieKcuje Ha pa3InuuTiM PacTojalbuMa i yCIOBUMA I10Jba 3padyeha, 3a KBAUTET
3pauema y pacnony of N-60~N-200. BepucdukoBaHa je TadHOCT cuMylalyje, IpU UeMy PENaTHBHO
ofCTyNalke N3Meby cuMyllalluoOHNX U eKCIepUMEHTAIHUX pe3ynTaTta Huje Behe on £4.7 %. Ilopen Tora,
CUMYJIMpaHa je Bapujanuja pakTopa peduiekcrje ca pa3IndnTiM pacTojamkuMa n3mehy Komope u 3uyia n
MaTepujana 3usia. PesynraTu nokasyjy f1a pakTopu pedaekcuje 3a cBe MaTepujalie onasajy ca nopehamem
yAaJbeHOCTH KOMOpe Of 31ja. 3a KOHBEHIMOHAIIHU OETOH, MaKCUMAaJIHU (haKTOp pedieKcuje y OKBUPY
MpOydYaBaHOT EHEePreTCKOT oncera Huje npesnas3uo 1.35. BaxkHo je HamoMeHyTH f1a 3a Teskak OETOH U OJI0BO,
npucycTBo K ancopnioHux uBUIla MOXKe IOBECTH 10 HArjaor noBehamwa pacejaHor 3payeba.

Kmwyune peuu: mobunarn penozencku ypebaj, in situ kaaubpayuja, kepma y 6a3oyxy, paxiiop
pegaekcuje, Monitie Kapao




