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An electron beam from the UELR-10-1582 accelerator (average energy of 9.92 + 0.48 MeV)
was applied to irradiate food and medical items at the Research and Development Center for
Radiation Technology, Vietnam Atomic Energy Institute, Vietnam. The materials are under
an electron beam window;, such as irradiation products, conveyor, magnet and shielding mate-
rial for the magnet coil, bombarded by electrons and generated X-ray (bremsstrahlung effect).
In this article, X-ray conversion efficiency from polypropylene, aluminum, iron, and lead
bombarded by an electron beam from the UELR-10-1582 accelerator is measured by the film
dosimeter and simulated by the MCNP4c2 code, and there is good agreement between the
calculation and measurement results. The results show that X-ray conversion efficiency is the
highest from lead (4.3 %), so the gamma - neutron reaction (Q-value of -6.74 MeV for 207Pb)
has to be studied in food and medical items irradiated by a 10 MeV eelectron beam.

Key words: electron beam, food irradiation, bremsstrahlung, X-ray converter,

Monte Carlo, MCNP

INTRODUCTION

Food irradiation was permitted in the US for the
following type of radiation [1]: gamma radiation from
®0Co and '¥7Cs, an electron beam with the maximum
energy of 10 MeV, X-ray (bremsstrahlung) with the
maximum energy of 5 MeV, and X-ray with energy up
to 7.5 MeV. The permission for — food irradiation was
based on three main pathways: induction of radioac-
tivity in food isomeric activation, photo activation,
and neutron activation [2]. In the case of food irradia-
tion by an electron beam and X-ray [3], the neutron ac-
tivation is the largest, so the electron energy should be
below the threshold of the (¥, n) reaction threshold for
the irradiated products.

The energy thresholds of the (y, n) reaction [4]
for major isotopes in food are '>C (18.74 MeV), '°0
(15.67 MeV), and '“N (10.56 MeV) [5]. Thus in the
case of food irradiation by electrons with maximum
energy of 10 MeV and an X-ray converter with maxi-
mum energy of 5 MeV, the neutron production is insig-
nificant [6, 7]. In the case of materials with a low en-
ergy threshold of the (y, n) reaction such as: aluminum,
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27A1 (13.06 MeV), iron, *Fe (91.75 %, 11.12 MeV),
3TFe (2.12 %, 7.65 MeV), and lead, 2°°Pb (24.1 %, 8.09
MeV), 2°7Pb (22.1 %, 6.74 MeV), and 2°8Pb (52.4 %,
7.37 MeV) [5] bombarded by an electron beam, the
neutron activation should be analysed. In this paper,
X-ray conversion efficiency and bremsstrahlung spec-
tra [8, 9] from polypropylene (PP), Al, Fe, and Pb tar-
gets bombarded by an electron beam were measured
by a film dosimeter [10] and calculated by the MCNP
code [11]. The aim of this work is the probability anal-
ysis of the (y, n) reaction in irradiation and shielding
materials bombarded by an electron with the average
energy 0f9.92 + 0.48 MeV based on measurement and
calculation of X-ray conversion efficiency.

EXPERIMENT AND SIMULATION

The measurement of the dose
distribution inside the material

Based on the depth — dose — profile, the penetra-
tion of the electron with the average energy of 9.92 +
0.48 MeV and the thickness of targets is calculated to



N. A. Tuan, ef al.: Bremsstrahlung Conversion Efficiency and Gamma-Neutron ...
Nuclear Technology & Radiation Protection: Year 2020, Vol. 35, No. 1, pp. 36-41 37

shield electrons [8, 12] and only photons penetrate.
The depth — dose — profile of the electron beam with
the average energy 0f 9.92 £0.48 MeV from the accel-
erator UELR-10-15S2 was measured by a film dosim-
eter in a homogenous dummy. The homogenous
dummy was made of PP plates with a size of 24 cm x
20 cm x 1 cm and the dosimeter was put in the center
of the plates, fig. 1(a). The film dosimeter B3000 was
manufactured and supplied by the GEX company,
Germany with a response range from 0.5 to 80 kGy, 5
% uncertainty was used in measurements. The dark-
ness of the film dosimeter [ 13] was measured by spec-
trometer GENESYS 20, manufactured by Thermo
Science, fig. 1(b). The film dosimeter was calibrated
by calibration phantoms which have been designed
and built to provide a consistent method of presenting
dosimeters to a radiation source as detailed in
ISO/ASTM 51261 [14] at the electron beam facility.

X-RAY CONVERSION EFFICIENCY
EXPERIMENT

The preparation of targets

The results of the depth — dose curve, fig. 2,
show that the electron beam is fully shielded by the
area density of the target which is more than 5.5 gem >
for irradiating one side and 11.0 gcm™ for the double
sided. The thickness of targets can be calculated for ir-
radiating one side and double side as follows

d 25.5/p [cm], foroneside (1
d >110/p [cm], for thedoubleside (2)

Parameters of PP, Al, Fe, and Pb targets for irra-
diation with 9.92 + 0.48 MeV electrons are shown in
tab. 1.
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Figure 2. Experimental depth-dose curve in the
homogeneous dummy irradiated double sided by
the electron beam from accelerator UELR-10-15S2

Table 1. The parameters of X-ray targets

Densit Thickness of one | Thickness of
Targets [ cmﬁ%’ side irradiation double sides
g [cm] irradiation [cm]
PP 0.95 7.0 14.0
Al 2.7 3.0 6.0
Fe 7.8 1.0 2.0
Pb 11.3 0.6 1.2

Irradiated targets by electron
beam from accelerator UELR-10-15S2

Targets were put in the middle of the upper and
the lower beam window for double sided irradiation,
fig. 4(a). In fig. 4(a), (1) is the scanning magnet for the
upper beam, (2, 3) is the bending magnet, (4) is the
bending and scanning magnet for the lower beam, and
(5) is the directory of the electron beam for the lower
beam window. The geometry of the beam window and
targets is shown in fig. 4(b). The irradiation time, con-
veyor speed and scanning width are set up so the elec-
tron dose and X-ray dose are in the response range of
the film dosimeter. The parameters of the irradiation tar-
gets are shown in tab. 2. The irradiation targets include

Figure 1. The experiment of the depth — dose — profile of the electron beam from accelerator UELR-101-5S2,
(a) the homogeneous dummy and (b) the film dosimeter B3000 and spectrometer GENESYS 20
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Figure 3. The X-ray targets irradiated by an electron beam from accelerator UELR-10-15S2, (a) PP,
(b) Al (c) Fe, and (d) Pb
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Figure 4. The geometry of the irradiation X-ray converter targets on accelerator UELR-10-15S2,
(a) the scanning magnets double sided and (b) the location of targets under the beam window
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Table 2. Irradiation parameters were set up for
the electron beam accelerator

Irradiation parameters Values
Electron beam energy [MeV] 9.92 +0.48
Beam current [pA] 960
Scanning width [cm] 50
Conveyor speed [m min™'] 0.5
Surface dose [kGy] 28.0
Cycle of irradiation to measure 1.0
the electron dose
Cycle of irradiation to measure 10
the photon dose

PP, Al, Fe, and Pb were prepared as fig. 3 and the film
dosimeters B3000 were put in the center of targets.

Simulation and calculation
using the MCNP code

The geometry of the X-ray converter and elec-
tron beam window were simulated by the MCNP code.
Then the surface electron dose and photon dose in the
center of the target were calculated. The bremsstrah-
lung spectrum from the targets bombarded by electron
beam 9.92 + 0.48 MeV was also calculated by the
MCNP code.

In the input file of the MCNP code, the size of the
electron beam window was 50 cm x 2 cm; the distance
window to target was 40 cm. Shielding concretes and air
were also simulated in the input file of the MCNP code,
fig. 5. The running MCNP code was set at 30 000 000
particle histories so that the uncertainty is less than 5 %.

RESULTS AND DISCUSSION

Results of the electron and photon
spectrum by the MCNP simulation

Electron spectrums were simulated at distances
of 5, 10, 20, 30, and 40 cm from the titanium window

Figure 5. The MCNP simulation of irradiation
X-ray converter targets on accelerator UELR-10-15S2

in the air. The result in fig. 6 shows that the peak posi-
tion of the electron spectrum does not move with the
distance from the titanium window. Electron flux de-
creased with the distance from the beam window due
to scattering on the air molecule and unfocused trajec-
tory of high energy electrons fig. 7(b). At a distance of
40 cm from the beam window in the air, the electron
flux is only 40 % electron, flux at the window, and it is
60 % in the vacuum, fig. 7(b).

The results of bremsstrahlung from PP, AL, Fe,
and Pb targets irradiated by an electron beam with aver-
ageenergy 0of9.92 + 0.48 MeV are presented in fig. 8.

The bremsstrahlung photon spectrum after lay-
ers of the target irradiated by the electron beam de-
pends on the density and atomic number of the target
material. In the case of the Pb target, the probability
of bremsstrahlung at the high energy region is signifi-
cant. Atthe region of the energy threshold of the (y, n)
reaction for Pb [5], the probability of bremsstrahlung
is about 1.14 % of the total bremsstrahlung gener-
ated.
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Figure 6. Electron spectra at
} distances from the beam window of
the electron accelerator UELR-10-15S2
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Figure 7(a). Electron spectrum at a distance of 40 cm from LINAC in the air and the vacuum, and (b) electron
flux at distances from the beam window in the air and the vacuum

CONCLUSIONS

The X-ray conversion efficiency from irradiated
products (low Z material) is less than 1.0 %. The en-
ergy of the (y, n) reaction for major isotopes in food ir-
radiation is '2C (18.74 MeV), '°0 (15.67 MeV), and
4N (10.56 MeV) [2, 5]. Neutron activation could be
neglected when food and other medical devices were
irradiated by the electron 9.92 + 0.48 MeV beam di-
rectly without an X-ray converter. The X-ray conver-

Photon fluence [cm™]

Photon energy [MeV] sion efficiency is significant in shielding materials

(4.3 % from Pb) and at the region of the energy thresh-

Figure 8. Photon spectrum from PP, Al, Fe, and Pb old of the (¥, n) reaction for 207p (6.74 MeV) [5], the
bombarded by electron beam 9.92 + 0.48 MeV probability of bremsstrahlung is about 1.14 % of the

total bremsstrahlung generated. Measurement and
MCNP calculation results of X-ray conversion effi-

X-ray conversion efficiency by ciency from Fe (the main component of under the

experiment and MCNP code beam conveyor) at the region of the energy threshold

of the (y, n) reaction for >’Fe (7.65 MeV) [5] are about

Measurement of the electron dose, photon dose 0.20 % of'the total bremsstrahlung generated. Accord-

and X-ray conversion efficiency from PP, Al, Fe, and Pb ing to the above given results, the Pb should be re-

targets irradiated by electron beam 9.92 + 0.48 MeV moved from the direction of the electron beam, and the

from accelerator UELR-10-15S2 were compared with Fe conveyor should not be exposed to the electron for a

the MCNP in tab. 3. very long time in LINAC with an average energy of
The results show that X-ray conversion efficiency 9.92+0.48 MeV.

depends on the density and the atomic number of the tar-
gets. In the case of the target with a low atomic number

(PP, Al), X-ray with conversion efficiency is less than 1.0 ACKNOWLEDGMENT
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Table 3. Measurement and MCNP results of X-ray conversion efficiency

Targets Electron dose D, [kGy] X-ray dose Dx_r.y [kGy] Conversion efficiency [%]
Measurement MCNP Measurement MCNP Measurement MCNP
PP 270.0 + 13.8 413.1+£3.2 1.8+0.1 3.41 £0.04 0.7 0.83
Al 230.0 +11.8 373.9+29 2.0£0.1 3.34£0.05 0.9 0.89
Fe 266.0 + 13.6 387.3+3.0 4.7+0.2 7.05£0.11 1.8 1.82
Pb 180.0 +9.4 251.5+1.8 7.8+04 9.01 £0.15 43 3.58
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Hryjen Anx TYAH, lllay Ban TAO

E®PUKACHOCT KOHBEP3UWJE 3AKOYHOI 3PAYEIbA U T’EHEPUCAILE
IT'AMA HEYTPOHA Y INIOJUIIPOIIMJIEHY, AIYMUHNIYMY, 'BOXELHY U
OJOBY YCJIEQ BOMBAPIOBABA EJIEKTPOHUMA EHEPIUMJE 10 MeV

HMcrpaxkuBauky 1 pa3BOjHU LIEHTAp 3a pajidjalliOHy TEXHOJIOTHjy BujeTHaMCKOr HHCTUTYTA 32
aTOMCKY eHeprujy kopuctu akuenepatop UELR-10-15S2 ca eleKTpOHCKHMM CHONOM (Cpefile eHepruje
9.92 +0.48 MeV) 3a 03paunBame XpaHe 1 MeIUIMHCKe onipeMe. MaTepujanu Koju ce Haby y CHOIy, Kao IITo
Cy IPOU3BOAIU KOjU CE 03pauvyjy, IOKpPEeTHAa TpaKa, MarHeT U 3alllTUTHU MaTepHUjald MarHETHOT HAaBOja,
60oMOapyIOBaHN Cy €JIEKTPOHMMA M MOTY IPOM3BECTH X-3paderme (3aKOYHO 3paderme). Y OBOM papy,
e(puKkacHOCT KOHBep3Hje X-3pauekha U3 MOIUNPONUIeHa, AlyMUHIjyMa, TBOKba 1 0j10Ba 60MOapiOBaHUX
€JIeKTpOHCKUM cHonoM akueneparopa UELR-10-15S2 Mepena je mpumeHoM (uiIM jo3uMeTapa H
CHMYJIMpaHa IpUMeHOM nporpamckor nakera MCNPc2, mpu yemy je youeHO JoOpO cllarake N3MEPEHNX I
CUMYJIMpPaHUX BpelHOCTH. Pe3ynTaTu nokasyjy fa je epukacHOCT KOHBep3uje X-3pauer-a Hajseha 3a 010BO
(4.3 %) Tako a ramMa -HeyTpoHcke peakuuje (Q-Bpennoctu 3a 2’Pb o 6.74 MeV) Mopajy OUTH ucIUTaHE
KOJ] O3paunBarba XpaHe U MEUIMHCKE OnpeMe mpu eHeprujama o 10 MeV).

Knyune penu: eaekiipoHCKU CHOIL, 03paduéarbe Xparne, 3aK04Ho 3paiere, Koneepauja X-apayersa,
Mowniue Kapao, MCNP



