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An elec tron beam from the UELR-10-15S2  ac cel er a tor (av er age en ergy of  9.92 ±  0.48 MeV) 
was ap plied to ir ra di ate food and med i cal items at the Re search and De vel op ment Cen ter for
Ra di a tion Tech nol ogy, Viet nam Atomic En ergy In sti tute, Viet nam. The ma te ri als are un der
an elec tron beam win dow, such as ir ra di a tion prod ucts, con veyor, mag net and shield ing ma te -
rial for the mag net coil, bom barded by elec trons and gen er ated X-ray (brems strah lung ef fect). 
In this ar ti cle, X-ray con ver sion ef fi ciency from poly propy lene, alu mi num, iron, and lead
bom barded by an elec tron beam from the UELR-10-15S2 ac cel er a tor is mea sured by the film
do sim e ter and sim u lated by the MCNP4c2 code, and there is good agree ment be tween the
cal cu la tion and mea sure ment re sults. The re sults show that X-ray con ver sion ef fi ciency is the
high est from lead (4.3 %), so the gamma - neu tron re ac tion (Q-value of –6.74 MeV for 207Pb)
has to be stud ied in food and med i cal items ir ra di ated by a 10 MeV eelectron beam.

Key words: elec tron beam, food ir ra di a tion, brems strah lung, X-ray con verter,
Monte Carlo, MCNP

IN TRO DUC TION

Food ir ra di a tion was per mit ted in the US for the
fol low ing type of ra di a tion [1]: gamma ra di a tion from
60Co and 137Cs, an elec tron beam with the max i mum
en ergy of 10 MeV, X-ray (brems strah lung) with the
max i mum en ergy of 5 MeV, and X-ray with en ergy up
to 7.5 MeV. The per mis sion for –  food ir ra di a tion was
based on three main path ways: in duc tion of ra dio ac -
tiv ity in food iso meric ac ti va tion, photo ac ti va tion,
and neu tron ac ti va tion [2]. In the case of food ir ra di a -
tion by an elec tron beam and X-ray [3], the neu tron ac -
ti va tion is the larg est, so the elec tron en ergy should be
be low the thresh old of the (g, n) re ac tion thresh old for
the ir ra di ated prod ucts.

The en ergy thresh olds of the (g, n) re ac tion [4]
for ma jor iso topes in food are 12C (18.74 MeV), 16O
(15.67 MeV), and 14N (10.56 MeV) [5]. Thus in the
case of food ir ra di a tion by elec trons with max i mum
en ergy of 10 MeV and an X-ray con verter with max i -
mum en ergy of 5 MeV, the neu tron pro duc tion is in sig -
nif i cant [6, 7]. In the case of ma te ri als with a low en -
ergy thresh old of the (g, n) re ac tion such as: alu mi num, 

27Al (13.06 MeV), iron, 56Fe (91.75 %, 11.12 MeV),
57Fe (2.12 %, 7.65 MeV), and lead, 206Pb (24.1 %, 8.09 
MeV), 207Pb (22.1 %, 6.74 MeV), and 208Pb (52.4 %,
7.37 MeV) [5] bom barded by an elec tron beam, the
neu tron ac ti va tion should be ana lysed. In this pa per,
X-ray con ver sion ef fi ciency and brems strah lung spec -
tra [8, 9] from poly propy lene (PP), Al, Fe, and Pb tar -
gets bom barded by an elec tron beam were mea sured
by a film do sim e ter [10] and cal cu lated by the MCNP
code [11]. The aim of this work is the prob a bil ity anal -
y sis of the (g, n) re ac tion in ir ra di a tion and shield ing
ma te ri als bom barded by an elec tron with the av er age
en ergy of 9.92 ± 0.48 MeV based on mea sure ment and
cal cu la tion of X-ray con ver sion ef fi ciency.

EX PER I MENT AND SIM U LA TION

The mea sure ment of the dose
dis tri bu tion in side the ma te rial

Based on the depth – dose – pro file, the pen e tra -
tion of the elec tron with the av er age en ergy of 9.92 ±
0.48 MeV and the thick ness of tar gets is cal cu lated to
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shield elec trons [8, 12] and only pho tons pen e trate.
The depth – dose – pro file of the elec tron beam with
the av er age en ergy of 9.92 ± 0.48 MeV from the ac cel -
er a tor UELR-10-15S2 was mea sured by a film do sim -
e ter in a ho mog e nous dummy. The ho mog e nous
dummy was made of PP plates with a size of 24 cm ´
20 cm  ´ 1 cm and the do sim e ter was put in the cen ter
of the plates, fig. 1(a). The film do sim e ter B3000 was
man u fac tured and sup plied by the GEX com pany,
Ger many with a re sponse range from 0.5 to 80 kGy, 5
% un cer tainty was used in mea sure ments. The dark -
ness of the film do sim e ter [13] was mea sured by spec -
trom e ter GENESYS 20, man u fac tured by Thermo
Sci ence, fig. 1(b). The film do sim e ter was cal i brated
by cal i bra tion phan toms which have been de signed
and built to pro vide a con sis tent method of pre sent ing
do sim e ters to a ra di a tion source as de tailed in
ISO/ASTM 51261 [14] at the elec tron beam fa cil ity.

X-RAY CON VER SION EF FI CIENCY
EX PER I MENT

The prep a ra tion of tar gets

The re sults of the depth – dose curve, fig. 2,
show that the elec tron beam is fully shielded by the
area den sity of the tar get which is more than 5.5 gcm–2

for ir ra di at ing one side and 11.0 gcm–2 for the dou ble
sided. The thick ness of tar gets can be cal cu lated for ir -
ra di at ing one side and dou ble side as fol lows

d ³ 55. / [ ],r cm foroneside (1)

d ³ 110. / [ ],r cm for thedoubleside (2)

Pa ram e ters of PP, Al, Fe, and Pb tar gets for ir ra -

di a tion with 9.92 ± 0.48 MeV elec trons are shown in

tab. 1.

Ir ra di at ed tar gets by elec tron
beam from ac cel er a tor UELR-10-15S2

Tar gets were put in the mid dle of the up per and
the lower beam win dow for dou ble sided  ir ra di a tion,
fig. 4(a). In fig. 4(a), (1) is the scan ning mag net for the
up per beam, (2, 3) is the bend ing mag net, (4) is the
bend ing and scan ning mag net for the lower beam, and
(5) is the di rec tory of the elec tron beam for the lower
beam win dow. The ge om e try of the beam win dow and
tar gets is shown in fig. 4(b). The ir ra di a tion time, con -
veyor speed and scan ning width are set up so the elec -
tron dose and X-ray dose are in the re sponse range of
the film do sim e ter. The pa ram e ters of the ir ra di a tion tar -
gets are shown in tab. 2. The ir ra di a tion tar gets in clude

N. A. Tuan, et al.: Brems strah lung Con ver sion Ef fi ciency and Gamma-Neu tron ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2020, Vol. 35, No. 1, pp. 36-41 37

Fig ure 1. The ex per i ment of the depth – dose – pro file of the elec tron beam from ac cel er a tor UELR-101-5S2,
(a) the ho mo ge neous dummy and (b) the film do sim e ter B3000 and spec trom e ter GENESYS 20

Fig ure 2. Ex per i men tal depth-dose curve in the
ho mo ge neous dummy ir ra di ated dou ble sided by
the elec tron beam from ac cel er a tor UELR-10-15S2

Ta ble 1. The pa ram e ters of X-ray tar gets

Tar gets Den sity
[gcm–3]

Thick ness of one
side ir ra di a tion

[cm]

Thick ness of
dou ble sides

ir ra di a tion [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
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Figure 3. The X-ray tar gets ir ra di ated by an elec tron beam from ac cel er a tor UELR-10-15S2, (a) PP,
(b) Al, (c) Fe, and (d) Pb

Figure 4. The ge om e try of the ir ra di a tion X-ray con verter tar gets on ac cel er a tor UELR-10-15S2,
(a) the scan ning mag nets dou ble sided and (b) the lo ca tion of tar gets un der the beam win dow



PP, Al, Fe, and Pb were prepared as fig. 3 and the film
do sim e ters B3000 were put in the cen ter of tar gets.

Sim u la tion and cal cu la tion
us ing the MCNP code

The ge om e try of the X-ray con verter and elec -
tron beam win dow were sim u lated by the MCNP code. 
Then the sur face elec tron dose and pho ton dose in the
cen ter of the tar get were cal cu lated. The brems strah -
lung spec trum from the tar gets bom barded by elec tron
beam 9.92 ± 0.48  MeV was also cal cu lated by the
MCNP code.

In the in put file of the MCNP code, the size of the
elec tron beam win dow was 50 cm ´  2 cm; the dis tance  
win dow to  tar get was 40 cm. Shield ing con cretes and air
were also sim u lated in the in put file of the MCNP code,
fig. 5. The run ning MCNP code was set at 30 000 000
par ti cle his to ries so that the un cer tainty is less than 5 %. 

RE SULTS AND DIS CUS SION

Re sults of the elec tron and pho ton
spec trum by the MCNP sim u la tion

Elec tron spec trums were sim u lated at dis tances

of 5, 10, 20, 30, and 40 cm from the ti ta nium win dow

in the air. The re sult in fig. 6 shows that the peak po si -

tion of the elec tron spec trum does not move with the

dis tance from the ti ta nium win dow. Elec tron flux de -

creased with the dis tance from the beam win dow due

to scat ter ing on the air mol e cule and unfocused tra jec -

tory of high en ergy elec trons fig. 7(b). At a dis tance of

40 cm from the beam win dow in the air, the elec tron

flux is only 40 % elec tron, flux at the win dow, and it is

60 % in the vac uum, fig. 7(b).

The re sults of brems strah lung  from PP, AL, Fe,

and Pb tar gets ir ra di ated by an elec tron beam with av er -

age en ergy of 9.92 ±  0.48 MeV are pre sented in fig. 8.

The brems strah lung pho ton spec trum af ter lay -

ers of the tar get ir ra di ated by the elec tron beam de -

pends on the den sity and  atomic num ber of the tar get

ma te rial. In the case of the Pb tar get, the prob a bil ity

of brems strah lung at the high en ergy re gion is sig nif i -

cant. At the re gion of the en ergy thresh old of the (g , n) 

re ac tion for Pb [5], the prob a bil ity of brems strah lung

is about 1.14 % of the to tal brems strah lung gen er -

ated. 

N. A. Tuan, et al.: Brems strah lung Con ver sion Ef fi ciency and Gamma-Neu tron ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2020, Vol. 35, No. 1, pp. 36-41 39

Ta ble 2. Ir ra di a tion pa ram e ters were set up for
the elec tron beam ac cel er a tor

Ir ra di a tion pa ram e ters Val ues

Elec tron beam en ergy [MeV] 9.92 ± 0.48

Beam cur rent [mA] 960

Scan ning width [cm] 50

Con veyor speed [m.min–1] 0.5

Sur face dose [kGy] 28.0

Cy cle of ir ra di a tion to mea sure
the elec tron dose 1.0

Cy cle of ir ra di a tion to mea sure
the pho ton dose 10

Fig ure 5. The MCNP sim u la tion of ir ra di a tion
X-ray con verter tar gets on ac cel er a tor UELR-10-15S2

Fig ure 6. Elec tron spectra at
dis tances from the beam win dow of
the elec tron ac cel er a tor UELR-10-15S2



X-ray con ver sion ef fi ciency by
ex per i ment and MCNP code

Mea sure ment of the elec tron dose, pho ton dose
and X-ray con ver sion ef fi ciency from PP, Al, Fe, and Pb
tar gets ir ra di ated by elec tron beam 9.92 ± 0.48 MeV
from ac cel er a tor UELR-10-15S2 were com pared with
the MCNP in tab. 3.

The re sults show that X-ray con ver sion ef fi ciency
de pends on the den sity and the atomic num ber of the tar -
gets. In the case of the tar get with a low atomic num ber
(PP, Al), X-ray with con ver sion ef fi ciency is less than 1.0 
%. In the case of the heavy tar get (Fe, Pb), X-ray con ver -
sion ef fi ciency is sig nif i cant, so the (g, n) re ac tion should
be stud ied. 

CON CLU SIONS

The X-ray con ver sion ef fi ciency from ir ra di ated
prod ucts (low Z ma te rial) is less than 1.0 %. The en -
ergy of the (g, n) re ac tion for ma jor iso topes in food ir -
ra di a tion is 12C (18.74 MeV), 16O (15.67 MeV), and
14N (10.56 MeV) [2, 5]. Neu tron ac ti va tion could be
ne glected when food and other med i cal de vices were
ir ra di ated by the elec tron 9.92 ± 0.48 MeV beam di -
rectly with out an X-ray con verter. The X-ray con ver -
sion ef fi ciency is sig nif i cant in shield ing ma te ri als
(4.3 % from Pb) and at the re gion of the en ergy thresh -
old of the (g, n) re ac tion for 207Pb (6.74 MeV) [5], the
prob a bil ity of brems strah lung is about 1.14 % of the
to tal brems strah lung gen er ated. Mea sure ment and
MCNP cal cu la tion re sults of X-ray con ver sion ef fi -
ciency from Fe (the main com po nent of un der the
beam con veyor) at the re gion of the en ergy thresh old
of the (g, n) re ac tion for 57Fe (7.65 MeV) [5] are about
0.20 % of the to tal brems strah lung gen er ated. Ac cord -
ing to the above given re sults, the Pb should be re -
moved from the di rec tion of the elec tron beam, and the 
Fe con veyor should not be ex posed to the elec tron for a 
very long time in LINAC with an av er age en ergy of
9.92 ± 0.48 MeV.
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Ta ble 3. Mea sure ment and MCNP re sults of X-ray con ver sion ef fi ciency

Tar gets
Elec tron dose De- [kGy] X-ray dose DX-ray [kGy] Con ver sion ef fi ciency [%]

Mea sure ment MCNP Mea sure ment MCNP Mea sure ment 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 ± 2.9 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 ± 0.4 9.01 ± 0.15 4.3 3.58

Fig ure 8. Pho ton spec trum from PP, Al, Fe, and Pb
bom barded by elec tron beam 9.92 ± 0.48 MeV

Fig ure 7(a). Elec tron spec trum at a dis tance of 40 cm from LINAC in the air and the vac uum, and (b) elec tron
flux at dis tances from the beam win dow in the  air and the vac uum
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Ngujen Anh TUAN, [au Van TAO

EFIKASNOST   KONVERZIJE   ZAKO^NOG  ZRA^EWA  I  GENERISAWE
GAMA NEUTRONA  U  POLIPROPILENU,  ALUMINIJUMU,  GVO@\U  I

OLOVU  USLED BOMBARDOVAWA  ELEKTRONIMA  ENERGIJE  10 MeV

Istra`iva~ki i razvojni centar za radijacionu tehnologiju Vijetnamskog instituta za
atomsku energiju koristi akcelerator UELR-10-15S2  sa  elektronskim snopom (sredwe energije
9.92 ± 0.48 MeV) za ozra~ivawe hrane i medicinske opreme. Materijali koji se na|u u snopu, kao {to
su proizvodi koji se ozra~uju, pokretna traka, mag net i za{titni materijali magnetnog navoja,
bombardovani su elektronima i mogu proizvesti X-zra~ewe (zako~no zra~ewe). U ovom radu,
efikasnost konverzije X-zra~ewa iz polipropilena, aluminijuma, gvo`|a i olova bombardovanih
elektronskim snopom akceleratora UELR-10-15S2 merena je primenom film dozimetara i
simulirana primenom programskog paketa MCNPc2, pri ~emu je uo~eno dobro slagawe izmerenih i
simuliranih vrednosti. Rezultati pokazuju da je efikasnost konverzije X-zra~ewa najve}a za olovo 
(4.3 %) tako da gama -neutronske reakcije (Q-vrednosti za 207Pb od 6.74 MeV) moraju biti ispitane
kod ozra~ivawa hrane i medicinske opreme pri energijama od 10 MeV).

Kqu~ne re~i: elektronski snop, ozra~ivawe hrane, zako~no zra~ewe, konverzija X-zra~ewa,
,,,,,,,,,,,,,,,,,,,,,,,,,Monte Karlo, MCNP


