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Analysis of mixed e,X-radiation formation in output devices of an industrial electron accelerator is conducted.
The possibility is demonstrated to obtain an extra radiation channel on the basis of a practically free source of X-
rays simultaneously with the main channel of product processing with electron beam. The conditions of production
of the secondary radiation in the state of electronic equilibrium at product treatment with scanning electron beam in
the main radiation channel are studied by means of computer simulation. The dependence of spatial radiant charac-
teristics of the X-ray radiation on the spectrum of a primary electron beam and surface density of a treated load has
been established. For an industrial accelerator LU-10 of NSC KIPT, the regime of object processing in the extra
radiation channel is examined. The results of calculation of the X-ray dose rate and its spatial distribution are in
good agreement with the experimental data. The comparative capacity of both radiation channels of the plant is ana-
lyzed. The extra radiation source can be used for the execution of non-commercial programs like sanitation of cul-

tural artefacts.
PACS: 87.56.bd; 41.50.+h; 81.40.Wx; 87.53Bn

INTRODUCTION

In the work [1], a concept of e,X-installation provid-
ing the possibility to use simultaneously with the prod-
uct processing with scanned electron beam also the X-
ray radiation, accompanying this process, was stated,
and a method for analysis of the path of secondary radi-
ation formation was proposed. Such an approach ena-
bles to obtain a practically free extra source of the
bremsstrahlung photons, particularly, for the sanitation
of cultural artefacts (see, e.g. [2]). In the current work,
the characteristics of the e,X-plant created in NSC KIPT
on the basis of an industrial electron accelerator LU-10
are studied.

1. FORMATION OF ¢,X-RADIATION

It is convenient to describe the process of the elec-
tron radiation transformation into X-ray beam in various
materials with wide range of their atomic number
Z=7...73 and electron energy E;=5...100 MeV in an
unified form [3]. According to such an approach, the
thickness of every element of the path of the secondary
radiation formation along its axis is expressed in the
units of range of the electrons with energy E, in the ma-
terial of that element (the stopping thickness unit or stu).
For the description of state of the mixed e,X-radiation
along its path, two parameters are introduced: the ener-
gy conversion coefficient of electron radiation into
bremsstrahlung photons, E,/E,, where E; is the total
energy of X-rays intercepting a specified plane, normal
to the radiation axis, E, is the electron beam energy at
an accelerator output, and also the factor of the second-
ary radiation, E,/E., where E_ is the total energy of elec-
trons intercepting that plane. So it was established, that
in all cases the maximum of the conversion coefficient
is reached at a depth of ~0.5 stu. At further increasing of
stopping length, the gradual attenuation of the photon
flux takes place as a result of absorption. Maximization
of the factor at a depth of ~1.2 stu corresponds to the
onset of electronic equilibrium.
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In case of a multicomponent exit device comprising
the layers of different materials normal to the radiation
axis, the stopping length of the path of the e,X-radiation
formation ( from the accelerator exit window to a plane
of interest) can be represented in the form

S§=Y5,/15,(Ep»Z.), (1)

where s, is the thickness of i-layer, r,(£,,Z,) is the elec-

tron range in its material having the atomic number Z;.

2. LU-10 ¢, X-PLANT

2.1. An industrial radiation installation LU-10 com-
prises a one-section electron linac with horizontal beam-
line (Fig. 1). The accelerator is provided with a beam
scanning device S at its exit. The magnitude and form of
the beam sweep are controlled with PC. These parame-
ters are set up taking into account the height of an irra-
diated object and a specified distribution of density of
the beam current on its surface.
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Fig. 1. Output devices of LU-10 accelerator

A conveyor C with the hook-up containers for
placement of the processed load e Ob is located at a
distance of 92 cm from a scanner horn H. Every con-
tainer has the length L=108 cm The containers are dis-
tributed along the conveyor with intervals 4L=12 cm.
Behind the conveyor, a wide-aperture stack-monitor SM
[4] for on-line diagnostics of electron energy and ab-
sorbed dose is accommodated at a distance of 223 cm
from the scanner horn. SM comprises a set of 10 plates
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from aluminum measured 122x75 cm (HxW). The first
and ultimate plates have the thickness of 5 mm, when
the 8 intermediates are 2 mm thick. The gaps between
the plates are of 15 mm. The stopping length of SM
makes 1.2 stu for electrons with energy of up to
10 MeV. So the bremsstrahlung radiation behind the
monitor is in a state of electronic equilibrium at any
surface density of the irradiated load (including its ab-
sence).

Consequently, the path of radiation formation in the
LU-10 plant can be subdivided into the three areas. The
first corresponds to an arbitrary pure electron beam and
comprises the area between the output window of the
accelerator and the front surface of the main loud
(e_ODb) processed with the electron radiation. The for-
mation of a mixed e,X-radiation takes place at a second
area having stopping length of ~1.2 stu. This process is
completed at its rear border by reaching of condition of
the electronic equilibrium. As a result, an arbitrary pure
flux of X-rays, which can be used for irradiation of an
additional object (X _Ob) is provided in the last third
part of the radiation path.

2.2. The flux incident on the stack-monitor includes
in its lower and top parts the electrons of the primary
beam, when in its central part the flux of mixed e,X-
radiation, generated at interaction of electron beam with
the load, takes place. Consequently, the particle distri-
bution on the surface of the stack-monitor creates a ra-
diation shadow. The ratio of intensities of the electron
and photon components in it is determined by the sur-
face density of the object, and also by energy spectrum
of the beam. In particular, at scanning of a wide-
spectrum beam, the high-energy electrons are deviated
to a lesser angle and so provide the growth of intensity
of the bremsstrahlung radiation from e _Ob, and also an
increase of the dose rate in the central part of X Ob.

Besides, the profile and intensity of the secondary
radiation are variable depending on the position of a
transport container relative to the beam. Thus, when a
clearance between the containers passes the beam scan-
ning zone, practically all accelerated electrons enter
SM. So the dose D* obtained by X Ob can be deter-
mined from the expression

L AL
D" =D, + D ’
L+AL L+AL
where Dg{_ op 18 the dose obtained by X_Ob at the pres-

X

2

ence of e_Ob under the electron beam, DOX is the dose
obtained by X Ob in absence of e Ob.

3. RESULTS AND DISCUSSION

The conditions of product processing with the scan-
ning electron beam in various regimes of the LU-10
plant were studied by a computer simulation technique
making use a transport code GEANT4. In simulations,
the load was corresponded as a parallelepiped from cel-
lulose measuring 100x35x35 cm® (XxYxZ) with sur-
face density ps=2; 4; 6 g/em’ respectively. As a target,
irradiated with the secondary X-rays (X Ob), a plate
from PMMA with lateral dimensions coincided with
ones of SM and positioned behind it was considered.
The beam spectra with energy in maximum E.,,,= 8 and
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10 MeV corresponded those actually measured using a
magnet analyzer (Fig. 2). In a mode with maximum of
10 MeV, the spectra having a high-energy tail (spectrum
2) and without it (spectrum 3) were used.
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Fig. 2. Beam spectra of LU-10 electron linac
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As an example, the results of calculation of the en-
ergy conversion coefficient and the secondary radiation
factor along the axis of the e Ob+SM+X_ Ob system at
an electron energy Een,=10 MeV (spectrum 3) and
surface density of e Ob, ps=4 g/cm® are given in Fig. 3.
It is evident, that the irradiation is conducted in the con-
ditions of electronic equilibrium.
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Fig. 3. Distribution of energy conversion coefficient (a)
and secondary radiation factor (b) along the axis
of the output devices of LU-10 installation

The characteristics of flux of the bremsstrahlung
photons at the surface of X Ob in the presence of the
load e Ob with various surface density, and also at its
absence for the electron energy in maximum of the
spectrum of 8 and 10 MeV are presented in Fig. 4 and
Table 1.

It is evident, that the photon energy averaged over
the beam spectrum, <Ey>, as well as the energy conver-
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sion coefficient increase with the growth of energy of
the beam electrons. At the same time, the most probable
photon energy Exm.x practically keeps its value within
the statistical uncertainty at the increase of surface den-
sity of ¢ _Ob in the actual span of 2...6 g/cm”, when the
conversion coefficient decreases due to the absorption
of part of the photons in e_Ob. At absence of the latter,
the value of the secondary radiation factor Ex/E. falls
sharply.
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first in leveling the dose profile (see Fig. 5,b), and then
in the formation of one maximum (see Fig. 5,c,d).
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Fig. 4. Spectra of X-rays: without e_Ob (a);
with e_Ob (ps=4 g/em’) (b)

Table 1
Characteristics of bremsstrahlung radiation incident
onX Ob
8 MeV 10 MeV
/g)/sé o2 | Ex/Ee| <Ex>] Ex/By| Ex/E. | <Ex>, | Ex/Ey,
MeV| % MeV %

0 52 | 0.86 | 3.56 12 1.00 | 4.48

2 163 | 095 | 1.54 | 150 | 1.08 | 2.27

4 217 | 1.10 | 1.22 | 185 1.25 | 1.73
6 223 | 1.18 | 1.13 | 182 | 1.35 | 1.58

In Fig. 5, the distributions are presented of absorbed
dose of the X-ray radiation at the surface of X Ob,
D*/I, normalized to 1 mA of the average beam current
and 1h of the irradiation time for a monochromatic
beam with energy of 10 MeV acting on e_Ob and hav-
ing ps=4 g/cm® — (a), for a beam with actual spectrum
having Een,x=10 MeV without the high-energy part —
(b) and with it — (c), and also for the last version in ab-
sence of ¢ Ob — (d).

It is seen, that in case of a monochromatic beam (see
Fig. 5,a), the vertical dose distribution has two maxi-
mums at the expense of the radiation shadow created
with e_Ob. Adding the high-energy electrons results at
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Fig. 5. Dose distribution at the surface of X_Ob
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In Fig. 6, the normalized depth-dose distributions for

X _Ob at a various maximum electron
surface density of e_ODb are presented.
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Fig. 6. Distribution of relative dose along
the depth of X_Ob

It is evident, that the last parameter affects weakly
on the dose distribution. The X Ob thickness, provided
the ten-fold dose reduction, Z10, appears greater than
that at the use of a Ta-converter. At the same time, the
dose nonuniformity at a two-sided irradiation makes
~1.8. Therefore, the Z1.5 value, providing the nonuni-
formity of 1.5, was calculated also (Table 2).

Table 2
Thickness of X_Ob
8 MeV 10 MeV

p, g/em’ 710, Z1.5, 710, Z1.5,
g/em’ g/em’ g/em’ g/em’

2 58.9 47.0 57.7 47.0

4 62.5 50.6 64.9 51.8

6 66.1 54.1 67.3 54.1

latter case, the effect of radiation shadow from the load
is revealed. The results of the calculation with the use of
Eq. (2) of dose distribution, corresponding to an actual
treatment mode, are given in Fig. 7. The statistical un-
certainty of the obtained values makes 15% (k=1).
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Fig. 7. Dose rate map:
a — in absence of e_Ob; b — at the presence of e_Ob

The Harwell Red 4034 dosimetrs (Harwell Dosime-
ters, UK) were used for measuring the dose rate of the
bremsstrahlung radiation. In Fig. 8, the calculated iso-
dose curves at the surface of X Ob, and also the points
of the dosimeter placement (numerated) are presented.
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In Table 3, the results of calculation of capacity of
the e,X-installation in a mode providing the average
dose of 25 and 10 kGy in the electron and X-ray radia-
tion channels, respectively, are listed.
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Table 3
Capacity of e, X-plant
e-channel, X-channel,
p, glem’ kg/(mA.h) kg/(mA.h)
8§MeV | 10 MeV | 8MeV | 10 MeV
2 509 515 33 67
4 939 1022 28 49
6 1051 1255 26 44

In Fig. 7, the results of simulation and experimental
study of the dose rate distribution on the rear surface of
SM obtained at processing of the disposable medical
attire packed in the cartons each measured
(52x26x26) cm’ and by 4 kg in weight (two boxes was
placed on each transport container) are presented. The
isodose maps, corresponding to absence of a load and its
presence, are given in Fig. 7,a,b, respectively. In the
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Fig. 8. Dose rate map (actual irradiation mode)
The measured values of the dose rate in the points of
interest are listed in Table 4. It is evident their satisfac-
tory agreement with the calculated data.

Table 4
Bremsstrahlung dose rate in the points of interest
Nopoint 1] 2 3 4 5 6
b kGyhma39 | 35[3.6 | 58/ 19| 15] 20
CONCLUSIONS
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In an industrial electron accelerator with energy
8 MeV and higher under certain conditions a free extra-
source of X-rays, generated at interaction of accelerated
electrons with processed product, and also with the ele-
ments of the output devices, can be obtained. In a prac-
tical range of electron energy and product surface densi-
ty, the extra-source of radiation provides the possibility
of treatment of various objects, in particular, cultural
artifacts, having the surface density of up to 50 g/cm’
and higher. The dose rate and the size of the secondary
radiation field can be controlled by changing the dis-
tance to X-target. The capacity of the X-channel
amounts up to 50 kg/kGy-h per 1 kW of the electron
beam power.
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IHOJIYYEHME ABYXITYYKOBOTI'O e, X-PEXKUMA
HA ITPOMBIIIVIEHHOM YCKOPUTEJIE 3JIEKTPOHOB

B.A. Illeguenko, A.3. Tenuwes, B.JI. Yeapos, A.A. 3axapuenko

[IpoBenen ananu3 ycnoBuil (OpMHPOBAHUS CMEUIAHHOTO €,X-M3Jy4EeHHUs! B BBIXOJHBIX YCTPOWCTBAX HMPOMBIII-
JIEHHOTO YCKOPHUTENS 31eKTpOoHOB. [TokazaHa BO3MOXKHOCTH MOJY4EHHsI OJTHOBPEMEHHO C OCHOBHBIM KaHAJIOM 00ITy-
YEeHUsI TPOJYKIMH ITyYKOM 3JIEKTPOHOB JIOTIOJHUTEIHHOTO PaJMalldOHHOTO KaHajla Ha OCHOBE IPAaKTHYECKH Oec-
TUITATHOTO MCTOYHHMKA TOPMO3HBIX (POTOHOB. METOZAOM KOMITBIOTEPHOTO MOJICITMPOBAHHS N3yUYECHBI YCIOBUS MOJTyde-
HUSI BTOPUYHOTO M3JIy4EHUsI B COCTOSIHUM 3JIEKTPOHHOT'O PAaBHOBECHS IIPU MPOBEACHUH 00pabOTKH MPOILYKINH CKa-
HUPYIOIINM ITyYKOM 3JICKTPOHOB B OCHOBHOM paJMallMOHHOM KaHaie. [ToiydeHa 3aBUCHMOCTD MPOCTPAaHCTBEHHO-
SHEPreTHYECKUX XapaKTePUCTHK TOPMO3HOTO M3IY4YCHMS OT CIIEKTpa MEpPBHYHOTO IyYKa 3JIEKTPOHOB M MOBEPX-
HOCTHOW IUTOTHOCTH 0OpabaTeiBaeMoro uM rpy3a. s npomemuienHoro yckoputens JIY-10 HHI[ X®TU wuccne-
JIOBaHBI yCIOBHSA 00pabOTKH OOBEKTOB B IOIOIHUTEIFHOM PaIHalliOHHOM KaHaje. Pe3ypTaTel pacuera MOIIHOCTH
JI03bI TOPMO3HOTO M3TyYEHHS U €€ IIPOCTPAHCTBEHHOTO PACIIPEAEICHHsS YIOBIETBOPUTEIBHO COTIACYIOTCS C U3Me-
PEHHBIMHU B dKcniepuMenTe. [lomydeHsl JaHHBIE IO CPABHUTENBHON MTPOU3BOIUTEIFHOCTH YCTAHOBKH B 000UX pajan-
aIlMOHHBIX KaHanax. /IOMOTHUTENbHBIH UCTOYHUK M3ITyYCHHS MOXKET OBITh MCIIONIB30BaH Ul MPOBEICHUS HEKOM-
MepYeCKUX MPOorpaMM (HarpuMep, CaHUTapHOi 00paboTKH 0OBEKTOB KYJIBTYPHOTO HACIIEHS).

OJEPXKAHHA JBOITYYKOBOI'O ¢,X-PEXXKUMY
HA MPOMHUCJIOBOMY INPUCKOPIOBAYI EJIEKTPOHIB

B.A. Illeéuenxo, A.E. Teniwmes, B.JI. Yeapos, 0.0. 3axapuenko

[IpoBeneno aHami3 yMOB (pOpMyBaHHS 3MIIIAHOTO €,X-BUIIPOMIHIOBAHHS y BUXITHUX HPHUCTPOSIX IIPOMHCIOBOTO
MIPUCKOpIOBaya eneKTpoHiB. [TokazaHa MOXKJIMBICTH OTPUMaHHS OJHOYACHO 3 OCHOBHUM KaHAJIOM ONPOMiHIOBaHHS
MIPOAYKIIiT ITy9KOM €JIEKTPOHIB TOJTATKOBOTO PaTiallifHOTO KaHAJIy Ha OCHOBI IPAKTUYHO OE3KOMITOBHOTO JDKEpera
raneMiBHUX (OTOHIB. MeTOIOM KOMI'TOTEPHOTO MOETIOBAaHHS BUBYCHI YMOBH OTPHMaHHS BTOPHHHOTO BHIIPOMi-
HIOBaHHS B CTaHi €JIEKTPOHHOI PiBHOBarv IpH MPOBEICHHI 0OPOOKH MPOAYKIliI CKAaHYIOUHM ITyIKOM EJIEKTPOHIB B
OCHOBHOMY pafianiiHoMy kaHami. OTprMaHa 3aJIeKHICTh MIPOCTOPOBO-CHEPTETHYHUX XaPAaKTEPUCTUK TaJIbMiBHOTO
BHUIIPOMIHIOBaHHSA BiJ CIIEKTPa MEPBHHHOTO ITyYKa €JEKTPOHIB 1 MOBEPXHEBOI IIITBHOCTI 0OPOOIIIOBAaHOTO HAM BaH-
taxy. s npomucnosoro npuckoproBaua JIY-10 HHI XTI nocmimxeni yMoBH 00p0oOKH 00'€KTIB Y JOAATKOBOMY
paniauiiHoMy KaHaii. Pe3ynbpraTi po3paxyHKy HOTY>KHOCTI JIO3M IajJbMiBHOTO BHUIIPOMIHIOBAaHHS Ta i1 MPOCTOPOBO-
r'0 PO3MOALTY 3aJI0BIJIBHO Y3TOJDKYIOTECS 13 3MIPSIHUMH B ekcriepuMenTi. OTpuMaHi 1aHi 3 OpPiBHIBHOT IPOAYKTH-
BHOCTI YCTAaHOBKM B 000X pajialiifHuX KaHanax. JogaTkoBe Kepeso BUIPOMIHIOBAHHS MOXE OYTH BHKOPHCTaHE
JUISL TIPOBEJICHHST HEKOMEPLIIHHKUX Nporpam (HarpuKIiaz, caHiTapHol 00poOKH 00'€KTIB KyJIbTYPHOI CHIQALIMHY).
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