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The conditions of the contact-free absorbed dose monitoring at industrial product processing by electron beam
are investigated. The method is based on analysing the collected charge in a stack monitor (SM) mounted down-
stream of irradiated object. Using computer simulation on the basis of a modified transport code PENELOPE-2008,
it is shown that by placing a filter of low-energy electrons before SM it is possible to obtain the one-to-one correla-
tion dependence between the monitor charge and absorbed energy of radiation in the processed object. At a certain
surface density of the filter, this dependence takes on the form similar to linear. The possibility to use an air gap
between the object and SM as such a filter has been demonstrated. For the conditions of radiation plant with an elec-
tron accelerator LU-10 of NSC KIPT, the optimum distance of the SM location has been established. For the practi-
cal range of the electron energy, beam scan width and surface density of the irradiated product, the constants of the
«product absorbed energy-to- SM charge » linear dependence have been determined. The capability to establish the
average absorbed dose in the object moving trough the irradiation zone on the SM current is shown. The calculation

data are in satisfactory agreement with the results of measurements.
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INTRODUCTION

Key problem of any radiation technology is ensuring
the absorbed dose value in any point of processed object
satisfying the condition

Dmin <D <Dmaxv (1)
where Dy, is the minimum dose providing the neces-
sary result of the processing, Dma IS the maximum per-
missible dose. E.g., at radiation sterilization, Dy, corre-
sponds to the sterilization dose [1].

Traditionally, the disposable chemical dosimeters
are used. for technological dosimetry (see, e.g., [2]).
They provide determination of absorbed dose only in
the point of interest and only in the off-line mode. Un-
like chemical ones, the calorimetric dosimeters make it
possible the reusable application with determination of
the dose value averaged over the sensitive volume of the
calorimeter [3]. At the same time, the size of the sensi-
tive volume is strictly fixed. Therefore, the calorimetric
dosimeters are of little use in the wide range of size and
density of the processed objects typical for radiation
technology. Besides, dose measurements by calorimet-
ric technique are carried out in off-line mode also.

Usually, industrial radiation sterilization of a product
is executed directly in the transport boxes at their quan-
tity in the one batch up to thousand or so. Therefore, it
is practically impossible to provide the direct dose
measurements in each box. In the work [4], a method
for on-line dose monitoring at the product processing by
scanned electron beam with energy 10 MeV is de-
scribed. A principle of the method operation is based on
comparison of charges of the electron radiation imping-
ing on the front surface of an object and behind it using
a special radiation absorber and the established correla-
tion dependence between the energy of radiation ab-
sorbed in the object and the absorber charge. At the
same time, the object area, in which the energy of radia-
tion is absorbed, is uncertain. As a result, such meas-
urements provide determination only so-called integrat-
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ed dose, i.e. the part of the initial electron energy ab-
sorbed in the object. Moreover, in the offered geometry
of the accelerator output device, the correlation depend-
ence between the integrated dose and the charge collect-
ed in the absorber is one-to-one only for the objects, in
which the losses of the initial electron energy exceed
60%. That takes place at a surface density of the object
above 3 g/cm’.

In the report, the results of development of a method
for on-line monitoring of the absorbed dose at industrial
processing of products over all the practical span of
their surface density are described.

1. ANALYSIS OF THE OBJECT’S
RADIATION SHADOW

1.1. From the condition (1), the requirement follows
of maintenance of the sufficient uniformity of the dose
distribution within the volume of the processed object.
So at the use of the beam with energy 10 MeV, the one-
sided processing of objects with surface density up to
3 g/cm? is permitted. In a case of greater density, the
two-sided irradiation is recommended. Besides, the
standards demand to provide the uniform distribution of
the linear density of the scanned electron beam on front
surface of the processed object [5]. It means, that behind
its rear plane the radiation field includes the electrons of
the primary beam, corresponding the edges of the irradia-
tion zone, and also the particles passed through the ob-
ject. Thus, the space-energy distribution of the particles
behind the rear plane of the object, defined by the charac-
teristics of the accelerator’s radiation field, and also by
the size and surface density of the object (the radiation
shadow), is formed. In a case, when the length | of the
object along the direction of its moving exceeds the beam
width on the object surface (typical situation for radiation
technology), it is possible to determine the value of the
absorbed dose, averaged over the section of the object in
the plane of beam scanning, using the formula
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5=Ful 2)
M-V
where P,, — is the absorbed radiation power in the ob-
ject; M — is the object weight; V — is the velocity of its
movement.

1.2. The analysis of conditions of the dose meas-
urement, described in the work [4], has shown that the
ambiguity between the integrated dose and the charge
collected in the absorber, is caused by presence of a flux
of the low-energy electrons, generated by the primary
beam in the surface layer of the processed object. As a
result, at its surface density less than 3 g/cm?, the elec-
tron flux, leaving the object, exceeds the beam current.
So to obtain the one-to-one correlation dependence, it is
necessary to place a filter of low-energy electrons be-
tween the object and the beam absorber.

At the initial stage, it was offered to use a plate from
aluminium as such a filter. Its optimum thickness was
established by computer simulation. In calculations, the
verified program modules, developed on the basis of the
transport code PENELOPE-2008, were used [6, 7]. As a
beam absorber, a stack—monitor (SM), described in the
work [8], was applied. In calculations, the geometry of a
target device similar to the actual conditions of the radia-
tion installation LU-10 [9] was reproduced (Fig. 1).

SM

le
Fig. 1. Geometry of the LU-10 output device

The electron beam of 1 cm diameter with real energy
spectrum having 9.35 MeV in maximum is swept by a
scanning electromagnet with frequency 3 Hz and speci-
fied amplitude Ay at an exit window of the accelerator
EW. In the course of the beam sweeping, the alteration
of its spectrum takes place considering a dependence of
the angle « of beam deflection from electron energy E,
which was described by the expression o(E)~E™.

In calculations, it was supposed, that the horizontal
axis Z coincides with the accelerator axis, the axis X is
directed vertically upwards and lays in the plane of the
beam scanning , and the axis Y is directed horizontally
and corresponds to the direction of moving of the pro-
cessed object O. The plane XOY coincides with the exit
window EW of the accelerator. The irradiated object has
the form of a parallelepiped from cellulose measuring
40x100x38 cm (X,Y,Z) and having surface density
ps=0; 0.76; 1.9; 3.8; 5.7 g/cm’. The object’s size is
complied with the parameters of the LU-10 transport
container. A filter F in the form of a plate from alumi-
num with thickness AZ=0.2; 0.4; 0.6; 0.8, and 1.0 cm
was located behind the object at a distance L from EW.

In Fig. 2, the calculated data on the dependence be-
tween the absorbed energy in the object Ey; and collect-
ed charge in the monitor Qsy, reduced to one electron of
the primary beam, at various surface density of the ob-
ject and thickness of the filter in case of direct beam (see
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Fig. 2,a), and also at its scanning with amplitude
As=10 cm at the exit window EW (see Fig. 2,b) are given.
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It is seen, that at increasing filter thickness the ob-
tained dependence alters its appearance. In particular, at
some value of the thickness (AZ~0.6 cm) the depend-
ence becomes close to linear.

In the sequel, the possibility to use an air gap be-
tween the irradiated object and SM as the filter was
studied. The geometry of the output device was similar
to the one given in Fig. 1, excepting the filter F. Calcu-
lation was conducted for a set of distances SM from the
exit window, L=150; 180; 223, and 286 cm. The charac-
ter of the dependences obtained (Fig. 3) is analogous to
the ones shown in Fig. 2. So at a distance of 223 cm, the
function Eqpj(Qsm) becomes close to linear in the all
practical range of the psvalue (see Fig. 3,c and Table 1).

Table 1
Linearization coefficients of the Eqy=a-bxQOsu
dependence
Ag, CM a b
' value std dev value std dev
0 9.09 0.13 9.35 0.2
10 7.92 0.11 8.76 0.17

1.3. In view of possible tuning the electron energy
and scan width when irradiating the objects with differ-
ent size and density, it was necessary to determine the
respective change of the Eqj(Qsm) dependence. In simu-
lation, the various spectra of the LU-10 beam obtained
in 2007 and in 2014 (after the change of some elements
of the accelerator’s feeding) were used (Fig. 4). The
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simulation results for the case L=223 cm are given in
Fig. 5. It is seen, that the dependence Eqj(Qsm) remains
linear both for the direct beam and at its scanning with
amplitude 10 cm.
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The summary data on the dependence of the lineari-
zation coefficient from the electron energy and ampli-
tude of scanning are given in Fig. 6. As the latter is
changed in the practical span 0...7.5 cm, those depend-
ences remain close to linear.
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Hence, with due regard to formula (2), it follows the
possibility to determine the averaged value of the ab-
sorbed dose in the processed object at the time t using
the expression
B(t) = I:a Ere Acros - 1,(0)=b E o Ay os

M -V (t)
where |, — is the average beam current, Isy(t) — is the
average SM current at the time t.

2. TESTING OF METHOD

2.1. To verify the proposed technique, a phantom
from heavy cellular polystyrene (p=0.11 g/cm®) measur-
ing 32.5x70x17.5 cm (XxYxZ) was fabricated. Choice
of phantom thickness was stipulated by the condition of
correspondence its surface density to the characteristics
of a standard polystyrene calorimetric dosimeter [3].
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That provides the identical averaged values of the ab-
sorbed dose in the phantom and calorimeter at their ir-
radiation in the same mode. Those conditions ensure the
possibility to calibrate the offered method using a refer-
ence calorimetric dosimeter by direct determination of
the a and b coefficients from the formulae

P I
a= ab, ph ._SMo | (4]_)
ISM,O_ISM,ph Ib
P
h=_— 2o | (4.2)
ISM,O - ISM,ph
where lg, ;. gy, —are the SM currant values in ab-

sence of an object and at the phantom irradiation respec-
tively. Then the radiation power, absorbed in the phan-
tom, Pappn, Can be determined from the expression
D -V-M
P o = el T ph (5)
L

where D, - is the dose measured with the calorimetric

dosimeter, My, and Iy, — are the phantom weight and
length along the direction of its moving respectively.
2.2. The phantom was placed into a transport con-
tainer of the conveyor jointly with the polystyrene calo-
rimetric dosimeter RISO and transferred via the irradia-
tion zone with specified velocity V. The data on the
irradiation mode and the results of the dose measure-
ment by the standard technique and proposed method
with the use of formulae (3-5) are given in the Table 2.

Table 2
Results of the on-line dosimetry trial
N V, | Emax | o |lsmo | lsmpn Facs)%e, 2;)2?
cm/s | MeV | uA | tA | HA KGy KGy

1|4.88 | 865 | 816 | 670 | 439 | 6.26 | 6.37
2365|868 | 817 | 671 | 451 | 8.77 | 8.96
31244 | 883 | 827 | 683 | 462 | 13.12| 13.02
4182|899 | 836 | 693 | 472 | 18.54| 18.39
51122 | 897 | 822 | 679 | 471 | 27.51| 27.83
6092 | 895 | 819 | 677 | 450 | 36.61| 36.32

In a number of experiments, the routine dosimeters
Harwell Red 4034 and B3 were placed into a special
slot located in the centre of the vertical median plane of
the phantom. The measurements have shown, that with-
in the uncertainty u=6% (k=2) their readings are agreed
with the data of the RISO calorimeters.

CONCLUSIONS

Application of charge absorbing monitor behind an
object being processed at an electron accelerator,
providing the preliminary filtering of a low-energy part
of the radiation spectrum, enables to establish the one-
to-one correlation dependence between the monitor
charge and absorbed dose in the object. At a specified
velocity of the object moving trough the irradiation
zone, it makes possible to determine in on-line mode the
absorbed dose averaged over the object’s section in the
beam scanning plane.

A gap between the object and the monitor can be
used as a filter of low-energy electrons. At its certain
thickness, the correlation dependence becomes close to
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PA3PABOTKA METOJIA ON-LINE MOHUTOPHHTI A IOTJIOLEHHOM J0O3bI
TP OBPABOTKE IMPOJAYKIIUU CKAHUPYIOIIUM ITYYKOM 2JIEKTPOHOB
P.U. Ilomayaniox, B.A. Illesuenxo, A.3. Tenuwes, /I.B. Tumos, B.JI. Yeapoe, A.A. 3axapuenko
HccnenoBansl ycnoBus OSCKOHTAKTHOI'O MOHHMTOPHHIA IOIIOIIEHHOW NO3BI MpU 00pabOTKe MPONYKIMH Ha
YCKOPHUTENE 3IICKTPOHOB. METOl OCHOBaH Ha aHAJM3E MOTJIOIMEHHOTO 3apsaa B ruactuHuaToM MoHuTope (IIM),
pasmeniéHHoM 3a obiydaeMbiM 00beKToM. C HCIONBb30BaHUEM KOMIIBIOTEPHOIO MOZCIMPOBaHUs Ha 0a3e Momudu-
uupoBaHHoro tpaHcroptHoro koga PENELOPE-2008 noka3aHo, uto mytém pasmertenus nepen [IM ¢unbtpa HU3-
KOSHEPIeTHYHBIX 3JEKTPOHOB MOXKHO IOJIYYUTh OJHO3HAYHYIO KOPPEISLMOHHYIO 3aBHCHMOCTb MEXIY 3apsioM
MOHHUTOpPA U PHEPTUEH U3ITyIeHNUs, IOTIIOMIEHHON B 00pabaTbiBaeMoM oOwekTe. [Ipu onpenenéHHoit MOBEpXHOCTHOM
IUIOTHOCTU (PUIIBTPA 3Ta 3aBUCHUMOCTh CTAHOBUTCS OJIM3KOI K JiHeiHO!. [Toka3aHa BO3MOXHOCTh UCIIONB30BAHUS B
Ka4yecTBe Takoro (HIbTpa BO3IYIIHOTO MPOMEXYyTKa Mexay odbekroM u [IM. Jlns ycnoBuil pajnanuoHHO-
TEXHOJIOTHYECKOH YCTaHOBKH C yckopuTeneM 3iekTpoHoB JIY-10 HHI[ X®TH yctaHOBIEHO ONTHMAIBHOE PaccTo-
siuue pasmenienus [IM. OnpeneneHbl KO3 QUIUEHTHI JINHEHHONW 3aBUCHMOCTH «IIOTJIOMIEHHAS] SHEPTHs B 00BEK-
te/3apsan [IM» U1t IpakTU4ecKOro Auarna3oHa 3HAYeHHH YHEPrHy DIIEKTPOHOB, NIMPUHBI Pa3BEPTKH My4Ka H T10-
BEPXHOCTHO# IUIOTHOCTH 00Jy4aeMbIX 00bekToB. [loka3aHa BO3MOXHOCTh ycTaHOBIeHHUs 110 TOKy [IM ycpenuén-
HOTO 3HAYEHHMS MOTJIOMIEHHON M03BI B O0BEKTE, MEPEMEIAEMOM Yepe3 30HY OOIydeHHMS C 3aJaHHOH CKOPOCTBIO.
[TomyueHHbIe aHHBIE YIOBIETBOPUTEIHHO COTTIACYIOTCS C PE3yNbTaTaMU U3MEPEHHH.

PO3POBKA METO/JIY ON-LINE MOHITOPUHI'Y IOTJIMHYTOI 103U
IIPU OBPOBIII MPOJIYKIII CKAHYIOYHMM ITYYKOM EJIEKTPOHIB
P.I. Ilomauanwk, B.A. Illlesuenko, A.E. Teniwes, /1. B. Tumos, B.JI. Yeapos, 0.0. 3axapuenko
HocmimkeHo yMoBH 0€3KOHTAKTHOTO MOHITOPHHTY ITOTJIMHYTOI 03U MPH 00poOIli MPOAyKIIii Ha MPUCKOpIOBadi
€JIEKTPOHIB. MeTo ] 3aCHOBaHMI Ha aHAII31 MOTJIMHYTOTO 3apsAAy B IuiacTHHIacToMy MoHiTopi (IIM), po3mimeHomy
3a ONMPOMIHIOBaHUM 00'€KTOM. 3 BHKOPHCTAHHSM KOMITIOTEPHOT'0 MOZACIIOBAaHHSI Ha 0a3i MoAu(iKOBAaHOTO TpaHC-
moptHOro koxy PENELOPE-2008 moka3ano, mo noisixoM posMimienHs niepen [IM ¢inbTpa HU3BKOSHEPTeTHIHUX
€IIEKTPOHIB MOXXHA OTPUMATH OJHO3HAYHY KOPEIIIIHY 3aJIeKHICTh MIJK 3aps/IOM MOHITOpA i MIOTJIIMHYTOIO B 00pO-
OmoBaHOMY 00'€KTi €Hepriero BUNpoMiHIOBaHHA. [Ipy meBHIH moBepXHEBiH MITFHOCTI (PiIbTPa I 3aJICKHICTH CTa€
ONMU3BKOI0 10 JiHiitHOI. BCcTaHOBIIEHA MOMKIIHBICTE BUKOPHUCTAHHS B SIKOCTI TaKOTO (LIBTPa HOBITPSHOTO MPOMIKKY
Mix 00'extom i [IM. [l yMOB pajianiiiHO-TeXHOJIOTIYHOI YCTAHOBKH 3 MpHCKopioBaueM enekrponis JIY-10 HHIJ
XOTI BcTanoBIIEHa ONTHMATbHA BifcTaHb po3MimieHHs [IM. Bu3zHaueHi koedimieHTH JTiHIHHOT 3aI€KHOCTI «IOTIIH-
HyTa eHeprif/3apsan [IM» s mpakTHYHOrO Jianma3oHy 3HA4YeHb €HEprii eJeKTPOHIB, IIMPHHU PO3TOPTKH ITydKa i
MTOBEPXHEBOI IIITHFHOCTI OMPOMiHIOBaHHUX 00'eKkTiB. [TokazaHa MOXIIMBICTh BU3HAUECHHS 3a cTpymMoM [IM ycepenHe-
HOT'O 3HAYEHHS IOTJIMHYTOI JO3H B 00'€KTi, IO MEPEMIIyeThCS Yepe3 30HY ONPOMIHEHHS 3 Ha/JaHOKO IIBHIKICTIO.
OtpuMaHi JaHi 3aJI0BUTBHO y3TO/DKYIOTBCS 3 PE3yIbTaTaAMU BUMiPIOBAaHb.
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