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Radiation-technological processes on the basis of electron accelerators, in particular, sterilization of medical devic-
es, are regulated by international standards. The distribution of the electron flux density and absorbed dose are the main
parameters of such processes, that require constant monitoring. In this work, we investigated the possibility to deter-
mine in real time the absorbed dose profile on the surface of an object processed using the effect of
cathodoluminescence, that occurs when the electron flux acts on technical materials (mainly amorphous dielectrics).
The results of calibration of the cathodoluminescent radiators of different composition against the absorbed dose meas-
ured by a calorimetric method are presented. The study of the novel technique at an LU-10 electron Linac of NSC
KIPT made it possible to identify the sources of uncertainty and evaluate their contribution to the dose measurement.

PACS: 29.27.Ac; 41.75.Fr; 07.81.+a

INTRODUCTION

By now there are about one and a half thousand in-
dustrial electron accelerators worldwide involved in radi-
ation-technological processes. They process the products
with a total value of over one hundred billion dollars
yearly. This activity, especially radiation sterilization of
medical devices, is regulated by international standards
[1]. The sterilization process includes the installation of
boxes with the treated products in transport containers,
transfer of them to the zone of irradiation by a scanning
electron beam with specified parameters, and return
transportation to the unloading area. At the same time,
the standard establishes the requirement of continuous
monitoring of five key process parameters, including the
distribution of the electron flux density on the surface of
the irradiated object and the absorbed dose.

Currently, the disposable chemical dosimeters are
mainly used for routine dosimetry. They are placed in
the product before it is installed on the conveyor and
removed from the unloading area with the subsequent
dose measurement. This procedure usually takes about
half an hour. If the accelerator mode changes during this
time, then the output product may not meet the quality
criteria. Therefore, the development of methods for on-
line diagnostics of the radiation process is very topical.

In works [2, 3], the phenomenon of luminescence
excited by a pulsed electron beam (cathodolumi-
nescence, CL) in the technical dielectrics was described.
Those materials, in particular, are the cardboard, from
which the shipping containers for most types of prod-
ucts are commonly made, as well as a number of poly-
mers widely used in radiation technologies (polypropyl-
ene, polyethylene, polystyrene, fluoroplastics, etc.). The
main characteristics of CL were investigated and the
possibility of using this phenomenon for the on-line
control of electron flux profile, as well as the absorbed
dose and dose rate on the surface of an irradiated object
was shown. In this work, we studied the characteristics
of various materials as promising CL detectors of the
absorbed dose, as well as a method of their calibration.

126

1. CONDITIONS FOR USE OF CL FOR
DIAGNOSTICS OF PROCESSING MODE

Industrial electron accelerators are operating mainly
in a pulsed mode with pulse duration of 10°...10° s at a
particle energy of up to 10 MeV. The action of acceler-
ated electrons on an amorphous dielectric is accompa-
nied by incoherent optical radiation. Its nature is associ-
ated with the localization of electrons, injected by ioniz-
ing radiation from the valence band into the conduction
band, on deep traps in the forbidden band of the dielec-
tric. If the duration of the beam pulse is shorter than the
characteristic time, determined by the filling rate of
deep traps and their concentration, the intensity of the
instantaneous component of the optical radiation is pro-
portional to the absorbed dose rate on the surface of the
treated object [3]
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where 7, is the beam pulse duration, Ny is the concen-
tration of vacant deep traps, neg is the concentration of
electrons in the conduction band, 7.z is the lifetime of
the quasi-free electrons in the conduction band before
being captured by a deep trap.
In this case, the absorbed dose rate is directly pro-
portional to the electron flux density.
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where Q is the electron flux density, dE. s the aver-
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age ionization loss of electrons per mass unit of their
range in the material.

If an object moves through the irradiation zone with
velocity V., when registering its optical radiation with
exposure time
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where d, is the transverse size of the beam on the sur-
face of the object, and if condition (1) is satisfied, the
value of the integral of the radiant luminosity of the

ISSN 1562-6016. BAHT. 2021. N26(136)


mailto:uvarov@kipt.kharkov.ua

object over the exposure time (CL yield) is proportional
to the absorbed dose on its surface.

Since the irradiated objects are usually made of dif-
ferent materials with different radiation-optical yield, a
thin CL radiator (having thickness much less than the
electron range), being made of a specially selected ma-
terial with high radiation resistance, can be used as a CL
detector to unify the conditions of the dose measure-
ment. Such a radiator can be placed on a transport con-
tainer with the products and, after appropriate calibra-
tion, to provide the on-line monitoring of the electron
flux density and absorbed dose [3].

2. CALIBRATION OF CL DETECTOR
ON ABSORBED DOSE

The calorimetric method of measuring the absorbed
dose [4] was used to calibrate the luminescent detectors.
The RISO Polystyrene Calorimeter dosimeters (RISO
Lab, Denmark) were applicated as the reference dosime-
ters. The routine chemical dosimeters Red Perspex 4034
(Harwell Dosimeters, UK) and B3 film (GEX Corpora-
tion, USA) were calibrated against the RISO Calorime-
ter. The latter provides the determination of dose aver-
aged over its sensitive volume by 138 mm in diameter
and 18 mm thick. The dosimetry systems Red Perspex

4034 and B3 provide possibility to measure the dose at a
given place of an irradiated object. Their placement in
the RISO phantom and combined irradiation with the
calorimeter enables to control the accuracy of the rou-
tine dosimeters. To measure the CL yield, a set of radia-
tors (CLR) of following composition was used:

1. CLR-1 (3 layers of polypropylene film by total
thickness of 96 um on an aluminum substrate with di-
mensions 550x300x1 mm);

2. CLR-2 (3 layers of polypropylene film by total
thickness of 96 um on a cardboard 4 mm thick).

The first radiator had also 5 cm horizontal scale
marks.

The calibration was carried out on a linear electron
accelerator LU-10 of NSC KIPT. The samples of radia-
tors, together with the dosimeters, were placed on the
two transport containers (Fig. 1) and moved at a given
velocity through the zone of irradiation with a scanning
beam. For calibration, 5 series of measurements were
carried out with different average beam current and
conveyor speed (Table 1). That provided the required
absorbed dose range. The average beam current was
changed stepwise by dividing the pulse repetition rate.

Fig. 1. Measuring devices used in calibration of CL radiators:
1 —RISO phantom with a B3 dosimetry film installed inside; 2 —RISO calorimeter; 3 — CLR-1; 4 —aluminum plate
with dosimeters fixed on it; 5 — CLR-2; 6 —dosimetry film B3; 7 —dosimeter Harwell Perspex 4034

Table 1
Accelerator parameters during measurements
Mea- Average | Most probable
Conveyor Scan
sure- |~ oed beam cur- |(average) energy width
ment ([:)m /s’ rent, mA | of the beam, om '
No. +0.003 MeV
94
1 1.24 0.75 (11.3) 40.3
94
2 1.86 0.76 (11.3) 40.5
9.3
3 3.10 0.76 (11.2) 39.7
9.2
4 1.24 0.38 (11.1) 39.5
94
5 1.24 0.19 (11.3) 40.1

ISSN 1562-6016. BAHT. 2021. Ne6(136)

The measurement of CL radiation was carried out
remotely using a controlled digital single-lens reflex
camera (DSLR) Canon EOS XT with a specially de-
signed mirror-lens optical channel mounted behind the
radiation shielding of the accelerator. For the correct
selection of the exposure, the light-signal characteristic
of the DSLR matrix was preliminary investigated, and
the range of its linear portion was established. The CL
intensity in rel. units was determined by averaging the
data over the vertical axis at a height of 130...150 mm
from the lower edge of the transport container in the
area of the Red Perspex and B3 dosimeter location.
Fig. 2 shows a photo of the glow of the CLR-1 and
CLR-2 radiators, taken during the calibration process,
and Fig. 3 shows the dependence of the CL yield on
absorbed dose, measured using the RISO calorimeter
and B3 film.
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Fig. 2. Photo of CL-radiator glow:
CLR-1 (a); CLR-2 (b)

The results of the calibration are listed in Table 2.
The dose values obtained by the B3 film, and also the
CL intensity of the radiators were recalculated using the
approximation parameters.
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Fig. 3. Dependence of CL yield from CLR-2 radiator
on the absorbed dos, measured by RISO calorimeter (a)
and B3 film (b)

Table 2
Comparative results of absorbed dose measurement by different techniques
Meas- Dose Dose B3 ir??;r?tom or?;)asgiigr Dose CLR-1, Dose CLR-2,
urement| RISO, Red Persp, (calculated) ’ (calculate d), (calculated B3), (calculated B3),
No. kGy kGy (A%) KGy ( A%)’ KGy (A% )’ kGy (A%) kGy (A%)
1 115 12.0 12.3 11.3 10.4 10.9
' (4.2) (6.7) (-1.4) (-9.4) (-4.1)
5 205 21.6 20.8 20.1 18.6 19.7
' (5.2) (1.7) (-2.1) (-7.9) (-1.8)
3 30.0 33.7 29.5 27.8 29.2 28.4
' (11) (-1.7) (-8.1) (©) (2.3)
4 143 144 14.8 14.8 15.4 14.4
' (1.2) (3.8) (3.5) (3.6) (-3.3)
5 74 7.4 6.5 6.4 7.3 6.8
' (0.2) (-13.9) (-15.3) (12) (6.4)

3. SOURSES OF UNCERTAINTY
OF ABSORBED DOSE MEASURING
BY CL TECHNIQUE

The possible sources of uncertainty when measuring
the dose by the intensity of the CL signal can be con-
ventionally subdivided into 4 groups:

- distortions associated with the material of the radi-
ator;

- variations in the position of the CL radiator’s plane
relative to the optical axis of the measuring channel;

- distortion of the optical path;

- distortion of photoelectric conversion.

128

The distortions associated with the CL radiator’s ma-
terial can be caused by its inhomogeneity, and also by the
degradation resulting in the change of detector’s radia-
tion-optical output over time. This can be controlled by
periodic calibration using the validated dosimetry meth-
ods. If the CL radiator is prepared by coating, then the
special attention should be paid to the uniformity of its
thickness. The analysis of the data obtained during the
calibration procedure showed, that the standard deviation
of the CL intensity for radiators made of cardboard and
polypropylene does not exceed 5%.
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The variations of the CL intensity when changing
the angle of its registration relative to the radiator plane
from 0 to 10° horizontally and vertically does not ex-
ceed 2%.

The distortions in the optical path are possible due to
inaccurate alignment of its elements. A specially de-
signed stand was used to mount the elements of the mir-
ror-lens optical path. The geometric distortion of the
lens can be neglected, because its focal length (200 mm)
is much higher than the linear dimensions of the APS-C
DSLR matrix (22.2x14.8 mm).

The distortion in the photoelectric converter is pos-
sible if the photographic exposure is incorrectly set, i.e.
when going beyond the linear portion of the light-signal
characteristic of the camera matrix.

The distortions in the data transmission channel can be
eliminated because information is transmitted digitally.

CONCLUSIONS

The CL dosimetry method can be considered as an
extension of the well-known luminescent methods of
the solid state dosimetry (the thermoluminescent,
photoluminescent dosimetry, etc. Fig. 4). However,
those methods are mainly passive, because they are
based on registration of optical radiation from pre-

irradiated detectors made of special materials, stimulat-
ed by various kinds of external influences. The pro-
posed method is active, because provides the dosimetry
information directly during the radiation exposure and
without additional stimulation.

In contrast to the scintillation method, which is also
active, the cathodoluminescent technique extends to the
high-dose region. That enables to use it in radiation-
technological processes. For the scintillation method,
the detectors with the high concentration of the emission
centers (~ 10% cm™®) are used. This makes it possible to
provide measurements in the range of small doses. Con-
versely, the CL method provides the possibility to regis-
ter an optical signal in the industrial range of absorbed
doses using routine technical materials (polypropylene,
cellulose, etc.) with low concentration of emission cen-
ters (~ 10" em®).

In the radiation technologies, a number of
dosimetry systems are applied [5]. Thus, Fig. 4 shows
the classification of known methods of solid-state
dosimetry in a wide range of doses, used both for bio-
logical and industrial purposes, with the indication of
physical effects underlying them, as well as the place of
the cathodoluminescent technique.

Measuring Dose
Process Method Range
7‘ Heat Generation H Calorimetric ‘4{ Industrial
Induced electrical : Biological
Electrophysical -
conductivity ﬂ{ Py Industrial
.
S\ 4‘ Conductometry ‘— Industrial
Chemical Biological
Detector reactions @ | Industrial
4{ Thermoluminescence ‘—‘ Biological‘
Localization Optically
free carriers stimulated
—— chargeon | luminescence
conters || T Seinillation | Bilogial
—{ Cathodoluminescence H Industrial
Fig. 4. Solid state dosimetry methods
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JJIOMMHECIHEHTHAS ON-LINE JO3UMETPHUS OBPABOTKHA ITPOAYKIHWH
HA YCKOPUTEIJIE 9JIEKTPOHOB

P.U. Ilomayaniok, C.K. Pomanosckuii, B.A. Illesuenko, A.3. Tenuwes, F0.A. Tumapenko, /1.B. Tumos,
B.1O. Tumos, B.JI. Yeapos

PaanannoHHO-TEXHOJIOTUYECKUE MPOLECCHl ¢ MPUMEHEHUEM NMPOMBIIIICHHBIX YCKOPHUTENICH JIEKTPOHOB, B Ya-
CTHOCTH CTEPIIM3ALS U3 METUINHCKOTO HA3HAYCHUS, PETTIAMEHTUPYIOTCSI MEXK/TyHApOJHBIMU CTaHIapTaMH.
OCHOBHBIMHU TNapaMeTpaMH TaKHX MPOLECCOB, TPEOYIOMIMMHU MOCTOSHHOTO KOHTPOJIS, SIBJISIOTCS: paclpeaeieHue
IUIOTHOCTH MOTOKA 3JIEKTPOHOB U IOTJIOIIEHHAs /1032 n3inydeHus. ccienoBana BO3MOKHOCTh NpUMeHeHus a3 dek-
Ta KaTOMOJIIOMUHECLEHIINM, BO3HUKAIOMIEH NpH BO3AECHCTBUM IOTOKA 3JEKTPOHOB Ha TEXHUYECKHE MaTepUabl
(rmaBHBIM 00pazoM, aMOp(HBIE IMANEKTPUKHU) AJISI ONPENENICHHsI B PEXKUME PEabHOI0 BPEMEHHU MPOGHIIS MOTJI0-
LIEHHOH 103bl Ha MOBEPXHOCTH 00OpabaThiBaeMoro oOwekra. [IpuBeneHbl pe3yabTaThl KaTMOPOBKU KaTOJOIIOMH-
HECIIEHTHBIX PaJUaTOpOB Pa3HOI'O COCTaBa IO MOTVIOIIEHHON 03¢ C MPUMEHEHHEM KaJIOPUMETPHUECKOro METOo/a.
Amnpobarust HOBoro mMerona Ha yckoputene 3mekTpoHoB JIY-10 HHI[ X®TU no3Bonmia yCTAHOBHUTh HCTOYHUKHU
HEONPEIEICHHOCTH U OLIEHUTD MX BKJIAJ B PE3YNbTaT H3MEPEHHH.

JIIOMIHECIHEHTHA ON-LINE JJOSUMETPISI OBPOBKH ITPOXYKIIIT
HA ITPUCKOPIOBAYI EJIEKTPOHIB

P.I ITomauamok, C.K. Pomanoscvkuii, B.A. Illesuenxo, A.E. Teniwes, 10.0. Timapenxo, /I.B. Timos,
B.IO. Timos, B.JI. Ysapos

PasianiliHO-TEXHOJIOT1YHI MPOIIECH i3 3aCTOCYBAHHSIM MPHCKOPIOBAYIB €JICKTPOHIB, 30KpeMa CTEPHITi3allis BHPO-
0iB MEIMYHOTO MPU3HAYCHHS, PENIAMEHTYIOThCS MIKHApOJHUMHU cTaHnapTaMu. OCHOBHMMH HapaMeTpaMu TaKHX
MPOLIECIB, [0 BUMAraroTh MOCTIHOTO KOHTPOJIIO, € PO3IO/ALT IIIIFHOCTI IIOTOKY €JIeKTPOHIB 1 IOTJMHYTA 1032 BH-
npoMiHtoBaHHs. JlociimkeHa MOXKIMBICTh 3aCTOCYBaHHS e(DeKTy KaTOHO0JIOMIHECIICHII, Sika BUHUKAE TIPH 1T TI0TO-
Ky €JIEKTPOHIB Ha TeXHI4HI MaTepiaiy (T0OJIOBHUM YHMHOM, aMOpQHI JieIeKTPUKH) U BU3HAYCHHS B PEKUMI peatb-
HOTO Yacy IpoQilto MOTIMHYTOI 1031 Ha MOBEpXHI 00pobroBaHoro 00'ekta. HaBemeHo pesympTaTtu KamiOpyBaHHSL
KaTOJOJIIOMIHECIIEHTHUX pa/iaTopiB Pi3HOTO CKJIaZy 3a MOTJIMHYTOO 03010 13 3aCTOCYBAHHIM KaJIOPHMETPHIHOTO
MeTony. Ampo0amis HOBOTO MeTOAy Ha mpuckoproBadi enektpoHiB JIII-10 HHI[ X®TI no3Bommira BCTaHOBUTH
JDKEpea HeBU3HAYCHOCTI Ta OI[IHUTH X BHECOK Y PE3YJIbTAT BUMiPIOBaHb.
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