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Particle beam energy and absorbed dose are critical parameters of product processing at industrial electron accel-
erators. For on-line monitoring of those parameters, a method based on measuring of distribution of the charge in-
duced by irradiation in a wide-aperture stack-monitor, positioned behind an irradiated object, has been developed. A
brief review of a control system for monitoring of the processing parameters created with the use of the EPICS
package as well as the data of its operating experience at an LU-10 Linac of NSC KIPT are presented in the article.
The procedure and results of calibration of the measuring channels within the electron energy range 8...10 MeV are

described.
PACS: 07.05Tp; 29.27.-a; 47.53.Bn, 81.40.Wx

INTRODUCTION

The irradiation efficiency depends on the measure-
ments and the assessment of the absorbed dose in the
process of radiation treatment. This is done using do-
simetric systems having a known level of accuracy. Do-
simetric systems used in radiation processing of materi-
als comply with international standards ISO/ASTM
(Table 1) [1]. Determination of the absorbed dose using
such dosimeters is usually carried out after the irradia-
tion process in off-line mode.

Table 1
Dosimetric systems
Useful Nominal
Dosimeter | Method dose prect- Ref
system of analysis range son clerences
[Gy] limits
[%]
Ceric- | 17y spectro-| . 3 . ¢ ISO/ASTM
cerous | tometry | 1019 3 1512052017
sulphate )
. 5 ISO/ASTM
L-alanine EPR 1...10 0.5 516072013
VIS
Perspex 3 4 ISO/ASTM
systems Sliﬁnglz?; 1051004 1 515762019
VIS spectro- | 3 5 ISO/ASTM
B3film | otometry | 1010 3 512752013
Calorimetry| Resistance/ | 1510°. | ISO/ASTM
Y temperature | 5-10* 51631:2013

measurements and determination of the corresponding
coefficients.

This article provides a brief description of the radia-
tion treatment parameters monitoring system based on the
EPICS (Experimental Physics and Industrial Control Sys-
tem) [3]. The procedure and results of the calibration of
the measuring channels using a plate stack-monitor in the
range of electron energies of 8...10 MeV are described.

1. CONTROL SYSTEM OF RADIATION
PROCESSING PARAMETERS

The control system of radiation processing parame-
ters consists of the following elements (Fig. 1):

—PC-based processing database server (Linux OS);

—the local network;

—PC-based automated operator workstation (AWP)
with an operator screen (CS-Studio);

— multifunctional module NI USB-6341;

—measuring devices connected to the local network
(oscilloscopes, multimeter, generator);

—EPICS input/output controllers (IOCs) based on
single-board computers (Linux OS).

Tracking such critical parameters as electron energy
and the absorbed dose in the irradiated object during
radiation processing of the product is very important.
The use of a wide-aperture stack monitor (SM) in the
form of a set of ten aluminum plates located behind the
irradiated object makes it possible to continuously mon-
itor the absorbed dose in the object and track changes in
the electron beam energy. This allows one to adjust the
processing parameters (beam current, conveyor veloc-
ity, sweep width) in real-time.

A method based on measuring the distribution of
charge induced by radiation in a stack-monitor has been
developed for continuous monitoring of critical parame-
ters [2]. The use of this method requires calibration
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Fig. 1. The block diagram of the control system

The sweep signal for the scanner magnet is gener-
ated by the function generator SDG1010. The operation
of the generator is controlled by an input/output control-
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ler (IOC) via the USB bus. The controller runs on a sin-
gle-board Raspberry Pi-3 computer with Linux system.

The system EPICS [4] was selected as the software
environment for the control system.

The parameters of the radiation process are dis-
played with graphical interfaces — “operator screens”
(Fig. 2).
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Fig. 2. The operator screen "Monitoring energy
and absorbed dose"

The archiver program of data of the process [5] runs
on a separate server (computer). The archiver starts as a
web application and writes the PV process variables to
the hard disk at certain intervals.

A web server works to monitor and display the pa-
rameters of radiation processing. It allows to viewing
the main parameters in real-time using a standard Inter-
net browser.

The control system uses more than 50 process vari-
ables, of which ~ 40 are stored at various intervals. The
annual amount of data is ~ 1 GB. Data backup is carried
out at certain intervals by copying the database files to
external media: hard disk and flash memory (USB).

The experience in operating of control system during
the year showed the stability of its work, the possibility
of modification and expansion, ease of use.

2. METHOD OF MEASURING CHANNELS
CALIBRATION

2.1. STACK-MONITOR CALIBRATION
FOR ENERGY

The calibration procedure for the stack monitor for
energy was as follows. Several measurements of energy
spectra were performed with average beam energy in
the range from 8 to 10 MeV. The beam energy was
measured using a magnetic analyzer (MA) [6]. The
plate currents and the total current of the stack monitor
without an irradiated object were measured after each
spectrum measurement. The measured spectra were
fitted with two Gauss functions for more accurately de-
termine the most probable and average energy (Fig. 3).

The following expression is used to determine en-
ergy with a stack monitor:

210[
E=A+B- =+ ", (1)

SM
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where E — beam energy (MeV); A, B — coefficients de-
rived from calibration measurements or calculations [2];

I; — average current i-plates of stack monitor (A); Iy —

average total current from all plates of the stack-monitor

(A).

sp-181214-122912.dat \ ¥2/ ndf 0.02488/2
12 Constant  1.105+0.1028
s Mean 8.932 +0.04112
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Fig. 3. Measured spectrum with the most probable
energy of 8.93 MeV and fitting with two Gauss
functions: circles — measurement data using MA;
solid line — combined fitting function
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Fig. 4. The dependence of the most probable energy on
the ratio of currents from k of the last plates to the total
SM current: R8 —k=(8, 9, 10); R78 —k=(7, 8, 9, 10);
R678 —k=(6, 7,8, 9, 10); R5678 —k=(5, 6, 7, 8, 9, 10)

The dependence of the energy (most probable) on
the ratio of currents k last plates to the total SM current
is constructed based on the results of measuring the
spectra and distribution of currents from the SM plates
(Fig. 4).

After fitting distribution R678 with a straight line,
the following expression was obtained for calculating
the most probable energy (Ep) from the ratio of the cur-
rents of the last 5 plates to the total SM current (R):

Ep =6.443 + 7.838R. 2

The dependence of average energy (Ea) on the ratio
of currents from plates (6, 7, 8, 9, 10) to the total current
SM was also obtained:

Ea =17.675+8.767R. 3)

The estimation of the uncertainty when measuring
the most probable energy Ep and average energy Ea
using the stack-monitor is about 2.6%.
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Table 2
Results of energy measurement of the LU-10
accelerator using SM

MA SM AEp., MA SM AEa,
Ne Ep, Ep, % Ea, Ea, %
MeV | MeV MeV MeV
1 | 946 | 9.41 |0.53|11.05 11.0 | 0.45
2 | 893 8.95 |0.22 | 10.46 10.48 | 0.20
3 | 8.3l 8.35 1048 9.75 9.81 |0.61
4 | 755 ] 7.52 1040 | 892 8.88 |0.45
51952 971 | 196 11.02 11.33 | 2.74

2.2. STACK-MONITOR CALIBRATION
FOR DOSE

The absorbed dose in the product depends on the av-
erage beam current, beam sweep width, conveyor speed
and beam energy. Dose measurement based on these
parameters is an effective calibration of the radiation
facility. There is no simple relationship between dose
and electron beam energy, and measurement of dose as
a function of the three other parameters should therefore
be made for each operating energy [7].

The following devices were used to calibrate the
dose rate stack-monitor:

— dosimeters Red Perspex 4034 (RP);

— calorimeter RISO (Fig. 5);

—polystyrene phantom F-1: dimension 79x41x37 cm
(length, high, depth), weight — 13 kg, surface density —
3.96 g/em’;

— polystyrene phantom F-2: dimension 70x38x17.5 cm,
weight — 5.25 kg, surface density — 2.0 g/cm * (Fig. 6).

The RISO calorimeter consists of a disk made of
polystyrene surrounded by heat-insulating foam (see
Fig. 5). The temperature of the calorimeter is measured
by a calibrated thermistor, which is located inside the
disk. The dose range of measurements is 3...40 kGy,
the uncertainty in the dose measurements is 3.6%.
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Fig. 6. Polystyrene phantom F-1 and F-2

The absorption dose in object D is determined for a
given energy using the relation [2]:

_ [a(EW,,p)-1,-b(EW,,c)-1,]-L . @)
m-V.

where [, — average beam current LU-10 (A); I, — total

current from all plates of the stack-monitor (A);

V' — conveyor speed (m/s); m — object weight (kg);

L — object length (m).

The coefficients a, b depend on the beam energy E,
the beam sweep width W, and the object density p.
Therefore, a set of coefficients is required for each en-
ergy, the sweep width and density of the object to more
accurately determine the dose using SM.

The F-1 phantom and the RISO calorimeter moved
at a given speed through the irradiation zone and the
beam current and the SM current were recorded (Fig. 7).
The measurements were carried out at several conveyor
speeds: 400, 600, 200 rel.u. and for several values of
average energy in the range of 8...10 MeV
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Fig. 7. The total current from the plates
of the stack-monitor when irradiating

the RISO calorimeter and phantom F-1

The absorbed dose was determined using a RISO
calorimeter. A few calorimeter temperature measure-
ments were taken before irradiation (7/) and then after
irradiation (72). The temperatures 77 and 72 were de-
termined by the off-line method described in the stan-
dard ISO/ASTM51631:2013 [8]. The irradiation time
(t;) was also recorded. The measured temperature values
before and after irradiation are approximated by two
straight lines (see Fig. 7). The temperature 7/ and 72
are determined by the value on the corresponding line at
the time of irradiation .

The calculation of the absorbed dose D in the RISO
calorimeter was carried out using the expression:
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D=(T2—T1—Tu)~(kl+k2~¥)-ka ®)

where 7; — calorimeter temperature before irradiation;
T, — calorimeter temperature after irradiation; 7, — calo-
rimeter heating from conveyor and accelerator
T, ~0.05°C; k;, k,, k — calibration constants (k;=1.022;
k,=0.0108; /=1.000).
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Fig. 8. Determination of the temperature difference AT
of the RISO calorimeter

The coefficients a, b were determined from the rela-
tions presented in [7]:

Calculation of the absorbed dose in the phantom
D, (Gy) was carried out using the expression:

Pab,ph
Dab = Mph ’ (6)
Vph 17
ph

where V,, — conveyor speed (m/s); M,, — object weight
(kg); I, — object length (m) along the direction of
movement of the conveyor; P, ,;, — the absorbed power
in the irradiated object (F-1 phantom) was calculated
using the absorbed dose value measured using a RISO
calorimeter or Red Perspex dosimeters.

The results of calculating the coefficients a, b and
the absorbed dose in the F-1 phantom measured using
SM at different beam energies shown in Table 3.

Table 3
Dose calibration results

C Dose |Dose

Ne urt- Ep, Coefficients F-1 | F-1
¢ rrnez MeV RP, |SM,
a +Aa b =£Ab | kGy |kGy

11077 19.13 | 10.1]0.26( 12.5/0.29| 8.48 | 8.32
21071 19.71 |11.9]0.52| 14.9|0.61| 8.40 | 8.44
31045 (10.71 | 15.6]0.51| 17.5{0.55| 6.15 | 5.61
410741842 | 7.1 {0.20{ 9.0]|0.22| 6.79 | 6.18

The estimated uncertainty in measuring the absorbed
dose using the stack monitor was ~ 8%.

The dependence of the coefficients a, b on the beam
energy obtained when calibrating the stack-monitor us-
ing the F-1 phantom shown in Fig. 9.
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Fig. 9. The dependence of the coefficients a, b

on the most probable energy of the electron beam

CONCLUSIONS

The implementation of the EPICS system unifies the
control system of radiation processing parameters and
increases its reliability.

A method has been developed for continuous moni-
toring of critical parameters using a stack-monitor. The
calibration measurements have been made and coeffi-
cients and calibration curves have been obtained for
determining the electron energy and absorbed dose dur-
ing radiation treatment at the LU 10 accelerator in the
energy range §...10 MeV.

Continuous monitoring of the absorbed dose enables
promptly carry out the necessary adjustment of accel-
erator parameters during processing.
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at Energies Between 300 keV and 25 MeV.

KAJIMBPOBKA CUCTEMBI ON-LINE MOHUTOPHUHI'A QHEPI'MU SJIEKTPOHOB
M IO JIOIEHHOM 1036l HA TIPOMBIIIJIEHHOM YCKOPHUTEJIE JIY-10

P.U. llomauanwk, B.FO. Tumos, /1.B. Tumos, B.JI. Yeapos, B.A. Illesuenko

DHeprusi 4acTHIl Iy4Ka W IMOIJIONICHHAs 103a SIBJISIIOTCS KPUTUYECKHUMU MapaMeTpaMu npu 00paboTKe MpOayK-
LMK Ha MPOMBIIUICHHBIX YCKOPUTENSX 3JIEKTPOHOB. J[J1s1 on-line MOHUTOpPUHTA STHX MapaMeTpoB pa3paboTaH Me-
TOJI, OCHOBaHHBIN Ha M3MEPEHHH pAaCIpelelieHHs] HaBEeICHHOr0 OOJIydeHHEM 3apsiia B IIMPOKOANEPTYPHOM CTEK-
MOHHTOpE, KOTOPBIH HaXOAHUTCS 3a 00pabaTbiBaeMbIM 00beKTOM. [IpencraBieHsl KpaTKHid 0030p CHCTEMbI MOHHUTO-
pHUHTa ¥ KOHTPOJISI MapaMeTpoB 00pabOTKH, CO3aHHOMU C MCIoab30BanreM makera EPICS, a taxke qaHHBIC 00 OIIBI-
Te ee akcrutyatanuy Ha yekopurene JIY-10 HHI] X®DTU. Onucans! npolenypa u pe3ynbTaThl KaTHOpOBKH U3MEPH-
TeJIbHBIX KaHAJIOB B JUaNa30He 3HAUEHUH dHEePruu 3J1eKTpoHOoB §...10 MaB.

KAJIIBPYBAHHS CUCTEMM ON-LINE MOHITOPUHI'Y EHEPI'1i EJIEKTPOHIB
TA MOTJIMHYTOI 1031 HA TPOMUCJI0OBOMY ITPUCKOPIOBAUI JIY-10

P.I INomayaniox, B.1O. Timos, /I.B. Timos, B.JI. Yeapoe, B.A. Ille¢uenxo

Eneprist yacTHHOK ITydKa 1 MOMNIMHYTA 71033 € KPUTUYHIMU TTapaMeTpamMu Ipu o0poOI MPpOoAYKIIii Ha IIPOMHCIIO-
BUX IPHCKOPIOBayax eneKkTpoHiB. [yt on-line MOHITOPHHTY LIUX MapaMeTpiB po3poOJIEHO METO, 110 € OCHOBaHMI
Ha BHMIPIOBaHHI PO3IOJTY HAaBEJICHOI'O ONPOMIHIOBAHHAM 3apsiy y IIMPOKOANEPTYPHOMY CTEK-MOHITOpI, SKHH
po3MiieHo 3a oOpobmoBaHiM 00’ €kToM. HasaHo cTUCIHIA OIS CUCTEMU MOHITOPUHTY Ta KOHTPOJIIO ITapaMeTpiB
00pO0OKH, 10 CTBOPEHA 3 BUKOpUCTaHHAM makeTy EPICS, a Takox maHi om0 AOCBIAY ii eKCIUTyaTallii Ha MPHUCKO-
proBaui JIY-10 HHII X®TI. Onucani nporeaypa Ta pe3y/ibTaTu KaniOpyBaHHsI BUMIPIOBATFHUX KaHAIIB Yy Jiana3o-
Hi 3Ha4YeHb eHeprii enekTpoHis §...10 MeB.
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