https://doi.org/10.46813/2021-136-201

FORMATION AND MONITORING OF SECONDARY X-RAY RADIATION
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When conducting an industrial radiation processes at an electron accelerator, a part of the beam energy is trans-
formed into bremsstrahlung radiation. In such a way, the mixed e,X-radiation is formed in the area behind an irradi-
ated object. The intensity of the electron and photon components in the radiation is determined by the energy and
power of the primary electron beam, as well as by the parameters of the object and devices located behind it. In pa-
per, the characteristics of the e,X-radiation accompanying the product processing by a scanning electron beam with
energy 8...12 MeV at a LU-10 Linac of NSC KIPT are studied. The conditions for obtaining a source of secondary
X-rays in the state of electronic equilibrium, as well as its monitoring using an extended free-air ionization chamber
are explored. Such an extra-source of radiation can be used for carrying out various non-commercial programs like

radiation tests, sanitization of archival materials and cultural heritage objects, etc.

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

INTRODUCTION

High-power electron accelerators with beam energy
~10 MeV are widely used in radiation-technological
processes, mainly, for sterilization of medical devices,
as well as of products and feed stocks of pharmaceutical
and food industry, etc. [1]. In the majority of cases, the
processing is carried out directly by an electron beam. If
there is a necessity of debacterization of a load with
high surface density (>10 g/cm?), the electron radiation
is preliminary transformed into X-rays having higher
penetration ability. For this, a special intermediate target-
converter maid from a high-Z material is used. Consider-
ing the requirement of even absorbed dose distribution in
a processed object, the efficiency of the primary beam
energy utilization is commonly not higher than 40% un-
der treatment by electrons [2] and 10% for X-rays [3].

In work [4], a concept of a plant realizing simulta-
neously a two-beam e, X-regime by using bremsstrah-
lung radiation, generated in the interaction of electron
beam with the irradiated object and devices positioned
behind it, was proposed. So those elements can be con-
sidered as the constituents of an extended converter, in
which the consecutive transformation of electron beam
into mixed e,X-radiation takes place. The intensity of
the electron component in the latter decreases with the
rise of thickness of the interaction region. In turn the X-
ray component increases at first reaching maximum and
then goes down as a result of photon absorption. The
region of maximum ratio of the total photon energy to
the total energy of the secondary electrons corresponds
to a state of electronic equilibrium.

The e, X-radiation can be described with the use of a
limited set of key parameters [4]. Those characteristics,
in particular, are the ratio of total energy of bremsstrah-
lung photons Ey, passing a specified plane, to the total
energy of the primary electron beam E, (the coefficient
of energy conversion), and also the ratio of Ex to the
total energy of the secondary electrons E, passing the
same plane (the factor of secondary radiation). As the
universal length of a path of the e,X-radiation for-
mation, the sum of thicknesses of the its constituents
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expressed in the units of the extrapolated range of elec-
trons R, with primary energy E, in the material of a giv-
en path element (the stopping thickness unit, stu) was
offered. Under such an approach, the dependences of
Ey/Ey, and Ey/E, on Eytake on the universal form for the
materials with Z=7...73 in the Eg range 5...100 MeV,
reaching maximum at a length of the interaction region
of 0.5...0.7 and 1.5...1.7 stu, respectively (Fig. 1).

In the current work, the conditions of formation of
secondary X-ray radiation under product processing at a
LU-10 electron Linac of NSC KIPT [5] with beam en-
ergy up to 12 MeV, as well as of X-rays on-line moni-
toring are studied.
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Fig.1. Dependence e,X-radiation characteristics
on thickness of absorber: coefficient of energy
conversion (a); factor of secondary radiation (b)
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1. ¢, X-FLUX FORMATION

1.1. The irradiator and exit devices of the LU-10 ac-
celerator are located in a concrete vault (Fig. 2). A work
load is transported into the irradiation zone using an
overhead conveyor C. The accelerator structure AS has
a beam scanner S at its output controlled with PC. It
provides the necessary profile of the beam sweep at an
irradiated object (e-Ob). An aluminium stack-monitor
SM for on-line control of beam energy and absorbed
dose is positioned on the axis of the structure at a dis-
tance of 223 cm from the accelerator exit window [6, 7].
The SM size and thickness (75x122x2.6 cm) provide
the absorption above 95% of the electron flux, an also
the electronic equilibrium of gammas behind it.
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Fig. 2. Irradiator and exit devices of LU-10 accelerator

A parallel plate free-air ionization chamber IC, in-
tended for monitoring of X-ray energy flux, follows
SM. IC comprises 3 aluminium plates: the two outer by
size 113x77x0.2 cm (height x width x thickness) and
the inner (113x53x0.1 cm).

For the analysis and optimization of a treatment mode
by secondary X-ray radiation, an arbitrary target X in the
form of a plate from PMMA (a standard dosimetry mate-
rial [8]) was positioned behind IC. The lateral size of
the plate is equal to that of SM (Fig. 3).

1.2. The study of e, X-radiation state in the elements
of the formation path was conducted by a MC simulation
technique on the basis of a GEANT4 transport code [9].

Fig. 3. Configuration of LU-10 exit devices
in simulations

For determination of volumetric dose distribution,
the X target by 9 cm in thickness was subdivided into
3 layers. In turn each layer was subdivided into the par-
allelepipeds by 10x12x3 cm in size.

1.3. Fig. 4 shows the results of calculation of e,X-
radiation characteristics along the exit devices of the
LU-10 machine in absence of a load in the main channel
of irradiation with the electron beam (e-channel), and
also in its presence. As an irradiated load (e-Ob), a
phantom from cellulose by size 35x105x35 cm with
nominal surface density of 4g/cm? was considered. In
calculations, the beam energy spectra corresponded to
actual ones (Fig. 5).
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Fig.4. e,X-radiation characteristics in elements of exit
devices of LU-10 accelerator: coefficient of energy
conversion (a); secondary radiation factor (b)
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Fig. 5. LU-10 beam spectra

It is evident, that the addition of ionization chamber
gives some decrease in the photon flux but the gain in
the secondary radiation factor up to its correspondence
to the state of electronic equilibrium. The key parame-
ters of radiation incident on the X target are listed in
Table 1. It is seen, that the average energy of the gam-
mas <Ex> is rather close to that of Co-60.

2. MONITORING OF SECONDARY X-RAYS

2.1. A circuit used for measuring the current of the
ionizing chamber is presented in Fig. 6. A high-voltage
supply provides the bias 200...600 V of negative polari-
ty on the inner plate of IC via a coaxial cable about 60m
in length. The outer plates are electrically connected
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with an integrator comprising the resistor R (12.4 kQ)
and capacitance C (0.47 uF) with time constant
5.8 msec. A signal from the integrator output connected
to an automated workstation for readout with interval
2 sec into an archiver of an EPICS system.

Table 1
Parameters of e,X-radiation on front surface of X-target
P, EX/Ey, | <Ex>, Dmax,
g/em? EX/E. % MeV | kGy/h/mA
8 MeV
0 115.3 3.90 0.835 10.3
4 111.3 1.41 0.982 2.1
10 MeV
0 59.8 5.36 0.949 20.2
4 98.5 2.05 1.101 3.6
12 MeV
0 22.3 6.67 1.040 40.8
4 74.9 2.74 1.184 6.36
- High Voltage
e T O~ Power Supply
n 200 - 600 V
Chamber "
/
e,y
\ R
Coax. cable 60m |

Fig. 6. IC-current measuring circuit

2.2. In the experiments, the average accelerator
beam current lacc was controlled by the pulse rate. The
obtained dependence of IC current on the bias voltage at
different beam pulse rate and scan width is given in
Figs. 7-9. It is evident, that the IC current is proportion-
al to the average electron beam current and tends to sat-
uration with the rise of bias voltage. It does not depend
on the beam scan width (see Fig. 9). That confirms prac-
tically full passing of X-ray flux through the ionization
chamber.
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Fig. 7. Dependence of IC current on bias at different
average accelerator current (lacc=0.73 mA)
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Fig. 9. Dependence of IC current on beam scan width

2.3. The dependence of IC current on the conditions
of the product irradiation in the e-channel was calculat-
ed using an analytical model presented in [10] for the
case of pulsed flux of gammas (Fig. 10). It is evident,
that the data of calculations are underestimated by about
8% as compared with the experimental results. The sys-
tematic divergency can be explained with both the mod-
el restrictions and inaccuracy of the data on the coeffi-
cients of the charge transfer in the ionization volume of
the chamber. Its proper calibration enables on-line mon-
itoring of absorbed dose in the X-channel.
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3. OPTIMIZATION OF IRRADIATION
MODE IN X-CHANNEL

3.1. A linear sweep is commonly used at product
processing with the scanned electron beam to provide
the even distribution of the particle density over the load
surface. Conversely, it was shown in work [2], that the
application of a combined scan mode, including the
linear part over one half-period and the sinusoidal part
over the second (Fig. 11), results in the reduction of
dose ununiformity ratio (DUR) as compared with the
double-linear mode. That is why the both variants of the
sweep for the beam with the actual energy spectrum and
similar scan amplitude were examined by the simulation
technique (Fig. 12).
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Fig. 12. Dose rate distribution in X target (E,= 10 MeV,
surface density of product in e-channel is 4 g/cm?):
linear sweep (a); combined sweep (b)

It is evident, that the combined sweep flattens the
dose distribution along the scanning axis. At the other
hand, under the given irradiation mode and size of the
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target, DUR reaches 5, while its acceptable value should
be not higher than 1.8 [1].

3.2. For the further smoothing of dose distribution, a
two-sided irradiation mode of a target can be used, as
well as the optimization of target’s size. It is seen in
Fig. 13, that the two-sided processing provides
DUR<1.8 along the Z-axis of the target at its thickness
of 65 g/lcm?.
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Fig. 13. Dose rate distribution along z-axis of X target
for one- and two-sided irradiation

The results of estimating by MC simulation tech-
nique the X-channel capacity at a two-sided object irra-
diation, providing DUR not higher than 1.8, are listed in
Table 2. It is evident, that the optimal size of the X tar-
get depends weakly on the beam energy in contrast to
the throughput capacity.

Table 2
Throughput capacity of X-ray channel
X targ. Dose rate, | X-channel
size, X kGy/h-mA capacity,
E., (height | targ. kGy-kg/h-
MeV X weig . mA
width), | ht, kg | Max | Min
cm
8 120x40 | 312 | 1.28 | 0.71 282
10 120x45 | 351 | 1.98 | 1.25 438
12 120x50 | 390 | 3.36 | 1.87 730

CONCLUSIONS

Product treatment with electron beam is accompa-
nied by generation of secondary e,X-radiation, that can
be transformed into an extra-source of X-rays by the use
of a set of the properly designed devices, positioned
behind an irradiated load. Such a source can be applied
for conducting uncommercial programs like the radia-
tion tests, sanitization of archive materials and objects
of the culture heritage, etc. Under conditions of the LU-10
Linac (10 MeV, 10 kW) the capacity of the X-channel
makes up to 440 kGy-kg/mA:-h. In its productivity, such
a radiation channel is comparable with an X-ray source,
obtained by direct conversion of electron beam of an
ILUG accelerator (2 MeV; 20 kW), as well as with a Co-60
source having activity about 20 kCi [12]. In particular,
the extra X-ray source on the basis of the LU-10 Linac
can provide the sanitization of about 80 tons of the ar-
chive materials with dose 5 kGy and higher per a 1000 h
beam run.
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®OPMUPOBAHUE U MOHUTOPHUHI BTOPUYHOI'O TOPMO3HOI'O U3JITYYEHUS
TP OBPABOTKE NPOAYKIUHA ITYYKOM 3JIEKTPOHOB

P.U. Ilomayanwk, B.A. Illleeuenxo, /I.B. Tumos, A.3. Tenuwes, B.JI. Yeapos, A.A. 3axapuenko,
B.H. Bepeujaxa

IIpu mpoBeneHUN paaUallMOHHO-TEXHOJIOTHYECKUX MPOTpaMM Ha YCKOPUTEIIE JIEKTPOHOB YacTh SHEPIUU MMydKa
TpaHcopMHpyeTcsi B TOPMO3HOE n3iyueHue. B pesysbrare, B 061actu 3a 00beKTOM GOpPMHUPYETCsi MOTOK CMELIaH-
HOro e,X-u3yIyueHus. IHTEeHCUBHOCTh €ro 3JIEKTPOHHOTO M (JOTOHHOTO KOMIIOHEHTOB ONpeAeisieTcs dHEprue u
MOIITHOCTBIO MEPBUYHOTO ITy4YKa AJIEKTPOHOB, a TaKKe IMapaMeTpaMu 0OBEKTa W pa3MEIICHHBIX 3a HUM YCTPOMCTB.
M3yueHs! XapakTepUCTUKHU €, X-U3TydeHUs, KOTOPOE COMPOBOXKIaeT 00pabOTKy MPOAYKIIMH CKaHUPYIOIIUM ITyYKOM
AJIEKTPOHOB ¢ dHeprueit §...12 MaB Ha npomsbinuienHoM ycekoputene JIY-10 HHIT X®THU. MccnenoBansl ycioBus
MOJy4E€HUSI HCTOYHHKA BTOPUYHOTO TOPMO3HOTO M3IYUEHHS] B COCTOSHUH JJIEKTPOHHOTO PAaBHOBECHS, a TAKXKE €ro
MOHHUTOPHHIA C UCHOJIb30BAaHUEM NPOTIKEHHOH CBOOOTHO-BO3AYIIHOW HOHM3AIIMOHHON KaMepbl. Takoit 1omomHu-
TENbHBIA MCTOYHHUK H3IY4EeHHUS MOXKET OBITh HCIIOJIB30BaH AJIS MPOBEACHUS HEKOMMEpPUYECKHX MPOTrpaMM, HalpH-
Mep, PaJHalMOHHBIX UCIIBITAHUH, CAHUTApPHOW 00pa0OTKM apXMBHBIX MAaTEPHAJIOB, OOBEKTOB KyJIbTYPHOTO Hacie-
TS U T.0.

O®OPMYBAHHA TA MOHITOPUHT BTOPUHHOI'O I'AJIBMIBHOT'O BUTTPOMIHIOBAHHA
IPU OBGPOBIII MPOAYKIII TYYKOM EJIEKTPOHIB

P.I ITomayaniox, B.A. Illlesuenxo, /I.B. Timos, A.E. Teniwes, B.JI. Yeapos, A.O. 3axapuenxo, B.M. Bepewiaka

IIpu mpoBeaeHH! pamianiiHO-TEXHOJOTIYHUX MPOTpPaM Ha TPHCKOPIOBadi €IEKTPOHIB YACTHHA €HEpril Iydka
TpaHC(HOPMYEThCS B TANEMIBHE BUIIPOMIHIOBaHHSA. SIK HACIIIOK, B 00MacTi 32 00'eKTOM (POPMYETHCS MOTIK MillIaHO-
r0 €,X-BHIPOMIHIOBaHHS. |[HTEHCHBHICTH HOTO €JIEKTPOHHOTO Ta (JOTOHHOTO KOMIIOHEHTIB BU3HAYA€THCS CHEPTIEO 1
MOTY KHICTIO IIEPBHHHOTO IIyYKa €JIEKTPOHIB, a TaKOX MapaMeTpaMu 00'€KTa Ta PO3MIIIEHHX 3a HUM IIPHUCTPOIB.
JociimkeHi XapakTepuCTHKH €,X-BHITPOMIHIOBAHHS, 110 CYIPOBODKYE OOpPOOKY NMPOAYKIIi CKaHYIOUUM IYyYKOM
eJIeKTPOHIB 3 eHeprieto 8...12 MeB Ha npomucinoBomy npuckoproBaui JIIT-10 HHI X®DTI. Bus4eni ymoBH oTpH-
MaHHA JpKeperna BTOPHHHOTO TaJbMiBHOTO BHIIPOMIHIOBAHHS B CTaHI €JIEKTPOHHOI! pIBHOBArH, a TaKOXK HOTO MOHi-
TOPUHTY 3 BUKOPHUCTAHHAM MPOTSDKHOI BiTBHO-TIOBITPSAHOI 10HI3amiiHOI Kamepu. Take T0JaTKOBE JKEPENIo BHIIPO-
MIHIOBaHHSI MOKe OyTH BHKOPHCTAHO JUIS MPOBEICHHS Pi3HUX HEKOMEPIIIHHUX MporpaM, HANPHUKIAA, paiariiiHnx
BUTIPOOYBaHb, CaHITapHOI 0OPOOKH apXiBHUX MaTepialiB, 00'€KTiB KyJbTypHOI CIIAIIMHH Ta 1HIIE.
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