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We have proposed a new model for the calculation of the absorbed dose profile in a thick target under 0.1...3 MeV electron
irradiation. The build-up phenomenon is shown to increase the maximum of the energy deposition profile in thick samples by a
factor of two in comparison with thin targets as a result of backscattered and multi-scattered electrons. The absorbed dose profile
in NaCl for 0.5 MeV electron irradiation has been determined by measuring the stored energy with differential scanning

calorimetry.
PACS: 61.80.Fe, 81.40.Wx

1. INTRODUCTION

It is necessary to distinguish two different quantities:
the energy losses and energy deposition by electrons in
a target. The energy loss is the specific energy, which is
lost by incident electrons of the beam at a given depth,
whereas the energy deposition is the specific energy dis-
sipated by primary, &-, secondary, and other high energy
electrons absorbed by the sample at a given depth. The
energy losses of monoenergetic electrons due to ioniza-
tion and excitation processes in thin targets can be de-
scribed with the Bethe-Bloch formula [1]. The energy
loss tables, including the density correction & and exper-
imentally derived values of mean excitation energy I,
were published by Seltzer and Berger [2] (for NaCl, the
recommended value is 7 = 175.3 eV).

The calculation of energy losses by electrons in a
thick target is a rather complex problem that requires a
sophisticated approach. The main difficulty arises from
the back scattering and multi-scattering of electrons in
the matter. Hence, it is necessary to take into considera-
tion the role of &-electrons in the process of transfer of
energy, when calculating the energy deposition profile.
Spencer [3], Rao [4], and Kobetich and R. Katz [5] per-
formed extended analytical calculations of the energy
loss profiles for an incident electron beam, which is di-
rected perpendicularly to a flat surface. Many calcula-
tions have been carried out in the literature using the
Monte-Carlo method [8] for modeling the motion of
high energy electrons in matter.

2. ENERGY LOSS PROFILE

The most complete calculations of the dissipation of
energy of perpendicular electron beams in matter have
been made by Spencer [3]. Rao [4] derived a simple for-
mula for the fraction of incident electrons of energy £
transmitted by an absorber of thickness #:

1+ exp(- gh)
1+ exp[g(t/R- h)]’ M
where g=92Z%+16Z* and h=0.63Z/A4+0.27,

The dependence of the transmission 77 on the sample
thickness ¢, calculated on Eq.1 for a 0.5 MeV electron
beam in NaCl is displayed in Fig.1.

The point at which the extrapolation of the linear re-
gion meets x-axis is defined as the practical (or extrap-
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olated) range Rp, whereas the point were the tail meets
x-axis is known as the maximum range R, (the back-
ground is neglected).

The energy loss profile of a perpendicular incident
electron beam can be calculated as proposed in [5]:

S= d[’]E(R_ t)] (2)
dt

Here E(R) is the energy-range relation.
3. RANGE-ENERGY RELATION

The maximum range of the electrons in matter can
easily be calculated in the continuous-slowing-down-ap-
proximation (CSDA):

E '

Ry(E)= ]’dE’/EdiH ,

0 Dz‘ot

dE'H

3)

here 0% Do is the value of the total energy losses for
an electron with energy E'. Ry is the total path length
traveled to rest. Extended tables of CSDA ranges of
electrons in many materials and compounds were pub-
lished by Seltzer and Berger [2]. Katz and Penfold [6]
approximated the practical ranges for pure aluminum
with the following formula, which is valid in the energy
interval 0.01...3 MeV:
1.265-0.0954 in E
RY=0421FE , 4

here R” is the range in g/cm2 and E — the energy of the

electrons in MeV.
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Fig.1. Dependence of beam transmission on the thick-

ness of NaCl samples
4. ENERGY DEPOSITION PROFILE

Some experimentally observed energy deposition
profiles for aluminum are shown in Fig.2 [7]. The ener-

T
0.02

197



gy deposition profiles as well as the energy loss profiles
show a pronounced maximum.
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Fig.2. Energy deposition profiles in aluminum, taken
from [7]

The calculation of the electron beam energy deposi-
tion in a target is a rather complicated problem because
of multiple scattering of electrons by atoms and the ap-
pearance of &-electrons. The Monte Carlo simulation
method is used for the evaluation of the energy deposi-
tion profile in 3D-geometry. But the Monte Carlo calcu-
lations are very time consuming. So, for a quick evalua-
tion we have developed a simple semi-empirical method
for the calculation of the electron beam energy deposi-
tion O(x), based on dependable, measured energy depo-
sition profiles for a parallel electron beam in aluminum.

5. UNIVERSAL PROFILE APPROXIMA-
TION

It is seen from Fig. 2 that in the 100 keV...3 MeV
energy region, the energy deposition profile Q(x) can be
easily scaled in x by the value of practical range Rp(F)
and expressed in terms of the universal function P(§)
(see Fig.3)

1.065
P =
©) {ch0.95(2.295¢ - 1)]}'*[0.5+ 1/(2.7 - 2.295¢ )] ®)
Here & is depth x, scaled by the extrapolated range, & =
x / Rp(E). The values of the parameters were obtained by

fitting to the experimental data (Fig.2) Function P(§) is

normalized as J' P(E)dE = 1. One can calculate the
0

electron range in aluminum R(E) by using Eq.(4). For

other materials, having an atomic number Z and an

atomic mass 4, the electron range can be found in [2] or

can be evaluated using the following scaling law

Rp(E)= 0482 |4/ |R () ©6)

So, the energy deposition profile for £ MeV-energy
electrons can be expressed as

_ Hox E
x)= P
OO BB FRpBYE @

The comparison of the profiles, calculated by
Eqgs.(4-7) (labeled as PROFILE), with the experimental
data for water [7] and with some theoretical results, ob-
tained by the moment's series method for copper [8], is
shown in Fig.4 and 5, respectively.

6. CALCULATION OF THE AVERAGE
ABSORBED DOSE
Having the energy deposition profile Q(x), we can
calculate the average energy deposition Q,, for the sam-
ple of given thickness t:
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NaCl irradiated with 0.5 MeV electrons is shown in
Fig.6.

The average values of the deposited energy are
plotted in Fig.6 together with energy losses, calculated
using the Bethe-Bloch formula (broken line) with
1=175.3 ?OV (as proposed by Seltzer-Berger).
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One can see that taking into account the build-up of the
energy deposition due to back scattering and multi-scat-
tering of electrons results in an increase of the irradia-
tion doses of approximately 100 %.

7. COMPARISON OF THE EXPERIMEN-
TAL AND THEORETICAL RESULTS

Experimental investigations of the energy deposition
profiles in NaCl platelets under 0.5 MeV electron irradi-
ation have been performed. A set of NaCl samples,
doped with 0.1 mol% K with different values for the
thickness were irradiated by the Groningen electron ac-
celerator at 100°C up to a fluence of n=0.63 C/cm?. The
depth distribution of the absorbed dose was determined
by measuring the stored energy associated with radia-
tion damage, which was created in NaCl during electron
irradiation. The stored energy was measured for each
sample, using differential scanning calorimetry (DSC).
The experimental results are plotted in Fig.7 together
with the [éraedicted average stored energy profile.
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Fig.7. The average stored energy vs. the sample
thickness
The average stored energy W(t) is assumed to be
proportional to the average absorbed dose:

W= 00y ®)

Here n is the electron fluence, p is the density of the
sample, C is a proportionality factor, which has been
obtained by fitting.

The comparison of the experimental data with the
calculated profile has shown that the proposed method
can serve as a baseline for an evaluation of the absorbed

dose in alkali halides under electron irradiation in the
MeV-energy range.

8. DISCUSSION

In the past, a point of concern has been the question
regarding the dose rate produced by the electron beam.
Until now we have employed the method published by
Berger and Seltzer, which is used extensively in the
present literature. We have concluded that this method
does not account for eventual effects associated with the
build-up phenomenon, in particular, in the presence of
the Al-target plate in which the samples are
accommodated. These effects lead to deviations in the
dose rate from the Berger and Seltzer values. In this
paper we have designed a new model for the calculation
of the dose rate in which the secondary effects are
included.
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UCCJIEJOBAHME NPO®WUJIEN NOTJIOIMEHHON SHEPTUU B KPUCTAJIJIAX NaCl
IIPU JIEKTPOHHOM OBJIYYEHUHN

B.B. I'aun, I'.B. oen Xapmoe, /I.H. Baiinuwimeiin

[TpennoxkeHa HOBask MOJIEIb JJIsl pacyeTa MpoduIIeil MOTJIOIEHHONW YHEPTHH B TOJICTHIX MHUIICHSX, 00JIy4aeMbIX
ITy4KOM 3JIeKTpoHOB ¢ dHeprusimu 0.1...3 MaB. ITokazaHo, uto BeiencTeue 3¢ ¢dexra HaKOIUIEHUS J03bI, CBI3aHHO-
IO C MHOTOKPaTHBIM M 0OPaTHBIM PAacCEIHHEM 3JIEKTPOHOB, MAaKCUMaJIbHOE 3HAYEHHE MOTTIOIEHHON SHEPIHHU B TOJ-
CTBIX MHILICHSX YBEIMYMBACTCS BJBOE IO CPaBHEHMIO C TOHKMMH MHIIEHSAMH. M3ydeH mpodwiib pacrpeneneHus
TIOTJIOMICHHON SHEPTUHU B KpucTaumaeckoil mnactuake NaCl, o0xydeHHOH 3mekTpoHamu ¢ 3Hepruei 0.5 MaB, my-
TEM U3MEPEHUS 3aI1aCeHHOI YHEPTUK MEeTOI0M JU(depeHaIbHON CKaHUPYIOLIEeH KaJlOpUMETPHH.

JOCJIKEHHS MTPO®LIIB MOTJIMHEHOI EHEPT'Ti B KPUCTAJIAX NaCl
IMTPU EJIEKTPOHHOMY OITPOMIHEHHI
B.B. I'aun, I'.B. oen Xapmoe, /1.1. Baitnumeiin

3anporoHOBaHO HOBY MOJENb JJIS PO3paxyHKy HpodisliB MOTIIMHEHOI €Heprii B TOBCTHX MIMICHAX, IO
OTIPOMIHIOIOTECS TTyYKOM eNeKTpoHiB 3 eHeprismu 0.1...3 MeB. [loka3aHo, 110 BHACHiIOK e(eKTy HAKOMNIyBaHHS
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JI03H, 3B'SI3aHOTO 3 0araTopasoOBHM i 3BOPOTHHUM PO3CIFOBAHHSAM CIICKTPOHIB, MAKCHMAaJbHE 3HAUCHHS MOTJIHMHEHOT
€Hepril y TOBCTHX MilIeHsX 301IbLIYEThCS BJBIUl B OPIBHSAHHI 3 TOHKMMH MillleHsIMH. BuBueHno npodisip po3noaity
TIOTJIMHEHOi eHeprii B kpucraniuHiil mractuami NaCl, ompomineHoi enexTpoHamu 3 eHeprieto 0.5 MeB, nuisxom
BHUMIPIOBaHHS 3allaCeHOI eHepril MeTo oM AudepeHIianbHoi CKaHyeMoi KaJopUMeTpii.
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