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Within the framework of the developed analytical model for description of the isotope production by bremsstrah-
lung radiation, the three key phenomenological parameters of the process have been established. Those parameters
determine the total yield and volumetric distribution of the products of a photonuclear reaction with dominating gi-
ant dipole resonance (GDR) in a target. The applicability conditions as well as the accuracy of the phenomenologi-

cal description of a flux of the above-threshold bremsstrahlung photons are studied. The form of description of a
reference bremsstrahlung spectrum for analytical calculation of the photonuclear processes is proposed. The condi-

tions and accuracy of its reproduction at an electron accelerator are investigated.

PACS: 07.05.Tr, 41.50.+h; 41.75.Fr; 78.70.En

INTRODUCTION

Photonuclear processes on the basis of the brems-
strahlung radiation are used to obtain a neutron beam
with specified energy [1], to control a subcritical as-
sembly [2], for transmutation of radioactive wastes [3],
for photonuclear doping of semiconductors [4], in acti-
vation analysis of elemental and isotopic composition of
matter [5], etc. In recent decades, the development of
soft technologies for medical isotope production based
on an electron accelerator has been actively carried out
[6].

To calculate the photonuclear yield, a Monte Carlo
simulation technique is commonly used. This technique
requires a lot of computing time, especially when it is
necessary to optimize a process with respect to a set of
its parameters [7]. In [8], an analytical model (S-model)
is presented for calculating the isotope generation in a
target under the influence of bremsstrahlung radiation.

The aim of this study is to analyze the applicability
boundaries and the accuracy of the proposed phenome-
nological description of the characteristics of a high-
energy bremsstrahlung beam and of the photonuclear
processes induced by it.

1. METHODS AND MATERIALS
1.1. AMODEL

1.1.1. A traditional scheme of a photonuclear pro-
cess includes an intermediate target-converter made of a
high- Z material placed at the exit of an electron accel-
erator to transform the electron beam into bremsstrah-
lung. An isotopic target is positioned on the radiation
axes at a distance a from the converter.

In photonuclear technologies a thick converter is
commonly applicated to increase the bremsstrahlung
yield. In such a case the profile of the photon flux density
is considered to be Gaussian [9]. For the effective utiliza-
tion of the radiation, a target with width comparable to
the width of the photon beam is applicated. As it is shown
in [8], under such conditions the distribution of specific
activity A of an isotope-product with decay constant A
generated by an electron pencil beam with average cur-

180

rent | and energy E. at the end of the irradiation period t
can be represented in a rough approximation as:
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where N, is the Avogadro's number; A4 is the average
atomic weight of the target material; p is its density; v is
the relative content of the target isotope; () is the

reaction cross section; Ey, is its threshold; n,(E,E,) is the
photon spectrum integrated over the exit angle and nor-
malized to one electron; 6,(E.,z) is the standard devia-
tion (SD) of the radial distribution of the above-
threshold photon flux density at a distance z from the
rear surface of the converter; o, (Ee) is SD of the radius
of the photon escape from the converter; g, (E,) is the

most probable photon exit angle; E,.x is the photon en-
ergy corresponding to the GDR peak; g(Enax) is the lin-
ear attenuation coefficient for photons with energy Epax
in the target material.

As it can be seen from Eq.(1), the factor Yo(Ee) de-
termines the overall activity of the target, while the val-
ues o(Ee,z) and g,(E,) affect its volumetric distribu-

tion. Therefore, these three phenomenological parame-
ters can be considered as the key characteristics of the
process [8].

1.1.2. In a physical meaning Yo(E;) corresponds to
the reaction yield in a thin target normal to the photon
beam axes and completely overlapping it, normalized to
one primary electron and mass thickness of the target.
The thickness of the latter should be much less than
1(Ena)™ — the free path of the photons with energy Epa
in the target material. By analogy with the bremsstrah-
lung converter, such a target was called a photonuclear
converter (PNC), while Yo(E;) was called the photo-
nuclear conversion coefficient (CPC) — [8]. Its value can
be determined in the experiment using the expression

A(Ee7 r’ Z) :YO(Ee)
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where Apnc(Ee t) is the total activity of PNC at EOB,
dpne S its mass thickness. Thus to measure CPC it is
necessary to estimate firstly the lateral dimension of the
above-threshold photon flux in order to establish the
minimum target width that meets the PNC conditions.
The accuracy of the calculation of volumetric distribu-
tion of the induced target activity on the basis of the
Egs. (1)-(3) is determined by the accuracy of description
of the reaction cross section (), the above-threshold

photon spectrum integrated over the exit angle n,(E,Ee),
and also the standard deviation of their flux density
O(E.,z). In turn, the last parameter is determined by its
value on the rear surface of the converter J,4(E.) and the
most probable exit angle of the above-threshold photons

O (Ee)-

1.1.3. To measure SD of the flux density profile of
the photons with energies higher than Ey, at a given dis-
tance z from the converter, together with the PNC, a
circular target of same material with size less than the
width of the photon flux is aligned on the radiation axis
providing a reaction with given threshold Ey,. After irra-
diation of targets and measuring the activity of the radi-
onuclide-product of the reaction, the SD value is deter-
mined using the expression

o o AED)
57(Ee,z)_RST[ 2In[1 APNC(Ee)J:| )]

where Ast(Ee,2) is the activity of the small target, Rsy is
its radius. Thus to ensure the PNC irradiation mode, the
width of the large target must exceed 60/E.z). To
measure J,0(E.), a pair of foils is placed directly on the
rear surface of the converter.

The most probable exit angle of the bremsstrahlung
photons can be measured by determination of SD of
their flux profile at two points on the radiation axis with
coordinates z1 and z2 using the expression

em(Ee)=arctg(5y(Ee’Zz)_5;/(Ee’zl)}’ (6)

Yo P (Ee) =

Z,— 7,

or calculated by MC simulations with due regard to the
characteristics of the primary electron beam, the accel-
erator exit window and the converter. The accuracy of
the simulation results is about 6%.

1.1.4. In the framework of the S-model, a simple
phenomenological formula has been proposed for the
spectrum of high-energy bremsstrahlung photons inte-
grated over the output angle and normalized to one pri-
mary electron, of form [8]

n} (E.E.)=2y(E,)(E"~E.), ™

where 7(E) is the coefficient of energy conversion of
electron into bremsstrahlung radiation. From this, one
can obtain the expression for the total normalized-to-
electron yield of the above-threshold photons

N?(E, .E.)=2n(E,)| E,-E*~In(E, -E;')-1], (8)

and also for the coefficient of transformation of electron
beam energy into above-threshold photons

n(Ee,Em)zn(Ee)[ —E—J . ©

e
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Considering the difficulty of the accurate measuring
of the excitation function &(£) at the photon energy

above 30 MeV [10], for a number of reactions the cross
section averaged over the bremsstrahlung photon flux
was studied (see, for example, [11]). Its value is deter-
mined by the expression
Ee
(o(E,)) = ch;(E,Ee)a(E)dE, (10)
Eu
where the weighting function ®] (E,Ep) is the energy

distribution of the above-threshold photons on a target

normalized to one photon. Within the framework of the

S-model, for a target irradiated in the PNC mode with

photon spectrum described by Eq. (7), one can obtain

the explicit expression for the weighting function
E*'-E*

Ein - Es:l _In(Eth ’ Egl)_l.

As it is evident from Egs. (7)-(9) and (11), that the
proposed description of the spectral characteristics of
the above-threshold photons is unified, since it depends
only on the boundaries Ey, and E, of the photon energy
span. The conditions of the radiation formation (the
converter material, its thickness, etc.) are taken into
account through the energy conversion coefficient
1(Ee), which is included in the model expressions as a
multiplier.

1.1.5. The accuracy of photon spectrum representa-
tion by the model was assessed by comparison with the
results of the MC simulations. As a comparison parame-
ter we considered the relative fraction of the above-
threshold photons with energies up to 30 MeV (i.e, in
the GDR region), which provides the main contribution
to the flux-averaged cross section. In the general case, it

is determined by the expression
30MeV

®;(E,E) = (11)

A(Ey E)=(N,(E,.E))* [ n(EE)E, (12
En
which in the S-model takes the form
In(30-E.')-(30—E,)E*
A* (B E) = (20-E,)- (0=, E, (13)

E,-E.;'~In(E, -E')-1"

e
where Ey, and E, are given in MeV.
1.2. SIMULATIONS

The obtained experimental data and the predictions
of the analytical model were compared with the results
of the Monte Carlo simulations. A GEANT4.11 code
[12] was used to calculate the characteristics of the
bremsstrahlung photon flux at the converter output. The
photon spectrum calculations were based on a
G4EmPenelopePhysics model. The testing computa-
tions of the energy conversion coefficient 7(E.) on the
basis of the models G4EmLivermorePhysics and
G4EmStandardPhysics_option4 have shown that the
relative difference between the obtained data is no more
than £0.5%. This is less than the statistical uncertainty
of the simulation results, which was +1%.

1.3. EXPERIMENT

The experimental studies were carried out at a LUE-
40 accelerator of NSC KIPT [13], which provides the
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electron beam energy in the range of 35...95 MeV at an
average beam current of about 4 pA.

During the study of spatial characteristics of the
bremsstrahlung beam, the two types of the exit window
of the accelerator were used:

a single Ti foil by 50 um in thickness (“thin” win-
dow);

the two Ti foils each 50 pm thick separated by a
3 mm gap for cooling water (“thick” window).

To obtain bremsstrahlung radiation, a converter
comprising four tantalum plates each by 1 mm in thick-
ness separated with the same air gaps was applied. The
converter was positioned on the electron beam axis at a
distance of 11 cm from the accelerator window.

To measure SD of the flux density profile of the
above-threshold photons, the stacked pairs of foils from
natural titanium by 50 um in thickness and with diame-
ter of 25 mm (PNC) and 6 mm (small target, ST) were
used. After irradiation for about 1 h and cooling for a
day, the activity of *’Sc and “Sc isotopes in the foils
with a HPGe y-spectrometer was measured. The main
channels of their generation are the reactions
“Ti(y,p)*'Sc and “Ti(y,p)*®Sc with same threshold of
11.4 MeV. The *'Sc yield was determined at the line
159.4 keV (68% branching ratio). The activity of “®Sc
was measured at the lines 983.5 keV (100%), 1037
(97.5%) and 1312 keV (100%). The total uncertainty of
measurement of the *Sc activity was 9% and of **Sc —
4%. Comparison of results obtained for the both chan-
nels enables to assess their accuracy.

It should be noted the considerable scatter of data on
the cross sections of those reactions presented in the
literature [14-16]. At the same time, it does not affect
the accuracy of a measurement of the photon beam
width as it is determined by the ratio Ast/Apnc OF the
activities of the foils.

2. RESULTS AND DISCUSSION

2.1. SPATIAL CHARACTERISTICS
OF BREMSSTRAHLUNG BEAM

2.1.1. The performed analysis has shown that in the
case of a narrow electron beam incident on the convert-
er, the bremsstrahlung profile at its output is a combina-
tion of Lorentzian and Gaussian (Fig. 1,a). As the elec-
tron beam width increases, the weight fraction of the
former decreases, while of the latter increases (Fig. 1,b).

By the MC simulations and with the use of a COD
criterion, the estimates were obtained for the minimum
SD of the electron flux density distribution on the con-
Verter & gauss as a conditional threshold for the Gaussian
description of the photon beam profile (Table 1).

Table 1

Minimum SD of the electron flux density to obtain

Gaussian profile of the bremsstrahlung photon beam

B MV |t | B
20 107 09977
50 0.85 0.9964
60 0.75 0.9965
% 064 0.9983
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Fig. 1. Profile of the above-threshold photon flux densi-
ty (W converter 4 mm thick, E. = 40 MeV, Ey, = 8 MeV):
a— FWHM, ~0; b - FWHM, = 2.5 mm

2.1.2. Under real conditions, an electron beam ob-
tained in the vacuum chamber of an accelerator with SD
of the flux density Sneam IS Output through the exit win-
dow and travels some distance in air before interacting
with the bremsstrahlung converter. Taking into account
the scattering of electrons in those media, the expression
for SD of the electron beam at the converter, &, can be
represented in quadratures

2 2 2

Og = (5beam + 5e,min)L ’ (14)
where S min IS SD of the electron flux density at the
converter at dpeam ~ 0. In the case of & > & gauss, ONE CaN
determine SD of the photon flux density at the converter
output by the expression

/2
0y0= (5t?eam + 5y2,min)1 ' (15)
where &,min is SD of the photon flux density at
Obeam = 0. It can be seen that in the case of dheam > Fymin,
the dependence J,0(d:) can be fitted by a linear approx-
imation (Fig. 2).

It turned out that for almost any width of the primary
electron beam, the photon flux has a Gaussian shape.
This is due to the scattering of electrons in the outlet
window of the accelerator as well as in the air layer be-
tween it and the converter. It should be noted that the
values of d. and J,,o obtained by MC simulations are
1...3% higher than those calculated using Egs. (14) and
(15), as the latters do not consider the angular diver-
gence of the electron flux incident on the converter. At
Ey in the range of 7...12 MeV, which is typical for one-
nucleon reactions [5], the &,, values are differed by no
more than 1.5%.
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Fig. 2. Linear approximation of dependence
of the above-threshold photon flux density SD on SD
of the electron flux density at the input of the converter
(points correspond to the values obtained by MC
simulations, figures at triangles show beam energy)

Table 2
The most probable exit angle of above-threshold
photons (degree)

E., de, mm

MeV 1 2 3 4 5
40 4.6 5.6 6.2 6.4 6.5
60 3.4 4.1 4.7 5.1 5.3
80 2.7 3.5 3.9 4.2 4.3
95 2.5 3.1 3.4 3.7 3.9

Table 2 presents the results of the MC simulations of
most probable angle of the photon escape from a W

converter depending on its thickness d.. Calculations
have shown also its weak dependence on the reaction
threshold in the range 7...12 MeV.

2.2. ABOVE-THRESHOLD PHOTONS
SPECTRUM

Fig. 3 shows the dependence of the energy conver-
sion coefficient # on the thickness of the converter made
of tungsten and tantalum. It can be seen that for both
materials in the electron beam energy range of
40...95 MeV, the obtained curves behave in a similar
way. The converter thickness of 4 mm is close to opti-
mal. This conclusion is also confirmed by the results of
the calculation of coefficient of electron radiation ener-
gy conversion into the above-threshold photons [8].

0.5 4

0.4 4

n(d..E,)

0.3

0.24

Fig. 3. Energy conversion coefficient of electron into
bremsstrahlung radiation (empty symbols — Ta,
filled symbols — W)

Table 3 presents the results of calculating the com-
parison parameter A for the spectra of bremsstrahlung
photons with lower boundary of 7 and 12 MeV, ob-
tained by Eqg. (13), as well as by the MC simulations
based on Eq. (12). It can be seen that at a W converter
thickness of 3...4 mm, Eq. (7) describes most accurately
the spectrum with deviation from the MC calculated
values by no more than +2%. Figs. 4 and 5 present the
above-threshold photon spectra for a 4 mm W convert-
er, normalized to one primary electron and one photon,
respectively.

Table 3
Relative fraction of photons within the GDR region (W converter)

Ein, E., S-model, Monte Carlo simulations

MeV MeV | Eq. (13) 1 mm 2 mm 3 mm 4 mm 5mm 6 mm
7 40 0.959 0.918 0.940 0.952 0.958 0.960 0.961
7 60 0.847 0.782 0.816 0.844 0.865 0.879 0.889
7 80 0.766 0.705 0.740 0.772 0.798 0.820 0.836
7 95 0.721 0.664 0.700 0.733 0.762 0.787 0.806
12 40 0.925 0.866 0.899 0.916 0.924 0.927 0.929
12 60 0.761 0.677 0.717 0.750 0.775 0.792 0.804
12 80 0.660 0.586 0.623 0.657 0.686 0.710 0.728
12 95 0.608 0.542 0.577 0.611 0.642 0.667 0.689

ISSN 1562-6016. Problems of Atomic Science and Technology. 2023, Mo 6(148) 183



0.14 4

E,=95MeV,
012 dy =4 mm,
E,, =8 MeV
. 010 —C— Geant4
9 —O— equation (7)
§ 0.08 -
= 0.06 4
g
=
0.04 o
0.02 4
0.00
E7 , MeV b
0087 E, = 95 MeV,
0.07 4 dy =4 mm,
Ey = 12 MeV
> 0.06 1 —O— Geant4
2 —0— equation (7
= 0.054 A D
=
)

Ey , MeV d

Fig. 4. Above-threshold photon spectra normalized to one electron
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Fig. 5. Above-threshold photon spectra normalized to one photon

Comparison of data in Figs. 4 and 5 shows that
Eq. (13) describes a spectrum with its normalization to
one photon more accurately than that normalized to one
electron. This can be explained by subtracting the errors
included in the numerator and denominator of the
Eqg. (13). For the additional verification of accuracy of
the Eq. (11), we calculated on its basis the averaged
over the photon flux cross section of the *®Mo(y,n)*Mo
reaction with well-studied excitation function [15, 18].

E, =95 MeV,
0.08 4 dy, =4 mm,
Ep=8 MeV
—— Geant4
0.06 4 —O— equation (11)
0.04 o
0.02
0.00
0.074 E, =95 MeV,
dy, =4 mm.
0.06 - W ’
E, = 12 MeV
005 4 —— Geant4
—Oo— equation (11)
0.04
0.03
0.02 o
0.01
0.00 T T T
20 30 40 50 60 70 80 90
EY , MeV d
Table 4

Flux-averaged cross-section of the *®Mo(y, n)**Mo

reaction (mb)

E., MeV S-model MC simulation
30 55.6 55.4
40 48.1 48.7
60 39.2 40.6
80 34.3 36.3
100 31.0 33.5
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For comparison, Table 4 lists also the results ob-
tained using Eq. (10) with spectrum of the bremsstrah-
lung photons calculated by MC technique. Comparison
of data shows that they not differ by more than 8%.

CONCLUSIONS

The characteristics of a beam of the high-energy
bremsstrahlung photons and of the photonuclear pro-
cesses under its influence can be calculated within an
analytical approach based on the three key phenomeno-
logical parameters — the photonuclear conversion coef-
ficient, the standard deviation of the radial distribution
of the above-threshold photon flux density at the rear
surface of the converter and the most probable angle of
their escape.

The conditions under which these parameters can be
measured in the experiment are shown. The minimum
width of the electron beam at the input of the brems-
strahlung converter, which ensures the Gaussian distri-
bution of the photon flux density as well as an explicit
form of its profile dependence on primary beam and
converter characteristics have been established.

To unify the conditions of the photonuclear meas-
urements, in particular, determination of reaction cross
section averaged over the photon flux on the target, it is
expedient to activate the latter in the photonuclear con-
verter mode at a photon spectrum integrated over exit
angle. A phenomenological representation is proposed
and verified for such a spectrum depended only on the
reaction threshold and photon end-point energy. Its re-
production in the range of 40...100 MeV can be ensured
with high accuracy using a Ta or W converter by
3...4 mm in thickness.
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®OPMYBAHHS TA ®EHOMEHOJIOTTYHUM ONMC MMYYKA TAJIBMIBHOT O
BUITPOMIHIOBAHHA UIAA ®OTOAJEPHUX ITPOLIECIB
B.JI. Yeapos, 0.0. 3axapuenxo, M.I1. /luxuii, IO.B. /Iawko, P.1. I[lomayaniok, B.A. Illesuenxo, €.b. Maneus
Y pamkax po3poOieHOl aHATITHYHOT MOZETI AJIsl OMHMCY HaNpamfoBaHHS i30TOMIB TaJIbMiBHUM BHIIPOMiHIOBaH-
HSIM BCTAQHOBJICHO TP KJIFOUOBi (PeHOMEHOJIOTIUHI mapaMeTpH npouecy. Lli mapaMeTpyu BH3HAYAIOTh 3aralbHUN BH-
Xix Ta 00'eMHHUI pO3MOAIN y MimIeHi MPOAYKTIB (OTOSAEPHOT peakiiii 3 JOMIHYBaHHSIM TiraHTCHKOTO IHUIIOIEHOTO
pesonancy (I'JIP). ocmipKyroThCst YMOBH 3aCTOCYBAHHSI Ta TOYHICTh (DEHOMEHOJIOTIYHOT'O OIUCY XapaKTEPHCTHK
MOTOKY MOHAATIOPOTOBHX TAIbMIBHUX (DOTOHIB. 3amporioHOBaHO (GOPMY OMHUCY peepeHTHOTO CIEKTPa TalbMiBHOTO
BUIIPOMIHIOBAHHS JUIS aHAJITHYHOTO PO3paxyHKy (oTosiepHUX mporueciB. JlOCHiKeHo YMOBH Ta TOYHICTH HOTO

BIITBOPEHHS B €KCIIEPUMEHTI.
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