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Reliable information about the outputs of bremsstrahlung photons and secondary photoneutrons from converters
on electron accelerators with mandatory consideration of their technical characteristics is necessary for optimizing
the process of sample irradiation and predicting the results of experimental studies. The results of modeling the de-
pendence of photon and photoneutron yields and their ratios on the thickness of the tantalum converter (thickness —
0.04; 0.4; 1.0; 4.0; 10.0 mm) are presented at fixed energies of the initial electron beam — 10.0, 12.5, 14.5, 17.5, and
20 MeV. Calculations were carried out for the electron accelerator of the National Academy of Sciences of Ukraine,
the M-30 microtron, taking into account its technical characteristics (electron discharge node). The GEANT4 toolkit

was used for computer simulation.
PACS: 29.17.+w, 29.27._a

INTRODUCTION

Bremsstrahlung radiation generated at electron ac-
celerators is widely used to study the characteristics of
photonuclear reactions [1, 2] and solve a wide range of
applied problems. These tasks are related to the devel-
opment of energy-generating systems of a new genera-
tion - reactors with accelerators [3], non-destructive
methods of isotopic identification of nuclear materials
[4], alternative methods of production of medical radioi-
sotopes [5], and many others.

To generate bremsstrahlung photons on electron ac-
celerators, converters are used — materials that have a
high atomic number (the cross-section of bremsstrah-
lung photons generation by (e,y)-reaction channel is
proportional to the square of the charge of the target), a
high melting point and, preferably, high thermal con-
ductivity [2, 6]. These conditions are well satisfied by
tantalum (Ta), which is usually used as a bremsstrah-
lung converter [7-9].

Photoneutrons are generated simultaneously with
bremsstrahlung beams formed during the interaction of
electrons with converters [2, 10].

Neutrons, which are formed as a result of accelerat-
ed electron beams passing through the converter, are
generated as a result of two types of reactions: photo-
nuclear reactions caused by bremsstrahlung radiation
[11] and electronuclear reactions under the action of
virtual photons emitted by electrons [12]. The cross
sections of electronuclear reactions are approximately
two orders of magnitude smaller than those of photo-
nuclear reactions [13]. Their accounting is necessary
only when the converter's thickness is very small, and
the bremsstrahlung output is small.

For all nuclei heavier than oxygen, the thresholds of
photonuclear reactions are in the range of photon ener-
gies from 6 to 18 MeV [14, 15]. Basically, neutrons are
produced in reactions (y,n) and (y,2n) [16, 17]. Reac-
tions (y,pn) and (y,an) are other possible channels.
However, their cross sections are small for all nuclei
except Li, B, and N [15]. For nuclei heavier than bis-
muth, the formation of neutrons due to induced photo-
fission is also possible.
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In the energy range of the giant dipole resonance
during the interaction of photons with heavy nuclei, two
groups of photoneutrons can be distinguished: vaporized
neutrons formed during the interaction of photons with
the nucleus as a whole and neutrons formed as a result
of the direct mechanism of photon energy transfer to
one of the nucleons of the nucleus. Neutrons of the first
group have a Maxwellian energy distribution, an iso-
tropic angular distribution, and make up the majority of
all photoneutrons. Neutrons of the second group have an
anisotropic angular distribution, high energies, and
make up approximately 15% [18, 19] of all photoneu-
trons.

Therefore, when planning the process of irradiation
of the studied samples on electron accelerators, both for
studying the characteristics of photonuclear reactions
[20] and applied applications (for example, creating
high-intensity neutron sources [21, 22], optimizing the
processes of isotope analysis of nuclear materials [23],
radiation treatment of materials to improve their physi-
cal and technical properties, etc. [24]) requires reliable
information about the yields of bremsstrahlung photons,
secondary photoneutrons and their ratios [25, 26].

Through theoretical and experimental studies, it was
established that photon and photoneutron yields primari-
ly depend on electron energy, the nuclear-physical
properties of converters, and their geometric dimensions
[2, 4, 27-30].

It should be noted that the quantitative (integral)
content of photons and secondary photoneutrons and
their ratio in the bremsstrahlung beams that interact with
the samples under study are significantly influenced by
geometric factors (the relative location of the converter,
the sample under study relative to the axis of the initial
electron beam [2, 4]), and the presence of additional
structural elements (filters, screens, collimators), which
are used in their formation [2, 4, 20].

Also, the final parameters of the bremsstrahlung
beams will be influenced by the design features of the
devices (assemblies) for outputting the electron beams
into the air, which differ significantly for different types
of electron accelerators [31]. Therefore, these factors
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must be considered when developing actinide sample
activation schemes.

Conducting experimental studies of the characteris-
tics of bremsstrahlung spectra, secondary photoneu-
trons, and their integral values [32, 33] is associated
with significant difficulties (expensive and long-term
measurements) and is, in many cases, practically impos-
sible.

To obtain information about the characteristics of
bremsstrahlung beams and secondary photoneutrons
interacting with the samples under study, generated on
electron accelerators taking into account their design
features and irradiation schemes, computer modeling
using Monte Carlo software codes is widely used [2,
28-30, 33] as they make it possible to obtain results as
close as possible to the actual conditions of their for-
mation.

The paper presents the results of computer modeling
of the outputs of bremsstrahlung photons, secondary
photoneutrons, and their ratios from the Ta-converter on
the M-30 microtron electron accelerator of the National
NAS of Ukraine, taking into account the technical char-
acteristics of its output unit.

1. MATERIALS AND METHODS

To carry out computer modeling of the energy spec-
tra of photons and photoneutrons generated by the
bremsstrahlung target, a C++ program was developed
using the GEANT4 v11.1 toolkit [34]. The materials of
the experimental setup and the position of the structural
elements were defined in our program’'s DetectorCon-
struction class. The initial parameters of the electron
beam were defined in the PrimaryGeneratorAction
class. The list of physical processes FTFP_BERT_HP,
which uses the standard GEANT4 physical model of
electromagnetic interaction, was used in the simulation.
GEANT4 visualization methods based on the Win32
API were used to validate the irradiation scheme.

The program was implemented for the Windows
platform using the multi-threading mode. The calcula-
tions used two computers with 6-core Intel(R)Core(TM)
i7-9750H CPU@2.60GHz processors and 32 and 16 GB
of RAM. The calculations were performed for the initial
number of electrons — 10E8.

Calculations were performed for initial electron en-
ergies from 10 to 20 MeV. The output beam had the
shape of an ellipse with axes of 22 and 6 mm. In all cal-
culations, an equal probability distribution of the initial
electrons on the plane was specified (taking into account
the design features of the electron output node — a tita-
nium window with a thickness of 0.05 mm). The dis-
tance from the output node to the Ta-converter (dimen-
sions: 52x45xT mm [T = 0.04; 0.4; 1.0; 4.0; 10.0 mm])
was 12 mm. The size of the Ta-converter was deter-
mined by the design features of the electron accelerator
output node and ease of use. The geometric dimensions
of the converter did not affect the integral values of the
bremsstrahlung photons and secondary photoneutrons,
provided that the area of the Ta-converter was larger
than the geometric dimensions of the initial electron
beam [2]. The distance from the Ta-converter to the
sample installation plane was 100 mm. At the specified
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distance, it was established that the ratio of bremsstrah-
lung photons and residual electrons is optimal [2, 4].

During the simulations, all particles (bremsstrahlung
photons and photoneutrons) generated by the brems-
strahlung target and hitting the plane of potential instal-
lation of the studied samples (1000x1000 mm) and on
real samples (diameter — 11.2 and 50 mm) were record-
ed.

Figs. 1 and 2 present the modeling scheme and its
visualization by the GEANT4 toolkit, respectively.
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Fig. 1. Modeling scheme:
1 — block of the output of electrons into the air;
2 — the window of the output node; 3 — Ta-converter;
4 — the plane at the place of the installation of the tested
sample

Fig. 2. Visualization of the modeling scheme with the
GEANT4 toolkit: a — with a plane (1x1 m) at the
location of the samples and b — with a real sample
(diameter = 11 mm)
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2. RESULTS AND DISCUSSION

As a result of computer studies, the dependences of
energy spectra of bremsstrahlung photons and second-
ary photoneutrons were established from the thickness
of the Ta-converter (0.04; 0.4; 1.0; 4.0; 10.0 mm),
which hit the plane of potential sample installation
(1000x1000 mm). Calculations were carried out at fixed
values of initial electron energies — 10.0, 12.5, 14.5,
17.5, 20.0 MeV.

The obtained spectra were used to determine their
integral characteristics and the ratios between them. The
energy spectra of photons, photoneutrons, and their in-
tegral values were normalized to one electron.
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Fig. 3. Dependence of the energy spectra of:
a — bremsstrahlung photons and b — photoneutrons on
the thickness of the Ta-converter at an electron energy
of 14.5 MeV

The results of calculations of the dependence of the
energy spectra of photons and photoneutrons on the
thickness of the Ta-converter at a fixed value of the
electron energy — 14.5 MeV are presented in Fig. 3.

Figs. 4 and 5 present the dependences of the integral
values of the outputs of bremsstrahlung photons and
secondary photoneutrons on the thickness of the Ta-
converter that fell into the plane of installation of the
studied sample at fixed values of the initial electron
energy, respectively.

The integral values of the outputs of all photons and
photons with energies >6 MeV, which stimulate photo-
nuclear reactions, were calculated (see Fig. 4).
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Numerical values of integral outputs of all photons
and photons with energies >6 MeV are presented in
Tables 1 and 2, respectively. Table 3 presents the nu-
merical values of integral photoneutron yields.

The obtained results reproduce the general regulari-
ties of the formation of bremsstrahlung photons and
secondary photoneutrons during the interaction of elec-
trons with converters. The dependence of their outputs
on the thickness of the Ta-converter and the initial ener-
gy of electrons is consistent with the results of similar
studies [2, 4, 27-30, 33]. The differences in the numeri-
cal values are related to the initial conditions of the cal-
culations (parameters of the initial electron beam, geo-
metric factors: the position of the converter relative to
the electron output node, and the particle detection
plane [2, 4]).
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Fig. 4. Dependence of the total integral yield of photons
with energy >6 MeV on the thickness of the
Ta-converter at fixed electron energies
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Fig. 5. Dependence of the integrated yield of
photoneutrons on the thickness of the Ta-converter at
fixed electron energies

For a thick converter, the angular distribution be-
comes wider due to multiple scattering effects [27]. To
improve the signal-to-noise ratio, the target thickness
must be optimized to capture more photons with energy
above the threshold energy (~6 MeV for photonuclear
reactions) while minimizing the number of photons with
energy below the threshold.
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Table 1
Integral values of photon outputs (of the entire spec-
trum) depending on the thickness of the Ta-converter
at fixed energies

Ta, mm | 10 MeV | 12.5 MeV | 145 MeV | 17.5 MeV | 20 MeV
0.04 | 0.0505 | 0.0535 0.0555 0.0582 | 0.0600
0.4 05373 | 05401 0.5468 05620 | 0.5745

1 13944 | 1.4232 1.4161 1.4096 | 1.4103

4 15056 | 1.9751 2.3554 2.9106 | 3.3336

10 12912 | 16741 1.9779 2.4301 | 2.8008
Table 2

Integral values of photon outputs (with energies
> 6 MeV) depending on the thickness
of the Ta-converter at fixed energies

Ta,mm | 10 MeV | 12.5 MeV | 14.5 MeV | 17.5 MeV | 20 MeV
0.04 0.0024 | 0.0041 0.0054 0.0072 | 0.0085
0.4 0.0221 | 0.0385 0.0505 0.0673 | 0.0802

1 0.0371 | 0.0782 0.1094 0.1503 | 0.1799

4 0.0309 | 0.0771 0.1241 0.2062 | 0.2821

10 0.0228 | 0.0563 0.0899 0.1467 | 0.1985
Table 3

Integral values of the yields of photoneutrons that hit
the plane at the place of sample installation, depending
on the thickness of the Ta-converter at fixed energies

Ta, mm | 10 MeV | 12.5 MeV | 145 MeV | 17.5 MeV | 20 MeV
0.04 5.00E-9 | 4.70E-8 1.14E-7 2.51E-7 | 2.99E-7
0.4 1.76E-7 | 2.26E-6 5.98E-6 1.21E-5 | 1.64E-5

1 5.53E-7 | 9.33E-6 2.18E-5 6.48E-5 | 8.96E-5
4 2.11E-6 | 4.18E-5 1.49E-4 4.18E-4 | 6.83E-4
10 4.24E-6 | 7.94E-5 2.85E-4 8.16E-4 | 1.51E-3

The result in Fig. 4 shows that the total number of
photons with E > 6 MeV remains almost constant for
the thickness of the Ta-converter — 1 mm, which is con-
sistent with the results of existing simulations [2, 4, 27].

As a result of the calculations, the ratio between the
integral outputs of photoneutrons to photons (all and
those with energies > 6 MeV) was established depend-
ing on the thickness of the Ta-converter at fixed initial
electron energies (Fig. 6) and on the energy of initial
electrons at fixed values of the Ta-converter (Fig. 7).
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Fig. 6. Dependence of the ratio of the integral outputs
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and with energy > 6 MeV on the thickness of the
Ta-converter at fixed electron energies
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The obtained results reproduce the general regulari-
ties of the ratio of photoneutrons to bremsstrahlung pho-
tons during the interaction of electrons with the Ta-
converter. The dependence of their outputs on the initial
electron energy is consistent with the results of similar
studies [25, 25].

In addition, simulations of the energy spectra of pho-
tons and photoneutrons interacting with the studied
samples of fixed dimensions (diameter — 11 and 50 mm)
were carried out at the initial energy of electrons -
17.5 MeV (Fig. 8).
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Fig. 8. Spectra of: a — bremsstrahlung photons and
b — photoneutrons at a fixed electron energy
of 17.5 MeV

The calculated integral values of photon yields (all,
>6 MeV) and photoneutrons falling into the plane at the
location of the test samples (1000x1000 mm) and on
samples with diameters of 11.2 and 50 mm are present-
ed in Table 4.
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Table 4

Integral values of the outputs of photons (all, > 6 MeV)
and photoneutrons hitting the plane in place of installa-
tion of the studied samples (1000x1000 mm) and the
samples (diameter — 11.2 and 50 mm)

Photons

Photons

Size all >6 MeV Photoneutrons
d 1l mm 0.0710 0.0103 4,70E-8
d 50 mm 0.5947 0.0797 1.02E-6
1x1lm 1.3134 0.1469 2.76E-5

The performed calculations can be used as input data
for modeling the optimization parameters of the irradia-
tion schemes of the studied samples on the M-30 micro-
tron, taking into account the technical features of its
electron output node and sample characteristics.

CONCLUSIONS

The research conducted using the GEANT 4 toolkit
calculated the energy spectra of photons and photoneu-
trons falling into the plane of potential sample place-
ment (1000x1000 mm) for irradiation on the M-30 mi-
crotron.

The values of the integral number of all photons and
photons with energy > 6 MeV (which participate in the
stimulation of photonuclear reactions), secondary pho-
toneutrons, and their ratios, normalized to one electron,
formed during the interaction of a real electron beam
(energy — 10...20 MeV) with Ta-converter (thickness —
0.04...10 mm) were established.

In addition, calculations were made of the integral
number of photons (and those with energy > 6 MeV),
secondary photoneutrons falling on samples with fixed
dimensions (diameter — 11.2 and 50 mm) at the initial
electron energy — 17.5 MeV.

Information about the ratio of photons and photo-
neutrons allows for optimizing the activation process of
samples, taking into account their nuclear-physical
characteristics, and predicting the results of experi-
mental studies at the electron accelerator of the IEF of
the National Academy of Sciences of Ukraine — micro-
trons M-30.
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MOJIEJIOBAHHSA BUXO/IIB ®OTOHIB TA ®OTOHEATPOHIB
3 TAHTAJIOBOI'O KOHBEPTEPA HA MIKPOTPOHI M-30

€.B. Oneiinikos, 1.B. Ilununuuneysw, 0.0. Ilapnae, B.B. ITuckau

JocroBipHa iH(pOpMAIis PO BUXOAX TaIbMIBHIX (DOTOHIB, BTOPHHHUX (DOTOHEHTPOHIB 3 KOHBEPTEPIB HA CIICK-
TPOHHHUX NPUCKOPIOBAYaX i3 000B’SI3KOBMM BPAaxXyBaHHSIM 1X TEXHIYHHUX XapaKTEPUCTHUK HEOOXi(HA JUIs ONTHMI3arlil
MpoIleCy ONMPOMIHEHHS 3pa3KiB Ta MPOTHO3YBAaHHS PE3yJbTaTiB €KCIEPHUMEHTAIBHUX JOCIiIKeHb. [IpencraBneHo
pe3yJIbTaTH MOJIEIIOBAHHS 3aJIeKHOCTI BUXOMAIB (POTOHIB, (DOTOHEHTPOHIB Ta iX CIIBBIJHOIICHb BiJ TOBIIUHU TaH-
tanoBoro kouBeprepa (tosinuua — 0,04; 0,4; 1,0; 4,0; 10,0 mm) npu (hiKCOBaHUX €HEPTIisAX MOYATKOBOIO MyYKa eJie-
krponiB — 10,0; 12,5; 14,5; 17,5 ta 20 MeB. Po3paxyHku NpoOBOJAMIIMCS AJIsl €EKTPOHHOrO mpuckopioBaya [ED
HAH VYkpainn — mikporpona M-30 3 BpaxyBaHHSIM HOrO TEXHIYHUX XapaKTePHCTHK (By3ja BUBOAY €JEKTPOHIB Yy
noBiTpst). [t KOMII FOTEpHOTO MOJIEIOBAHHS BUKOPHCTOBYBaBCs iHCTpyMeHTapiit GEANT4.
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