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In GEAN T 4 spectral-angular distributions of the bremsstrahlung of medium-energy electrons from amorphous targets of diﬀerent thickness and atomic charge were calculated. The total yield of gamma quanta in the forward
hemisphere and at large scattering angles were determined depending on the converter thickness. The diﬀerence in
the characteristics of gamma radiation for thin and thick targets was shown. The neutron yield is calculated due to
photonuclear reactions for various converters. Numerical estimates of the radiation spectra after passing through the
biological shielding for neutron and bremsstrahlung were carried out.

PACS: 07.85.Fv, 61.80.Cb
1. INTRODUCTION
Calculation of the spectral-angular characteristics
of the electron bremsstrahlung radiation from
diﬀerent targets is necessary for calculating of
the gamma-radiation yield at various angles, as
well as obtaining radiation spectra after passing
through biological shielding. The program code
GEAN T 4, P hysListLowEnergy allows to performs
such calculations with correct consideration of all
physical processes for the case of an amorphous target
[1, 2]. Similarly GEAN T 4, P hysListQGSP BICHP
makes it possible to calculate the neutron yield due
to photonuclear reactions from targets of diﬀerent
thickness and atomic charge. In N SCKIP T was developed the method for analyzing and optimizing of
the radiation facilities with linear electron accelerators [3-5]. The method allows reach the optimal location of objects for irradiation in the field of electrons
and bremsstrahlung. For example, in [6] the dependence of the yield of nuclear reactions A(γ, X)B on
a bremsstrahlung beam was calculated in GEANT4.
Earlier, we calculated angular and energy distributions of the bremsstrahlung yield at small angles for
the electrons with energy 300...1200 M eV from various converters. Angular distributions of the gamma
radiation yield Nγ (Θ) were obtained, the angular
width Θ1/2 was determined at half-height of the distributions [7-9]. The noticeable increase of value Θ1/2
was observed with increasing thickness and charge
of the target. This is caused, mainly, by the multiple electrons scattering. There is the inverse pro∗ Corresponding

portionality of Θ1/2 ∼1/Ee at the equal converter
thickness. The neutrons generation by the mediumenergy electrons and the relative intensity of gamma
radiation, and the neutrons yield also depends from
the thickness and atomic charge of the target (Z).
With the electrons energy increasing the photoneutrons yield of also increases [10]. Computer codes
GEAN T 4 and M CN P X are used both for the calculating the gamma radiation generation and neutrons
yield from the converter, and also for modeling the
radiation passage through matter [11-16]. The purpose of this work is: – the calculation in GEAN T 4 of
the bremsstrahlung spectral-angular distributions of
medium-energy electrons from amorphous targets of
diﬀerent thickness and atomic charge; – the performing numerical estimates of the total photoneutrons
yield from converters of diﬀerent thickness and the
calculation of the angular dependence of the neutron
yield; – the performing numerical estimates of the
(”residual”) gamma radiation and neutrons after the
passage of the biological shielding separately for the
neutrons and bremsstrahlung.
2. SPECTRAL-ANGULAR
CHARACTERISTICS OF THE
ELECTRONS BREMSSTRAHLUNG
The energy and angular characteristics of the gamma
radiation of the electrons with diﬀerent energies
from various converters were calculated similarly to
[7,8,23]. The gamma radiation was calculated in
spherical geometry for diﬀerent value of the polar
angle (0...π radian). The axis of the electron beam
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corresponds to the 0 angle. The backward direction T a target with dimensions 5 × 5 × 0.1 mm3 and
corresponds to π radian.
Ee = 10 M eV at the radiation angle greater than
◦
Figs.1,2 shows the calculated bremsstrahlung > 80 , the fraction of gamma quanta with energy in
spectra of electrons with energy of Ee = 10 M eV the interval 0...1 M eV reaches 0.9.
for diﬀerent ranges of the radiation angle of gamma
quanta (in radians) and two values of the Ta converter
thickness: 0.1 mm and 2.4 mm. Also the range of the
radiation angle is shown on the Figs.1,2.

Fig.1.
electrons
diﬀerent
angle (in

The calculated bremsstrahlung spectra of
with an energy of Ee = 10 M eV for
ranges of the gamma quanta radiation
radians). T a converter thickness 0.1 mm

Fig.2.
electrons
diﬀerent
angle (in

The calculated bremsstrahlung spectra of
with an energy of Ee = 10 M eV for
ranges of the gamma quanta radiation
radians). T a converter thickness 2.4 mm

As the quanta radiation angle increases, the radiation
intensity substantially decreases. The number and
maximum energy of the high-energy quanta in the
spectrum at large angles also noticeably decreases. In
addition, with the converter thickness increasing, the
gamma quanta number at large angles also increases.

Fig.3. The ratio of the number of bremsstrahlung
gamma quanta with energy in the range 0...1 M eV
to the total gamma quanta number as the function
of the radiation angle. Target – T a, dimension
5 × 5 × 2.4 mm3 , Ee = 10 M eV
The gamma-ray spectra for 100 M eV electrons
were calculated and the total gamma quanta yield
from various converters was determined. Fig.4 shows
gamma-ray spectra for 100 M eV electrons from the
T a target 1 mm and 30 mm thick for the radiation
angle in the range 0...0.1 radian.

Fig.4. Bremsstrahlung spectra of the 100 MeV electrons from the T a target 1 mm and 30 mm thickness.
The radiation angle is in the range 0...0.1 radian
It can be seen that the gamma radiation spectra
for thin and thick (several radiation lengths) converters are significantly diﬀerent. With increasing target thickness, the number of high-energy quanta decreases. In the thick target high-energy quanta can
produce electron-positron pairs, followed by the development of the processes of bremsstrahlung, annihilation, Compton scattering etc.

Fig.3 shows the ratio of the number of the
bremsstrahlung gamma quanta with energy in the
range 0...1 M eV to the total gamma quanta number
as the function of the radiation angle.
At large (> 90◦ ) radiation angles, the fraction of the
gamma quanta with energy in the range 0...1 M eV
In Fig.5 shown the dependencies of the
reaches 0.85. There is a little deflection of the dependence in the region of > 90◦ (because of the bremsstrahlung yield from the radiation angle
large transverse dimensions of the target). For the for three gamma-ray energy intervals 0...1, 0...10,
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10...100 M eV . Target T a, thickness 1 mm, Ee =
100 M eV . It can be seen (shown by the arrow) that
the number of high energy gamma quanta decreases
by several orders of magnitude with increasing radiation angle. At large angles (> 90◦ ), gamma rays
with low energy were mainly radiated.

a) F e converter

Fig.5. Dependencies of the bremsstrahlung yield
from the radiation angle for three gamma-ray energy
intervals 0...1, 0...10, 10...100 M eV .
Target T a,
thickness 1 mm, Ee = 100 M eV
The total yield of the gamma quanta in the range
of the radiation angle 0...0.1 radian and in the forward hemisphere 0...1.57 radian depending on the
target thickness was calculated. In Fig.6 is shown
the results of calculations for T a, Ee = 100 M eV .
The maximum of total gamma quanta yield is somewhat diﬀerent for various radiation angles: in the
first case, the maximum yield was observed at the
target thickness of 5 mm, in the second case - at
10 mm.

b) C converter
Fig.7. The dependencies of the total gamma quanta
yield for F e and C-converters in two ranges of the
radiation angle: 0...0.1 radian and 0...1.57 radian
for the target F e – (a), and for the target C – (b), as
the function of the target thickness, Ee = 100 M eV
For the F e target the maximum gamma quanta
yield is observed at the target thickness of 10 mm in
the radiation angle range 0...0.1 radian and 30 mm
in the radiation angle range 0...1.57 radian. In the
radiation angle range 0...1.57 radian for target C,
the maximum is observed at the thickness of about
∼200 mm, in the radiation angle range 0...0.1 radian,
at the thickness ∼70 mm.
Thus, the maximum of the total bremsstrahlung
yield depends on the radiation angle and atomic target number.

The calculation of bremsstrahlung in the range
of the radiation angle 45...135◦ (sidewards) was performed. The gamma quanta spectra from the T a
target of various thickness are shown in Fig.8. The
transverse dimensions of the converter are fixed.It
is seen from Fig.8 that the gamma quanta spectra
Fig.7 is shown the dependencies of the total for the target thickness of 20...80 mm practically cogamma quanta yield for Fe and C-converters in two incide. Thus, the calculation showed that the total
ranges of the radiation radiation angle: 0...0.1 radian gamma quanta yield within the radiation angle range
and 0...1.57 radian for the target F e (see Fig.7,a) and 45...135◦ (sidewards) does not decrease with increasC (see Fig.7,b) as a function of the target thickness. ing target thickness, but saturation occurs.

Fig.6. The total gamma quanta yield in the range
of the radiation angle 0...0.1 radian and in the
forward hemisphere 0...1.57 radian depending on
the thickness of the T a target, 100 M eV , diﬀerent Ne
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The backscattered radiation spectrum can be divided on four regions: the region of CXR, Compton
scattering, the positron annihilation region, and the
secondary bremsstrahlung region.

Fig.8. The bremsstrahlung spectra from the Ta
target of various thickness in the range of the radiation angle 45...135◦ (sidewards). The transverse T a
target dimensions 2 × 2 mm2

a) C target, thickness 50 mm

The gamma quanta spectra in the range of large
scattering angles of 145...180◦ (back) from the targets
of various thickness and atomic number were also calculated.
Electrons with the energy of 10, 100, 1000 M eV
were directed to converters from C, Si, T a. The
form of the spectra of ”backward” gamma radiation
is practically the same for all values of the electron
energy. In Fig.9 is shown typical gamma radiation
spectra of the 100 M eV electrons in the ”backward”
radiation angle. The spectra of the ”scattered backward” gamma radiation (in the back hemisphere) differs for the light and heavy targets. For light converters (C, Si) there are a characteristic ”Compton
scattering trapezoidal spectrum”. The right edge of
the trapezoidal spectrum in energy corresponds to
b) Si target, thickness 30 mm
the scattering of high-energy quanta (> 10 M eV ):
◦
280.9 keV – on an angle of 145 and 255.5 keV - on
an angle of 180◦ . In the spectrum also the gamma
quanta with energies higher than the Compton scattering energy and the 511 keV line are observed. This
is due to backward bremsstrahlung and annihilation
of positrons.
In order to better understand the mechanism of
formation of the radiation spectra of electrons in the
scattering angle range of 145...180◦ (back), additional
calculations were performed under the following conditions: 1 – all the physical processes are included, 2
-= processes are turned oﬀ: Compton and Rayleigh
scattering, photoelectric eﬀect, 3 – the diﬀerence of
spectra 1 and 2 is calculated. Some results are presented in Fig.10.
c) T a target, thickness 0.2, 1, 10 mm
Thus, the characteristic ”Compton scattering trapezoidal spectrum” is better manifested on
thick converters from light elements and practically stop being visible for heavy elements, where Fig.9. Calculated gamma-radiation spectra of the
bremsstrahlung dominates at large angles. The re- 100 M eV ◦ electrons in the radiation angle range of
145...180 for C, Si, T a converters
sults agree well with the data of [7,14].
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size 10 ∗ 10 ∗ 50 mm3 to 0.088 for the P b with size
60 × 60 × 50 mm3 .

a) C target, thickness 50 mm
Fig.11. Calculated total neutrons yield in 4π from
the lead target under the action of electrons with an
energy of 100, 230 and 1200 M eV depending on the
thickness of the target. The transverse dimensions
of the target were 60 × 60 mm2

Fig.12 shows the results of calculating the total
neutrons yield under the action of the 100 M eV electrons from the tantalum target. The results are in
good agreement with the calculations [17].

b) Si target, thickness 10 mm
Fig.10. Radiation spectra of the 100 M eV electrons
in the scattering angle range 145...180◦ (back) for
C, Si converter: 1– all the physical processes are included, 2 – processes are turned oﬀ: Compton and
Rayleigh scattering, photoelectric eﬀect, 3 – the difference of spectra 1 and 2

3. CALCULATION OF NEUTRONS YIELD
FROM TARGETS OF DIFFERENT
THICKNESS

Fig.12. The results of calculating the total neutrons
yield under the action of the 100 M eV electrons
In the code GEAN T 4, P hysListQGSP BICHP , from the tantalum target
the neutron yield due to photonuclear reactions
was calculated for targets of diﬀerent thickness and
From the obtained data, it can be seen that there
atomic charge. Verification of the results was performed by comparison with experiment and calcula- are optimal sizes of the converter, and there is no
tions in M CN P X. The calculated total neutrons sense in increasing the thickness of the converter
yield in 4π from the thick lead target under the ac- more than the thickness of the neutron yield satution of high-energy electrons is shown in Fig.11. The ration. The dependence of the photoneutrons yield
results of the calculations are in good agreement with from targets P b of 40 mm thick and U of 50 mm thick
the results of the experiment [10]. Saturation of the from the incident electrons energy is shown in Fig.13.
neutron yield occurs at a target thickness of about It can be seen that the dependence is close to linear
(with the coeﬃcient of proportionality C), excluding
8...10 radiation lengths.
We also note that the change of the transverse the energy regions close to the reaction threshold.
dimensions of the converter significantly aﬀects on The results for P b are in good agreement with the
the neutrons yield. The neutrons yield per electron results of the experiment [10].
(Nn /Ne ) increases from 0.069 for the P b target with
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Table 3. Comparison of the calculated neutron yield in GEAN T 4 with the results of the
experiment from work [16] for Cu, 5.93 cm
thickness
Ee
M eV
19
28
34
a) P b target, thickness 40 mm

Experiment
Nn /Ne
×10−4
6.1
21.5
33.5

GEANT4
Nn /Ne
×10−4
3.52
19.4
31.8

The agreement was satisfactory, except for the
threshold regions of the photonuclear reaction. The
neutron yield calculations in GEANT4 were also compared with the results of papers [18, 19, 22]. We note
that the diﬀerence in the calculations results of the
neutrons yield in various papers is considerable (up
to 20...30 percent).
The calculated angular dependencies of neutron
yields for thick targets from T a, W are shown in
Figs.14,a,b.

b) U target, thickness 50 mm
Fig.13.
The dependence of the photoneutrons
yield from targets P b of 40 mm thick and U of
50 mm thick from the incident electrons energy
Tables 1-3 give a comparison of the calculated
neutron yields in GEAN T 4 with the results of the
experiments from work [16].
Table 1. Comparison of the calculated neutron
yield in GEAN T 4 with the results of the experiment
from work [16]. Ee = 34 M eV
Target
material
Al
Cu
Ta
Pb

Target
thickness,
cm
8.9
1.49
0.4
0.57

Measured
yield Nn /Ne
(10−5 /M eV )
1.3
3.8
5.3
6.2

a) T a target, dimensions 50 ∗ 50 ∗ 50 mm3 ,
Ee = 230 M eV

GEAN T 4
yield Nn /Ne
(10−5 /M eV )
1.3
3.41
5.98
6.31

Table 2. Comparison of the calculated neutron yield
in GEAN T 4 with the results of the experiment from
work [16] for Ta, 3.74 mm thickness
Ee
M eV
10
19
28
34
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Experiment
Nn /Ne
×10−4
0.88
5.3
13.7
18.0

GEANT4
Nn /Ne
×10−4
0.065
6.22
14.62
18.56

b) W target, dimensions 10 ∗ 10 ∗ 10 mm3 ,
Ee = 50 M eV
Fig.14. Calculated angular dependencies of neutron
yields for thick T a, W targets
The angular distribution of neutrons is close to
isotropic, and it agrees well with the experimental
results [10] and calculations [20].

4. PASSING OF GAMMA-RADIATION
AND NEUTRONS THROUGH
BIOLOGICAL SHIELDING
Numerical evaluations of the gamma-radiation
spectra after the passing through the biological
shielding separately of neutrons and bremsstrahlung
gamma radiation were performed. In the center of the
concrete ball was placed a thick Ta converter with size
20 × 20 × 40 mm3 , on which the Ee = 100 M eV electrons were directed. Bremsstrahlung, which passed
through the walls of the ball, was registered at angles in the range 45◦ to 135◦ (sidewards). For this
converter the number of neutrons is about 25 times
smaller than the number of the incident electrons
(Nn /Ne ≃0.04).
Unfortunately, GEANT4 does not provide correct
neutrons spectra, but satisfactorily estimates only the
total neutrons number. Therefore, in further calculations we used the model spectra of the T alys program
[21].
The neutrons from the sphere center were directed
through the shielding in random directions. The neutrons passed through the shielding and gamma radiation from (n, γ) nuclear reactions at the angles in the
range 45...135◦ were registered.
Typical bremsstrahlung spectra and gammaradiation from (n, γ) nuclear reactions at 45...135◦
angles after passing 50 cm of lightweight concrete are
shown in Fig.15. Spectra have the similar form, but
for gamma radiation from (n, γ) nuclear reactions the
large number of the gamma-lines are observed.Thus,
after passing through concrete, the following spectra were obtained separately: 1. – bremsstrahlung
spectra; 2. – for neutrons, two spectra separately:
residual neutrons and gamma radiation from (n, γ)
nuclear reactions.
The comparison of the radiation exposure dose
was carried out taking into account the quality factor K associated with the relative biological eﬃciency
of the radiation. Thermal neutrons have K = 5, neutrons from 10 keV to 100 keV have K = 10, neutrons
from 100 keV to 2 M eV have K = 20.
For the thickness of lightweight concrete 50
and 100 cm, the radiation exposure of residual
bremsstrahlung behind biological shielding exceeds
the total contribution of gamma radiation from (n, γ)
reactions and residual neutrons by 15 and 30 times,
respectively.
For F e screen the situation changes. The total
contribution of gamma radiation from (n, γ) reactions and ”residual” neutrons exceeds the ”residual”
bremsstrahlung by 15 times for 20 cm of F e, and in
∼100 times for 40 cm of F e. This is due to a stronger
absorption of gamma radiation in F e and a less intense thermalization of neutrons in iron.

a) bremsstrahlung spectrum

b) γ-radiation from (n, γ) nuclear reactions
Fig.15.
Bremsstrahlung spectra and gammaradiation from (n, γ) nuclear reactions at 45...135◦
angle after passing 50 cm of lightweight concrete

For a P b screen 5 cm thick, the neutron spectrum
practically not changed; due to the quality factor in
this case neutrons also dominate over the ”residual”
gamma radiation by a factor of 2. For 10 cm P b, the
neutrons exceed the residual bremsstrahlung by more
than 4 times.

For 50 cm of paraﬃn, almost complete neutron absorption is observed.
The ”residual”
bremsstrahlung radiation exceeds gamma radiation
from (n, γ) reactions by a factor of ∼150 (Fig.16).

Thus, numerical estimates show that the radiation
spectra after the passing of biological shielding separately for neutrons and bremsstrahlung depend on
the shielding material. Qualitatively and in order of
magnitude, the results of calculations in GEAN T 4
coincide with the results of paper [13], in which
bremsstrahlung dominates (by an order of magnitude) for light concrete, and neutrons dominate (by
an order of magnitude) in the case of heavy concrete.
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ÒÎÐÌÎÇÍÎÅ ÈÇËÓ×ÅÍÈÅ ÝËÅÊÒÐÎÍÎÂ È ÂÛÕÎÄ ÍÅÉÒÐÎÍÎÂ
ÈÇ ÒÎËÑÒÛÕ ÊÎÍÂÅÐÒÎÐÎÂ, ÏÐÎÕÎÆÄÅÍÈÅ ÃÀÌÌÀ-ÈÇËÓ×ÅÍÈÉ
È ÍÅÉÒÐÎÍÎÂ ×ÅÐÅÇ ÇÀÙÈÒÓ
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GEAN T 4 ðàññ÷èòàíû ñïåêòðàëüíî-óãëîâûå ðàñïðåäåëåíèÿ òîðìîçíîãî ãàììà-èçëó÷åíèÿ ýëåêòðîíîâ

ñðåäíèõ ýíåðãèé èç àìîðôíûõ ìèøåíåé-êîíâåðòîðîâ ðàçëè÷íîé òîëùèíû è àòîìíîãî çàðÿäà. Îïðåäåëåí ïîëíûé âûõîä ãàììà-êâàíòîâ â ïåðåäíþþ ïîëóñôåðó è ïîä áîëüøèìè óãëàìè ðàññåÿíèÿ â çàâèñèìîñòè îò òîëùèíû êîíâåðòîðà. Ïîêàçàíî ðàçëè÷èå õàðàêòåðèñòèê ãàììà-èçëó÷åíèÿ äëÿ òîíêèõ è
òîëñòûõ ìèøåíåé. Ïðîâåäåí ðàñ÷åò âûõîäà íåéòðîíîâ çà ñ÷åò ôîòîÿäåðíûõ ðåàêöèé äëÿ ðàçëè÷íûõ
êîíâåðòîðîâ. Ïðîâåäåíû ÷èñëåííûå îöåíêè ñïåêòðîâ èçëó÷åíèÿ ïîñëå ïðîõîæäåíèÿ áèîëîãè÷åñêîé çàùèòû îòäåëüíî äëÿ íåéòðîííîãî è òîðìîçíîãî èçëó÷åíèé.

ÃÀËÜÌÎÂÅ ÂÈÏÐÎÌIÍÞÂÀÍÍß ÅËÅÊÒÐÎÍIÂ I ÂÈÕIÄ ÍÅÉÒÐÎÍIÂ
Ç ÒÎÂÑÒÈÕ ÊÎÍÂÅÐÒÎÐIÂ, ÏÐÎÕÎÄÆÅÍÍß ÃÀÌÌÀ-ÂÈÏÐÎÌIÍÞÂÀÍÜ
I ÍÅÉÒÐÎÍIÂ ÊÐIÇÜ ÇÀÕÈÑÒ
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Â. Ä. Îâ÷iííèê, Ì. Þ. Øóëiêà
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GEAN T 4 ðîçðàõîâàíî ñïåêòðàëüíî-êóòîâi ðîçïîäiëè ãàëüìiâíîãî ãàììà-âèïðîìiíþâàííÿ åëåêòðîíiâ

ñåðåäíiõ åíåðãié ç àìîðôíèõ ìiøåíåé-êîíâåðòîðiâ ðiçíî¨ òîâùèíè i àòîìíîãî çàðÿäó. Âèçíà÷åíî ïîâíèé
âèõiä ãàììà-êâàíòiâ ó ïåðåäíþ ïiâñôåðó i ïiä âåëèêèìè êóòàìè ðîçñiþâàííÿ â çàëåæíîñòi âiä òîâùèíè
êîíâåðòîðà. Ïîêàçàíî âiäìiííiñòü õàðàêòåðèñòèê ãàììà-âèïðîìiíþâàííÿ äëÿ òîíêèõ i òîâñòèõ ìiøåíåé.
Ïðîâåäåíî ðîçðàõóíîê âèõîäó íåéòðîíiâ çà ðàõóíîê ôîòîÿäåðíèõ ðåàêöié äëÿ ðiçíèõ êîíâåðòîðiâ.
Ïðîâåäåíî ÷èñåëüíi îöiíêè ñïåêòðiâ âèïðîìiíþâàííÿ ïiñëÿ ïðîõîäæåííÿ áiîëîãi÷íîãî çàõèñòó îêðåìî
äëÿ íåéòðîííîãî i ãàëüìiâíîãî âèïðîìiíþâàíü.
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