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The bremsstrahlung of electrons from thick converters and its passage through concrete shielding of accelera-
tors at different angles to the axis of the electron beam were calculated using GEANT4. Numerical estimates of the
residual low-energy component of X-ray radiation after passing through the biological protection were carried out
at an electron energy of up to 300 MeV. Additional reasons for the possible appearance of soft X-ray radiation
after the shielding are considered. Experimental measurements of the spectral and dosimetric characteristics were
performed by a silicon uncooled detector with the energy resolution of ~ 1 keV and spectral sensitivity in the range
5...150 keV. The comparison of the estimated dose (using the number of counts in Si detector) with indications of

dosimeters was made.
PACS: 07.85.Fv, 61.80.Cb

INTRODUCTION

Optimization of the composition, thickness and ge-
ometry of materials that provide effective protection
against ionizing radiation remains an actual task of radi-
ation physics [1 - 5]. Traditional applications of biologi-
cal protection are the protection of nuclear power plants
and reactors, containers with nuclear waste, neutron
sources, electron accelerators etc.

Mixed gamma and neutron radiation can achieve any
point outside the protection. Such radiation is strongly
attenuated by layers of protection. There is also scat-
tered radiation of gamma and X-ray quanta, after their
multiple Compton scattering from the walls, floor, ceil-
ing, structural elements and various labyrinths. Calculat-
ing such protection by analytical methods is rather cum-
bersome, because the accumulation factors depend on
many parameters: gamma radiation energy, thickness
and atomic number of the material, geometry of the lay-
ers of protection, etc. In addition, gamma radiation from
neutron capture reactions is always present.

In [5], the main regularities of the formation of ac-
cumulation factors are considered and formulas are pro-
posed for the mathematical calculation of the fluxes of
reflected quanta.

To simulate the passage of radiation through the
substance, computer codes GEANT4 and MCNP are
also used, which offer adequate modeling of all the
physical processes of ionizing radiation interaction with
material, taking into account the geometry and chemical
elements composition of the protection [6 - 10].

The purposes of this work were:

1. Calculation using GEANT4 the bremsstrahlung of
electrons from thick converters and its passage through
protection at different angles to the axis of the electron
beam.

2. Numerical estimates of the residual low-energy
component of X-ray radiation after passing through the
protection.

3. Experimental measurements of the spectral and
dosimetric characteristics by the silicon uncooled detec-
tor, with the energy resolution of ~ 1 keV and spectral
sensitivity in the range 5...150 keV [11 - 13].
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1. TRANSFORMATION OF
BREMSSTRAHLUNG SPECTRA AFTER
THE BIOLOGICAL SHIELDING OF
ELECTRON ACCELERATORS

The energy and angular characteristics of the elec-
trons bremsstrahlung for various electrons energy and
converters were calculated similar to [14]. Calcula-
tions in GEANT4 were carried out for the spherical
and flat geometry of the experiment. For spherical
geometry inside the concrete ball (material
G4_CONCRETE) in the cavity the converter was lo-
cated, on which electrons with energy E.=
10...300 MeV were fall. Fig. 1 shows the detection
surfaces that have the different angles of inclination to
the axis of the electron beam. In the center of Fig. 1,a
the trajectories of gamma quanta passing through con-
crete are shown. In Fig. 1,b there is no concrete, that’s
why the trajectories of quanta are rectilinear. The elec-
trons energy and type of the converter was changing.

a
Fig. 1. Visualization of the spherical geometry
of the experiment: a —red and green color
are the detecting surfaces. The concrete ball is blue.

In the center the trajectories of gamma quanta passing

through concrete are shown; b —there is no concrete,
the trajectories of quanta are rectilinear,
three directions of radiation are at angles:

0...45° (red — forward), 45...135°
(green — sidewards) and 735...180° (blue — back)

When the primary bremsstrahlung passes through
the protective layers, the form of the spectrum changes
significantly. First of all, the overall intensity of the
radiation decreases. In addition, the form of the energy
spectrum changes. The spectrum maximum was ap-
peared in the 90 keV region, and the number of high
energy quanta was decreased.
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Fig. 2 shows the bremsstrahlung spectrum produced
by electrons with an energy E. = 300 MeV for Ta target
6 mm thick. The spectrum of gamma radiation passing
through 52 cm thick Si flat layer is also presented.
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Fig. 2. The bremsstrahlung spectrum of 300 MeV
electrons for Ta target 6 mm thick (blue).
The spectrum of gamma radiation which passed through
52 cm thick Si flat layer (red)

In the target the characteristic X-lines Ta were gen-
erated, the maximum of the bremsstrahlung distribution
is located in the 400 keV region. After the gamma radia-
tion passes through the Si layer, the maximum was ap-
peared in the region of 90 keV, the number of quanta
with energies above 1 MeV decreases in 3.7 times, re-
spectively, the increase in the soft part is 1.85 times.
Thus, the Compton multiple scattering of the high-
energy quanta is the source of soft X-ray radiation be-
yond the biological protection of electron accelerators.

Calculations of the attenuation of primary brems-
strahlung for different concrete protection thickness
(G4_Concrete) were performed. Fig. 3 shows the low-
energy part of the gamma radiation up to 300 keV. The
range of concrete thickness is 0...200 cm. Geometry is
spherical, registration angle is 4.
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Fig. 3. Bremsstrahlung spectra for different thickness
of concrete protection from 0 to 200 cm.
Ta=1mm, E. =100 MeV

The changing of the spectrum was observed for
small concrete thickness. The gamma radiation spectra
have the similar form, the number of passed quanta de-
creases with thickness. The flux of the bremsstrahlung
of the 100 MeV electrons for the concrete 50 cm thick is
attenuated in 5 times, for 100 cm thick in 50 times, and
for 200 cm in 5 000 times, which corresponds to the
data reported in [4].
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In Fig. 4 shows three spectra of the bremsstrahlung
passed through concrete with 60 cm thickness in three
directions — at angles 0...45° (forward), 45...135°
(sidewards) and 135...180° (back).
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Fig. 4. Bremsstrahlung spectra which passed through
concrete in three directions —
atangles 0...45° (forward), 45...135° (sidewards)
and 7135°...180° (back). CONCRETE = 60 cm,
Ta=4mm, E. =15 MeV

Low-energy soft X-ray radiation is observed in the
range of 20...100 keV, but its fraction in the total
spectrum is relatively small.

2. THE TRANSFORMATION
OF BREMSSTRAHLUNG SPECTRA
FOR SINGLE- AND DOUBLE-REFLECTION

In Fig. 5 shows the scheme for calculating gamma
radiation scattered on the concrete wall. Quanta fall
normally to the surface in the direction of the arrow.
Quanta scattered at large angle are recorded at the rear
by a hemisphere counter.

0

Fig. 5. The scheme for calculating gamma radiation
scattered on the concrete wall

The spectra of scattered quanta from a thick wall
differ greatly from the case of scattering for a thin lay-
er. The energy of singly scattered quanta is rigidly
determined by the scattering angle (for angles
90...180°): for initial energy E, = 60 keV, energy of
the reflected quanta is from 53 to 48 keV, for 500 keVV
—from 252 keV to 169 keV, for 1000 keV — from 338
to 203 keV, for 5 MeV —from 463 to 243 keV.

In the case of a thick wall, a complex structure of
reflected spectra is formed from two scattering peaks —
single and multiple scattering (Figs. 6, 7).

As a result of multiple scattering, the energy of
scattered quanta is reduced up to 30 keV. The spectra
depend on the energy of the incident quanta and the
wall thickness.
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Fig. 6. Backscattered spectra of quanta for angles
0f90...180°, E, = 1 MeV.

The thickness of concrete is 1, 5, 50 cm
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Fig. 7. Backscattered spectra of quanta for angles
0f90...180°, E,=0.5,1,5 MeV.
The thickness of concrete is 50 cm

Twice scattered radiation was simulated in structures
of the "labyrinth" type (Fig. 8). Such the distribution of
the walls allows one to reduce the transmission coeffi-
cient of scattered radiation, but the yield of scattered
radiation must be accurately estimated.
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Fig. 8. The scheme for simulating double reflection:
y —output (quanta yield) from the tantalum target
forward; y’ — after single reflection;

y"" — after double reflection; e — electrons

Fig. 9 shows the transformation of the spectral dis-
tribution, according to the scheme shown in Fig. 8. The
spectra are presented in the relative units.

When primary photons are reflected, soft gamma ra-
diation is generated and the hard part of the radiation
disappears.

Calculations for two successive reflections of the
gamma radiation with the fixed energy in the range
from 50 keV to 1 MeV were performed. Fig. 10 presents
the gamma quanta spectra obtained with single and
double reflection from the semi-infinite concrete medi-
um.
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Fig. 9. Spectral distributions of bremsstrahlung
and scattered gamma radiation. Green curve —yield
from the Ta target forward; red —yield from the Ta

target back; blue —the single reflection;
brown —the double reflection. E.=15 MeV
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Fig. 10. Spectral gamma quanta distributions for one-
and two-fold reflection from a semi-infinite concrete.
a —is single reflection; b —is double reflection.
Primary photon energy: brown line — 50 keV;
red — 100 keV; blue — 500 keV; green — 1 MeV

Table 1 shows the number of reflected quanta (as a
percentage of the incident quanta number) for single
and double reflection from the semi-infinite concrete.

Table 1

The number of reflected quanta (as a percentage

of the incident quanta number) for single and double
reflection from the semi-infinite concrete

E,, keV single double
50 9% 0.6%
100 25% 4%
500 34% 11%
1000 28% 9%

The important consequence of multiple scattering
of the high-energy quanta is the decrease of their ener-
gy up to 30 keV. Thus, scattered gamma radiation in
structures of the "labyrinth" type also gives a ex-
pressed low-energy X-ray radiation.
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3. MEASUREMENT OF LOW-ENERGY
X-RAY RADIATION

In Fig. 11 shows the nuclear-physical power plant,
fragment of the linear accelerator (linac) LUE-300.

SIAV AW

Fig. 11. Fragment of the linac LUE-300

Experimental measurements of the spectral and dosi-
metric characteristics by the silicon uncooled detector, with
the energy resolution of ~ 1 keV and spectral sensitivity in
the range 5...150 keV were performed. The measurements
were carried out at points 2, 3, 4 on the side of Zone 1 of
the linear accelerator LUE-300 (Fig. 12).
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Fig. 12. Fragment of Zone 1 of the linear electron
accelerator LUE-300. Detector and power supply
located on the chair — point 2

The concrete thickness at different points is differ-
ent, at the narrowest place is 60 cm. The accelerator
worked with parameters: electron energy E. = 12 MeV,
beam current I, = 18 pA.

Note that in real measurements with the thin planar
detector, the incident gamma-ray spectrum is converted
into the deposited energy ED in the Si detector 300 um
thick. In Fig. 13 shown: the bremsstrahlung spectrum
(converter U, thickness 1 mm, E, = 100 MeV), passed
through 50 cm of concrete; b — energy AE released in Si
detector (really measured radiation spectrum). Such
spectra should be obtained experimentally.

In Fig. 14 shows the gamma radiation spectra meas-
ured at point 2 (without the Cd and with the Cd layer
0.8 mm thick).

When the protective layer Cd was used, the spec-
trum was attenuated in 3.2 times. Such attenuation cor-
responds to photons energy of 80...90 keV. This means
that the spectrum consists of soft X-ray quanta. CXR of
Cd appeared (line K, = 23.17 keV), which is excited by
the soft X-ray.

In Fig. 15 shows the gamma radiation spectra meas-
ured at point 3. The number of registered quanta in-
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creased significantly, because position 3 is closer to
the target-converter.
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Fig. 13. a —bremsstrahlung spectrum (converter U,
thickness 1 mm, E, = 100 MeV), passed through 50 cm

of concrete; b —energy AE released in Si detector
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Fig. 14. The gamma radiation spectra measured
at point 2 (without the Cd — above
and with the Cd layer 0.8 mm thick — below)
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Fig. 15. The radiation spectra measured at point 3
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Also for measurements the two-channel detector
based on the Si detector (without Gd foil and with Gd
foil thickness 0.4 mm) was used [16]. In Fig. 16 shows
the gamma radiation spectra measured at point 4.
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Fig. 16. Gamma radiation spectra measured at point 4
(a — without Gd and b — with Gd foil thickness 0.4 mm)

In the spectrum, the gadolinium CXR lines with the
energy K, =42.99 keV are registered, which indicates
the presence of soft X-radiation with energy slightly
higher than this value.

In addition, the background was measured when the
accelerator was turned off.

The measured spectra were compared with the do-
simeter indications. In this case, the sum of the accounts
in the Si detector in the background was equated to the
value of 12 uR/h, which corresponds to the background
value in the accelerator building. Table 2 presents the
comparison of the estimated dose and the number of
counts in the Si detector with the dosimeter indications.
Agreement is quite good.

Table 2

Comparison of the estimated dose and the number
of counts in the Si detector with the dosimeter indications

Estoilmated Si, uR/h i cou nts/ Dosimeter, uR/h
0se min
Background 12 0.5 12
2 2450 102 3000
3 20060 836 5000...15 000
4 720 30 200...400
CONCLUSIONS

In GEANT4 were calculated the bremsstrahlung of
electrons from thick converters and its passage through
accelerators biological protection at different angles to
the axis of the electron beam. Numerical estimates of
the residual low-energy component of X-ray radiation
after passing through the protection were carried out.
The energy of accelerated electrons was up to 300 MeV.
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When the primary bremsstrahlung passes through
the protective layers, the form of the spectrum changes
significantly. First of all, the total intensity of the radi-
ation decreases. In addition, the form of the energy
spectrum is changing. The spectral maximum was ap-
peared in the 90 keV region, and the number of the
high — energy quanta was decreased.

Low-energy radiation is observed in the range of
20...100 keV, but its fraction in the total spectrum is
relatively small.

In the case of the thick wall, the complex structure
of reflected gamma spectra is formed from two scatter-
ing peaks — single and multiple scattering. As the re-
sult of multiple scattering, the energy of scattered
quanta is reduced up to 30 keV. The gamma spectra
depend on the energy of the incident quanta and the
wall thickness.

Twice scattered gamma radiation was simulated in
structures of the "labyrinth” type. When primary pho-
tons are reflected from walls, soft gamma radiation is
generated and the hard part of the radiation disappears.
Calculations for two successive reflections of the
gamma radiation with energy in the range from 50 keV
to 1 MeV were performed.

Experimental measurements of the spectral and do-
simetric characteristics by the silicon uncooled detec-
tor, with the energy resolution of ~ 1 keV and spectral
sensitivity in the range 5...150 keV were performed.
The measurements were carried out at three points on
the side of Zone 1 of the linear electron accelerator
LUE-300.

The measured spectra were compared with the do-
simeter indications. In this case, the sum of the ac-
counts in the Si detector in the background was equat-
ed to the value of 12 uR/h, which corresponds to the
background value in the accelerator building. Agree-
ment is quite good.
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HNU3KO3HEPTETUYECKOE PEHTTEHOBCKOE U3JITYYEHUE
MOCJE BUOJOTUMYECKOM 3AIUTHI YCKOPUTEJEM DJJEKTPOHOB

I'JI. bouex, A.C. /fees, B.H. /lyouna, C.K. Kunpuu, A.A. Kanauii, H.U. Macnoe, B./]. Osuunnux,
CM. llomun, M.IO. llynuxa, I'.Il. Bacunves, B.U. fAnosenko

B GEANT4 paccunTanbsl TOPMO3HOE U3TyYEHHE NIEKTPOHOB U3 TOJCTHIX KOHBEPTOPOB M IMPOXOXKACHUE U3ITY-
YeHUs! 4epe3 OETOHHOEe SKpaHMPOBAHHWE YCKOPHTEINEH MO/ PasHBIMH yIJIAaMH K OCH JISKTPOHHOTO Iydka. [IpoBe-
JICHBI YUCJIEHHBIE OLIEHKH OCTaTOYHON HHM3KOIHEPIeTUYECKOM COCTaBIIAIOLIEH PEHTTEHOBCKOTO U3IIy4eHHs IMOCIE
MIPOXOKACHUS OMOJIOTHYIECKOH 3aIlUTHl MPX dHEpruu IeKTpoHOB 10 300 M»B. PaccMoTpeHB! JOMOTHHUTENBHBIC
MPUYUHBI BO3MOXHOTO MOSABIEHHS MITKOTO PEHTT€HOBCKOIO M3IY4YEHHUs MOCIE MPOXOKICHUS 3alUThl. DKCIEpu-
MEHTaJbHbIE HM3MEPEHUS CIEKTPAIbHBIX U JO3UMETPHUUECKUX XAPAKTEPUCTHK BBIMONHAINCH KPEMHUEBBIM He-
OXJIaXKIAaEMBIM JIETEKTOPOM C JHEPreTHYECKHUM paspelleHreM ~ | k3B u crnekrpanbHON 4yBCTBUTENBHOCTBIO B
nuamasoHe 5...150 k3B. [IpoBeneHO cpaBHEHHE OIIEHOYHOMN J103BI (C MCTONB30BAaHHEM KOJMYECTBA OTCUETOB B Je-
TekTope Si) C MOKa3aHUSIMHU T03UMETPOB.

HU3bKOEHEPTETUYHE PEHTTEHIBCBKE BUITPOMIHIOBAHHS
HICJIA BIOJIOT'TYHOTI'O 3AXUCTY NTPUCKOPIOBAYIB EJIEKTPOHIB

I'JI. Bouex, O.C. [ecs, B.M. /Iyouna, C.K. Kinpiu, O.A. Kannii, M.I. Macnoe, B./l. Osuunnuk,
C.M. ITomin, M.IO. Illynixa, I'.Il. Bacunscs, B.1. Slnosenko

Y GEANT4 po3paxoBaHO rajgbMiBHE BUIIPOMIHIOBAHHS €JIEKTPOHIB 3 TOBCTHX MEPETBOPIOBAUIB i MPOXOHKEH-
HSl BUIIPOMIHIOBAaHHS 4epe3 OCTOHHE eKpaHyBaHHS MPHCKOPIOBAYIB MiJ PI3HUMH KyTaMH JI0 OCi €JIEeKTPOHHOTO
nyuka. [IpoBeneHi YuClIeHH] OLIHKKM 3aJMIIKOBOI HU3bKOGHEPTeTHYHOI CKJIaJI0BOI PEHTI€HIBCHKOTO BHITPOMIiHIO-
BaHHS MICIsI MMPOXOJPKEHHST 010JIOTIUHOTO 3aXUcTy Ipu eHeprii enekrpoHiB 1o 300 MeB. PosrisiHyTo nonatrkosi
NPUYMHMA TIOSIBH M'SIKOTO PEHTI'€HIBCHKOTO BHIPOMIHIOBAHHS MICHIS MPOXOJUKEHHs 3aXHCTy. ExcriepnMeHTanbHi
BUMIpH CIIEKTPAILHHUX Ta JO3UMETPUYHHUX XapaKTEPUCTUK BUKOHYBAIHCS KPEMHIEBUM HEOXOJIO/DKEHUM JETEKTO-
POM 3 €HEepTeTUIHHUM JI03BOJIOM ~ | keB i criekTpanpHOI0 YyT/IMBICTIO B Aiama3oHi 5...150 xeB. IIpoBeneno mopis-
HSTHHS OIIIHOYHO{ 7103 (3 BUKOPUCTAHHIM KUJIBKOCTI BIZUTIKIB Y IeTeKTOpi Si) 3 MOKa3aMH T03MMETPIB.
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