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A nuclear reactor is a complex engineering and technical installation that generates radiation. Because of this, the
experimental measurement of the radiation characteristics of a nuclear reactor is a difficult task, and in some cases
technically impossible. The modern development of calculation codes and tools makes it possible to determine the
radiation characteristics of a nuclear reactor with sufficient accuracy and reliability. Due to this, computational modeling
of physical processes occurring in a nuclear reactor has become one of the main scientific research methods. The WWR-
K reactor is a multi-purpose research reactor with a large number of vertical and horizontal irradiation positions used for
a wide range of scientific and applied problems. The irradiation position with the largest dimensions in the WWR-K
reactor is the niche of experimental devices, which makes it possible to irradiate objects up to 1000 mm in diameter. This
position is considered as a candidate for neutron transmutation doping of silicon ingots with a diameter of more than
200 mm. The article presents the radiation characteristics for the current and modernized configuration of the niche of the
experimental devices of the WWR-K reactor. It is shown that the upgrade of the configuration leads to an improvement
in the neutron characteristics in the irradiated position.

Keywords: WWR-K, niche of the experimental devices. radiation characteristics, Neutron-transmutation-Doped Silicon
(NTD-Si), Monte Carlo N-Particle Transport Code (MCNP)..

INTRODUCTION

Currently, there is an active development of nuclear
and radiation technologies around the world. The scope
of such technologies is very wide. For example, the
production of radioisotopes for medicine [1-6], radiation
coloring of semiprecious stones for the jewelry industry
[7-10], neutron transmutation doping of semiconductors
for the electronics industry [11-14], and radiation
treatment of seeds for the agricultural industry [15-17].
Nuclear and radiation technologies are implemented
based on nuclear and electrophysical installations, in
particular, on the basis of research reactors. The introduc-
tion and development of such technologies requires an
accurate determination of the radiation characteristics of
the reactor, which can be determined both experimentally
and by calculation.

The modern development of computational methods
and codes makes it possible to carry out sufficiently
detailed and accurate calculations, which makes them
one of the main scientific research methods. Particularly
noteworthy are numerical simulation methods based on
the Monte Carlo method, which make it possible to carry
out precision calculations [18-20].

Earlier, R&D work was carried out based on the
WWR-K reactor, together with Japanese companies, on
neutron-transmutation doping of silicon ingots with a
diameter of 6 inches (or 150 mm). Research was aimed
at reducing the axial non-uniformity of doping silicon
ingots. As a result, an axial non-uniformity doping of no
more than 12% was obtained without the use of screen
[21], and with the use of a screen, 4% [22, 23].

Nowadays, on the WWR-K reactor the possibility of
carrying out neutron-transmutation doping of silicon

ingots of large diameter (more than 200 mm) is being
considered. For such a purpose, the reactor has only a
single irradiation position — a niche of experimental devi-
ces. Preliminary studies of the radiation characteristics in
the niche showed [24] that they do not comply with the
IAEA recommendations for neutron transmutation
doping of silicon [11]. Changes to the configuration and
conditions at the given irradiation position are required.
Proceeding from this, computational modeling of the
niche of the experimental devices of the WWR-K
research reactor was carried out and a change in the
radiation characteristics was predicted when the niche
configuration was modernized. The purpose of this work
is to substantiate the possibility of creating the required
conditions for irradiating large-diameter silicon ingots in
the niche of the experimental devices of the WWR-K
reactor.

MATERIALS AND METHODS

The niche of the experimental devices of the WWR-K
reactor is a cylinder with a diameter more than one meter
(Figure 1). In the niche there is a system of screens filled
with water, which are mounted on a self-propelled
trolley. The screens are designed to change the ratio of
the gamma and neutron components of the reactor
radiation field. The water screen system consists of three
tanks that can be remotely filled or emptied. The tanks
are installed between the core and the irradiated object.

WWR-K is a tank-type research reactor. The nominal
power of the reactor is 6 MW. The coolant and moderator
are demineralized water. The neutron reflector is demine-
ralized water and beryllium. The maximum thermal
neutron flux in the central irradiation positions of the core
is 2-:10% cm2-s1 [25, 26].
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1 - core; 2 — water screens; 3 — irradiation position
Figure 1. Schematic view of the irradiation position

Computational modeling of physical processes in the
WWR-K' reactor in order to determine its radiation
characteristics was carried out by the Monte Carlo
method using the MCU-REA and MCNP6 codes
[27, 28]. The MCU-REA code is designed to calculate
the neutronic characteristics of nuclear reactors of vari-
ous types. MCU-REA also allows the calculation of
neutronic characteristics, taking into account changes in
the isotopic composition of the materials of a nuclear
reactor. The developer of the MCU-REA code is the
Russian Research Center “Kurchatov Institute”, Mos-
cow, Russia. The program's firmware is made up of the
DLC/MCUDAT-2.1 nuclear data bank. The calculation
of the space-energy distribution of neutrons was carried
out using the BNAB-98 library with a 26-group system
of constants [29]. The MCNP6 transport code is intended
for solving problems in the field of nuclear reactor
physics, radiation protection, dosimetry, radiography,
radiation medicine and nuclear safety. The user has the
ability to model geometric three-dimensional configu-
rations by setting the mathematical equations of the
surfaces limiting them of the first, second and fourth
degree, and filling them with an arbitrary material, setting
the concentration of the nuclei of the elements that make
up the substance. The ENDF/B-VII.1 library of cross
sections for the interaction of neutrons with matter in the
MCNP6 transport code was used [30]. In MCU-REA and
MCNP®, the current configuration of the WWR-K reac-
tor core was simulated with a real material composition.
Due to the fact that the niche is located outside the core
(in the concrete shield of the reactor), the control rods do
not affect the distribution of the neutron field. Therefore,
the calculations were carried out for the option when all
control rods were removed from the core. The statistical
error of calculations did not exceed 5%. The input file for
all MCNP6 calculations included 200 cycles made of 20
inactive and 180 active cycles with 500,000 histories per
cycle. The initial conditions used in the calculations are
given in Table 1.

Table 1. Main initial conditions for physical calculations.

Parameter Value
Temperature of moderator, K 293.6
Temperature of fuel, K 293.6
Density of B4C, glcm3 1.76
Density of beryllium, g/cm? 1.89
Density of aluminum, g/cm3 2.70
Coolant temperature, K 293.6
Air temperature, K 293.6
Dimensions of neutron-multiplying medium bounded dimensions

RESULTS AND DISCUSSION

According to [11], the main criteria for choosing an
irradiation position for neutron transmutation doping of
silicon are:

1. radial unevenness coefficient — 4-5% (may vary
depending on customer requirements);

2. height coefficient of unevenness — 5-8% (may vary
depending on the requirements of the customer);

3. irradiation accuracy < 3%;

4. the ratio of the flux of thermal neutrons to fast
neutrons is 7:1;

5. cadmium ratio > 10;

6. gamma radiation flux — as low as possible;

7. ingot irradiation temperature < 180 °C.

From the above criteria, it can be seen that in the area
of irradiation of silicon ingots, the neutron spectrum
should be thermal. Due to the fact that fast neutrons
create defects in the silicon lattice [11]. It should also be
noted that the gamma radiation flux should be as low as
possible in the irradiation position, since it is the main
source of energy release.

First of all, the radiation characteristics of the niche
of experimental devices for the current configuration (see
Figure 1) were determined in order to compare the crite-
ria described above. The irradiation position is conside-
red, loading into which is carried out through a vertical
well (the distance to the central axis of the core is
1610 mm). The calculation results are shown in Table 2.
The air environment in the irradiation position. Shielding
screens are filled with water.

Table 2. Radiation characteristics in the niche
of experimental devices

Characteristic Value
Thermal neutron flux (< 0.465 eV), cm-2s1 1.1-108
Fast neutron (> 0.1 MeV), cm2s-1 2.7-107
Axial non-uniformity of thermal neutron flux (<0.465 eV), % 35
Thermal to fast neutrons ratio 41
Fraction of thermal neutrons in the integral flux, % 65
Gamma radiation flux (1 eV - 10.5 MeV), cm-2s-1 1.5-10™
Cadmium ratio 3.8

Table 2 shown that the radiation characteristics in the
current configuration of the niche do not meet the above
criteria. In particular, such characteristics as the ratio of
the thermal to fast neutron flux and the cadmium ratio do
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not correspond; the neutron energy spectrum is not ther-
mal enough. Therefore, it is necessary to reduce the
neutron energy, which is possible when replacing the air
environment to water in the irradiation position. There-
fore, placement in a niche, of an aluminum tank filled by
water was considered (Figure 2). The distance to the
irradiation position does not change.

When the air environment is replaced by a water one
in the niche of the experimental devices, the neutron
energy spectrum more thermal (Table 3). The ratio of the
thermal to fast neutron flux increases from 3.3t0 4.6. The
energy spectrum of neutrons is divided into two groups:
up to 1 keV and above 1 keV. Such a division into two
energy groups is due to the fact that the capture cross
section of silicon (3°Si) up to an energy of 1keV
corresponds to the 1/v law, and above 1 keV there is a
region of resonances. Therefore, when doping silicon, it
is necessary to take into account neutrons with energies
up to 1 keV, and not only up to the cadmium boundary.

1

/

1 - additional tank with water; 2 — irradiation position
Figure 2. Schematic view of the irradiation position

Table 3. Neutron flux in the niche of experimental devices
with different environment

Neutron flux, cm=2-s-1
Neutron energy -
Air Water
0<En<1keV 1.3-108 1.1-108
1keV <En<10.5 MeV 4.0-107 24107

Further, the influence of water screens on the
radiation characteristics in the niche of experimental
devices for the current configuration was studied (Table
4). The niche is filled with air. Water screens are installed
between the core and the irradiated object. The distance
to the irradiation position does not change. In the absence
of water screens, the neutron flux increases by more than
three orders of magnitude, but the neutron spectrum
becomes harder (the cadmium ratio decreases from 11.2
to 4.6) and the gamma radiation component increases by
more than 5 times. Such conditions, of course, are
unacceptable for silicon doping, since doping efficiency
will be reduced and the number of defects in the ingot
lattice and energy release will increase.

Table 4. Radiation characteristics in the niche of experimental
devices with and without a water screen

Characteristic wate‘:vsi::t:eens Wat‘{ev:t:;:tens
Evl|ltjr)1( Sr?grsg:?lf f1n|$\70:;-zs_1 13108 2.0-10°"
i oo 1 b, e s 4010 85107
[V 105 M) ems 510" 8010

The particular cases considered have shown that it is
possible to improve the radiation characteristics in the
niche of experimental devices by creating a water
environment in the irradiation position, but it is necessary
to take into account one more important factor affecting
silicon doping — the neutron intensity. During neutron-
transmutation doping of silicon ingots, it is necessary to
accumulate a thermal neutron fluence in the irradiated
ingot of more than 10" cm™, so the neutron intensity
should be such as to achieve the required neutron fluence
in an acceptable time. Therefore, to increase the intensity
of neutrons in the irradiation position, it is necessary to
bring it closer to the core and create a water environment
in it (Figure 3), i.e. niche needs to be upgraded. The re-
sults of calculations for the upgraded niche configuration
are shown in Table 5. The distance from the central axis
of the core to the irradiation position is 573 mm.
The niche is filled with water. There are no water screens.

o
G

1 — additional tank with water; 2 — irradiation position

Figure 3. Schematic view of the irradiation position

Table 5. Radiation characteristics in the niche of experimental
devices with an upgraded configuration

Characteristics Value
Thermal neutron flux (<0.465 eV), cm-2s- 9.9-101%
Fast neutron flux (> 0.1 MeV), cm-2s-! 1.4-10%0
Neutron flux (< 1 keV), cm=2s-1 1.1-10M
Neutron flux (> 1 keV), cm=2s~1 1.9-1010
Axial non-uniformity of thermal neutron flux (<1 keV), % 25
Thermal to fast neutron ratio 6.9
Fraction of thermal neutrons in the integral flux, % 79
Gamma radiation flux (1 eV - 10.5 MeV), cm-2s-1 9.5-1012
Cadmium ratio 9.6
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Such a modernization of the irradiation position in the
niche made it possible to create conditions that meet the
main criteria, which will have a positive effect on the
effective doping of silicon ingots. In particular, the
proposed niche configuration will lead to the fulfillment
of the following criteria: the ratio of the thermal to fast
neutron flux (6.9 with a criterion of 7.0) and the cadmium
ratio (9.6 with a criterion of 10). Those indicates the
creation of a «soft» (more thermal) neutron spectrum in
the irradiation area.

Another important criterion is the formation of a
uniform neutron flux profile during irradiation of a
silicon ingot both in height and in diameter. One of the
methods for reducing the axial non-uniformity of the
neutron flux can be the use of shielding materials, which
requires the development of a special irradiation device.
Before developing the design of the irradiation device, it
is necessary to study the radial and vertical profile of the
neutron flux in the unperturbed irradiation position, i.e.
without silicon ingot. The results of such studies are
shown in Figures 4 and 5.
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Figure 4. Axial distribution of neutron flux (En < 1 keV)
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Figure 5. Distribution of neutron flux (En < 1 keV):

The nonuniformity of the neutron field profile
(En <1 keV) was 11% in diameter and 25% in height. The
design of the irradiation device will have to ensure the
inhomogeneity of the neutron field within 8% along the

height of the ingot and within 5% along the diameter of
the ingot.

CONCLUSION

The obtained results of the computational studies
have shown that the conditions for irradiating silicon
ingots with diameter more than 200 mm in the currently
existing configuration of the niche of experimental
devices do not meet the specified criteria. The
modification of the niche configuration proposed in this
paper will make it possible to create conditions for
efficient doping of silicon ingots of the large diameter.
However, the inhomogeneity of the neutron field over the
diameter and height of the silicon ingot will remain above
the allowable values. From which it follows that it is
necessary to develop a special irradiation device that
forms a uniform neutron field, which will make it
possible to obtain silicon ingots with a high uniformity of
the final resistivity, which is also an important criterion
when doping silicon.
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BBP-K PEAKTOPBIHBIH OKCIIEPUMEHTTIK KYPBLJIFbIJIAPBIHBIH TAYAINACBIHJAFbI
PAIVNATIUAIBIK CUITATTAMAJIAPABI ECENITIK 3EPTTEY

H.K. Pomanosa, II1.X. I'n3atynun, JI.C. Caiipandaes, K.C. Kucenes,
A.M. AxaHoB, A.A. lllaiimepnenos, A.b. Maccajiuna

KP DM Aoponvik ¢pusuxa uncmumymol, Anmamet, Kazaxkcman

SnponbIK peakTop — COyJIeNEHYAl TI'eHepalMsIalTbhIH KypAeTdl WHXCHEPIIK-TEXHUKAIBIK KOHABIPFbL. COHIBIKTaH
SITPOJIBIK PEAKTOPIBIH PaIHallisUIbIK CHITATTaMaIapbIH SKCICPUMEHTTIK OJIIIey Kypaeli MiHIeT OOJBIT Ta0bUIa bl )KOHE
KelOip Kargaliapla TEeXHHWKAJIBIK JKaFblHAH MYMKIH OonmMail skatanpl. Ecenrey KoaTapbl MEH Kypajigapbl >KakKChI
JIlaMbIFaH 3aMaH/a SIPOJIBIK PEaKTOPbIH PaJHallysUIbIK CHITaTTaMalIapblH alTapiIbIKTal JJIIKIEH j)KOHE HAKTHIIBIKICH
alikpiHmayra MyMKIiHIIK ©Oap. OcbifaH OaiyIaHBICTBI SIIPOJIBIK  peakTopia OonaThlH  (DU3UKANBIK HpoLecTepAi
KOMITBIOTEPJIIK MOJIENb/ICY FBUIBIMU 3EpPTTEYNEpiH Herisri ojicrepiHiH Oipine aiHangsl. BBP-K peakropsr — kem
KeJIeMJIe TIK JXKOHE KOIICHEH COyJeNeHIIpYy MO3ULMsUIaphl 0ap KOl MakKcaTThl 3epPTTeY PEaKTOPbI, 07 KeH ayKbIMJBI
FBUIBIMH JKOHE KOJIJaHOasbl MIHAETTEp/l Wienly yIuiH naiiianansuiansl. BBP-K peaktopbsiniarsl eH yJKeH KejiemJeri
COYJICNICHTIPY TO3UIHACH SKCIIEPUMEHTTIK KYPBUIFbUIApFa apHaFaH Tayaiia 00Jibin Tadbuansl, Oy auametpi 1000 MM
IeiiHTi 00BeKTIep Al coyleNneHAipyre MYMKIiHAIK Oepeni. Ataxrad mozumus auamerpi 200 MM-IeH acaTblH KpeMHHMA
KyliMaJapelH HEUTPOHABIK-TPAHCMYTAIMUIBIK JIETUPJICY VIIH KaHAWOAT peTiHae Kapaiamsl. Makamaga BBP-K
PEaKTOPBIHBIH SKCIIEPUMEHTTIK KYPBUIFbUIAphI TayalllaChIHBIH KOJIAHBICTAFbI KOHE )KaHAPTHUIFaH KOH(HUTYPALMSICHIHBIH
panuanysUIBIK CHITATTaMaIaphl YChIHbUTFaH. KOH(GUrypanusHel XKaKkcapTy cayeNeHIipy NO3UIHUACHIHAAFbI HEHTPOHIBIK
cUMaTTaMasap/bl ’KaKCcapTaThIHBI KOPCETUITeH.

Tyitin ce30ep: BBP-K, sxkcnepumeHmmik KYpoligbliapObly MAyauidcsl, paouayusibly CURAMmMAamanap, KpemHutioi
Hetumponoapmen mpancmymayusnelx neeupiey (NTD-Si), Moume-Kapno (MCNP) a0icimen uonoayuiol cayienenyoi
MmacvimManoayovl Mooenvoey.

PACYHETHOE UCCJIIEJOBAHUE PAIMAITMOHHBIX XAPAKTEPUCTHUK
B HAIIE SKCHEPUMEHTAJIbHBIX YCTPOMUCTB PEAKTOPA BBP-K

H.K. Pomanosa, I1.X. I'n3atynun, JI.C. Caiipan6aes, K.C. Kucees,
A.M. AxaHoB, A.A. lllaiimepaenos, A.b. Maccaiuna

Hucmumym soepnoii pusuxku M3 PK, Anmamul, Kazaxcman

SnepHbIii peakTop — CI0KHASI UHKEHEPHO-TEXHUUECKas YCTAaHOBKA, TeHepupYyolas u3inyderne. [loaTromy skcrepuMen-
TaJbHbIe U3MEPEHUS PAANAIMOHHBIX XapaKTEPUCTUK SJEPHOTO PEaKTOpa SBIISETCS CIIOKHOH 3a7aueil, U B HEKOTOPBIX
CIy4asX TeXHUYECKH HEBO3MOKHOM. COBpEMEHHOE Pa3BUTHE PACUETHBIX KOJOB M MHCTPYMEHTOB MO3BOJISIET ONPEAETUTh
paauaiMoOHHBIE XapaKTEPUCTUKH SJEPHOTO PEeaKTopa C TOCTATOYHON TOYHOCTHIO M JOCTOBEPHOCTHIO. B CBsI3M C ATUM,
KOMITBIOTEPHOE MOJICTTUPOBAaHUE (PU3NIECKUX MPOIIECCOB, MPOUCXOISANINX B SAJIEPHON peaKTope, CTAIO OJJHUM U3 OCHOB-
HBIX METOJIOB HayYHBIX HccienoBanuii. Peakrop BBP-K 310 MHOTOIENEBOI HCCIIeI0BaTEILCKUI PEaKTOp ¢ OONIBIINM
KOJIMYECTBOM BEPTHKATIHHBIX U TOPU3OHTANBHBIX O0JydaTeIbHBIX MO3WINN, HCIOIb3YyEMBIX IS PEIICHHUS MIHPOKOTO
Kpyra Hay4HBIX ¥ MPUKIAIHEIX 3a1ad. OOIydaTebHas TO3HIUSA C HANOOIBIINMHE pa3Mepamu B peaktope BBP-K npex-
CTaBIISIET COOOH HUITY JUTS SKCIIEPUMEHTAIBHBIX YCTPOUCTB, YTO MO3BOJISET MMPOBOAUTH OOIyIEHHE 0OBEKTOB THAMETPOM
110 1000 MMm. JlaHHast TO3ULIMSI pacCMaTpUBAETCs B KaUeCTBE KaHUAaTa AJsl HEUTPOHHO-TPaHCMYTAallMOHHOTO JIETUPOBa-
HUS CTUTKOB KpeMHUs auameTpom Oosee 200 mM. B craThbe npecTaBiIeHb paIuallHOHHBIC XapaKTePUCTHKH TEKYIICH U
MOJIEPHU3NPOBAHHON KOH(OUTYPALIMU HAIIHN SKCIIEPUMEHTAIBHBIX yCTpoicTB peakTopa BBP-K. IToka3aHo, uto ycoBep-
[IEHCTBOBaHME KOHPUTYPAIMH MPUBOIUT K yIydllIeHNEe HEUTPOHHBIX XapaKTEPUCTHK B 00IyIaTeIbHON MTO3UITUH.

Kniouesvie cnosa: BBP-K, nuwia 3KcnepumenmanbHulx YCmpoucmes, paduayuonivle XapaKxmepucmuxi, mpaHcmyma-
yuonnoe necuposanue kpemuus neumponamu (NTD-Si), mooenupoeanue nepeHoca uOHU3UPYIOUe20 U3LyYeHUst MEMOOOM
Monme-Kapno (MCNP).
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