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Abstract. Beryllium reflectors in research reactors are known sources of tritium,
raising safety concerns associated with its release. While substantial outgassing
occurs at elevated temperatures (>700 °C) through diffusion, measurable
release has also been observed at ~50 °C, which cannot be explained by this
mechanism. A non-activation release process is therefore considered, in which
tritium nuclei formed near the beryllium surface escape directly as energetic
ions.

A computational model was developed to quantify this process. The stopping
range of MeV tritium ions in solids is limited to several tens of micrometers,
defining the effective near-surface region for release. Geometric analysis allowed
deriving an expression for the number of tritium ions emitted from the surface
during irradiation. To verify the model, lithium metatitanate (Li,TiO,) pebbles
with natural and 96% °Li enrichment were irradiated in the WWR-K reactor at
~50 °C for 516 h. Samples were wrapped in 100 um aluminum foils serving as
tritium collectors, which were subsequently dissolved and analyzed by liquid
scintillation spectrometry.

Calculated tritium yields were of the order of 10'7-10'® atoms and showed good
agreement with experiment. For natural Li, TiO,, 3.35-10" atoms were predicted
compared to (2.0+0.4)-10" measured, while for enriched Li,TiO,, 2.14-10'
versus (1.1+0.2)-10'® were obtained. Lower experimental values are attributed
to incomplete foil retention and model simplifications such as neglecting pebble
self-shielding.

The results confirm the existence of non-activation tritium release from lithium-
containing ceramics and demonstrate that the proposed model provides reliable
estimates applicable to safety assessments of reactors employing beryllium
components.
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Introduction

Radiation safety issues of nuclear devices are of crucial importance for minimizing risks to
human health and the environment, ensuring stability and efficiency of the nuclear industry.
One of the key concernsin this area is the assessment of radioactive materials release into the
environment during the operation of nuclear systems, including low-power nuclear reactors
with research purposes. In the Republic of Kazakhstan, extensive research has been carried
out over the past decades in various fieldsof nuclear and fusion energy, including radioecology
andmaterial testing under reactor irradiation conditions [1-10].

Thiswork presents anovel approach to studying non-activation tritiumrelease from beryllium
under neutron irradiation, an idea of that emerged from previous studiesof the authors of this
paper on accumulation and release of tritium from beryllium-based reflector components of
nuclear reactors [11-12].

Under neutron irradiation conditions, tritium is generatedin beryllium through a series
of nuclear reactions. These include the formation of lithium-6 within beryllium structures,
followed by neutron capture reactions that ultimately result in tritium production:

Be® + ny — He* + He®, 1)

5

H 6
© t,,~085s

Li®. (2)
The resulting lithium interacts with thermal neutrons according to the following reaction:
Li® + n,, > He* + H5. (3)

The main processes influencing the rate of tritium release from beryllium are diffusion
processes, which become significant at high temperatures (above 700 °C) [13,14]. However, a
number of studies indicate the release of tritium at temperatures below 50 °C, which cannot
be explained by diffusion. A possible mechanism for such tritium release may be the release of
tritium directly from the near-surface region of beryllium units of a nuclear reactor.

A detailed consideration of this problem would make it possible to more accurately assess the
tritium safety of nuclear reactors containing beryllium units. This would also allow obtaining a
method for estimating the amount of tritium ions released from the surface of lithium-containing
materials under reactor irradiation conditions.

The study aims to develop and verify a calculation method for estimating tritium flux released
from beryllium reflectors withoutrelying on diffusion models. It seeks to experimentally confirm
the existence and magnitude of this release mechanism using lithium-containing samples.
Ultimately, the work contributes to more accurate assessments of tritium safety in research
reactors employing beryllium components.

This work is the first to propose and experimentally confirm a non-activation mechanism of
tritium release from beryllium under neutron irradiation, where energetic tritium ions escape
directly from the near-surface layer. A new computational method was developed to quantify
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this effect, and its predictions were validated against reactor irradiation experiments with
lithium ceramics.

Calculation method for assessing the tritium ions amount released from the near-surface layer
of materials

[tis known that under the influence of neutron irradiation beryllium undergoes the formation
and accumulation of radiation-induced defects, as well as helium and tritium nuclei generated
as a result of nuclear reactions with beryllium atoms.

The occurrence of defects in beryllium under neutron flux is associated with elastic scattering
of neutrons with nuclei and nuclear reactions of the types (n,2n) and (n,a)[15-17].

For the present study, particular importantance is attached to the reaction (n, a), which takes
place at neutron energy E = 0.71 MeV. A lithium-6 atom is formed as a result of reactions (1)-(3),
which subsequently interacts with thermal neutrons, leading to the formation of tritium.

The tritium and helium ions with energies E_and E__ (MeV), respectively, interact with the
atoms of the material predominantly via inelastic collisions with electrons. Due to Coulomb
interactions, energetic ions gradually lose their energy by ionizing or exciting atomic electrons
along their trajectory. When the particle has lost all of its energy, it comes to rest. Owing to
the relatively large mass of ions compared with that of electrons, individual scattering events
lead only to small angular deviations, which statistically compensate each other over numerous
collisions. Consequently, the trajectories of tritium and helium ions in the medium can be
approximated as nearly rectilinear.

The ion path length A (m) in the material may be estimated using the ionization loss formula
(Bethe-Bloch equation) [18]:
dE 4mnZ’e* 2mv? v?

=2 | m——
dx muv? nl (1 _ ﬁ) c? (4)
C2

where m is the electron mass; c is the speed of light; v is the velocity of theparticle; f =v/c; Z is the
charge of a particle in units of the positron charge; n is the electron density ofthe medium; lis
the average ionization potential of the atoms in the medium through which the particle passes.

To assess the ionization losses the LISE++ program is usually used, which allows prediction
of the energy losses and beam purity of radioactive ions during their transport [19]. For
each specific calculation, a program module is used in which the name of the isotope being
slowed down, its energy, and the target parameters are set: its density and the stoichiometric
composition of atoms.

To describe the emission of tritium and helium ions from the near-surface region of beryllium,
a two-dimensional geometric model is employed (Figure 1).

Suppose a number of Rtritium-producing reactions occur at point Alocatedat a distance x
from the material surface. The particles formed are emitted isotropically from thispoint.The
number of ions released from the material is determined by an isosceles triangle with a side of
A, and in the segment of the angle 2a all ions will leave the material. Their number of escaping
ions, F, can be expressed as:
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arccos arccos(Q) (5)
F=R- p- = R - arccos (x/1)/m

By integrating this expression over x from 0 to A, it is easy to obtain expression for the rate N
(mol/s) of ions release from the surface layer with an area of S (m?):

.c
N = R—Sf (arccos(x/A))dx =R-S-A/m. (6)
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Figure 1. Two-dimensional geometry of the release of tritium and helium atoms
from the near-surface layer of beryllium

Moving to integral values for estimating the amount of tritium ions released from the
beryllium surface layer with an area of S during irradiation time t, the following expression is
obtained:

1 tmax S
N(tmax,S) = Ef .f R(S,t) - AdSdt (7)
0 0

This methodology can also be applied to other irradiated materials containing lithium-6.To
demonstrate the applicability of the delelpoed approach, the release of tritium ions from the
near-surface region of lithium ceramics was experimentally investigated in a dedicated reactor
experiment, described below.

Reactor experiment on irradiation of lithium ceramics

In order to obtain samples of aluminum foils that captured tritium released in a non-
activating manner two types of lithium ceramics (lithium metatitanate - LMT) pebbles with
natural and 96% enrichment in Li6 were exposed to neutron irradiation. It was assumed that
tritium ions would be absorbed by the aluminum foil in which the ceramics were wrapped. The
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thickness of the foil was about 100 um, which significantly exceeded the free path of tritium
ions in aluminum.

The irradiation consisted in the following: sealed capsules (Figure 2a) with lithium ceramics
samples wrapped in aluminum foils were loaded into anampoule device, which was irradiated
in the peripheral irradiation channel of the WWR-K research reactor (Figure 3) for 516 hours.

a) b)

Figure 2. Photograph of capsules with lithium ceramic samples wrapped in foil (a)
and irradiation diagram (b)

The capsule arrangement in the reactor ampule device is shown in Figure 2b. Three capsules
with LMT (with natural enrichment in Li¢), were installed in the lower part of the ampoule
device. The rest three capsules with LMT (96% of Li®) were installed in the upper part of the
ampoule device. The capsules were filled with argon. During the experiments, the ampoule
device and the capsules were cooled with water of the first coolant circuit of the WWR-K reactor.
Average temperature of coolant did not exceed 50°C. The flow rate of the coolant through the
capsule was equal to 0.5 m/s.

Irradiation channel with lithium ceramics sample
Be block

Fuel assembly of type 1
Fuel assembly of type 2

Figure 3. Configuration of the WWR-K reactor core
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During irradiation experiment a diagram of the temperature change of the aluminum foil
was obtained (Figure 4). As can be seen from graph, the foil’s temperature in experiment was
less than 50 °C. The temperature values shown on the graph correspond to the average values
obtained from three independent temperature sensors measuring the coolant temperature.
Since the irradiation capsule is cooled by the water of the reactor's primary circuit both from
the outside and from the inside, the temperature inside the capsule is equivalent to the coolant
temperature. Temperature fluctuations are associated with daily changes in the environment
temperature, which affects the second cooling circuit of the reactor and, accordingly, decreases
or increases heat exchange between the first and second circuits of the reactor.
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Figure 4. Diagram of the reactor experiment with lithium ceramic pebbles
Tritium amount determination in aluminum foil

After irradiation, the capsules were opened and aluminum foils were extracted. The foils
were decomposed in an autoclave with 1 ml of concentrated HNO, and 0.5 ml of HF at 180 °C
for 2.5 h. The cooled solution was neutralized with Na,CO, to pH 8 and diluted to 50 ml with
distilled water, followed by preliminary distillation [20]. From the second distillate fraction
(220 ml), 1 ml was mixed with Ultima Gold LLT scintillation cocktail (1:19) and stored for 12 h
before measurement. Tritium activity was determined by liquid scintillation beta spectrometry
(TRICARB-3100TR) for 3 h in the 0-15 keV range with a detection efficiency of at least 60%.

The results for the amount of tritium released in non-activation way (obtained by calculation
according to the above method) and the results of the experimentally determined amount of
tritium in aluminum foils are given in Table 1.
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Table 1. Amount of tritium released by non-activation way during irradiation of lithium
ceramics (comparison of calculation and experimental results)

Type of samples wrapped Calculated value of the number Experimental value
in aluminum foil of tritium atoms that entered of the number of tritium atoms
the aluminum foil during in aluminum foil, determined
irradiation by liquid scintillation beta
spectrometry
Li,TiO,(natural enrichment) 3.35:1017 (2.0£0.4)-1017
Li,TiO,(96% Li6) 2.14-1018 (1.1+0.2)-1018

The comparison of calculated and experimental results demonstrates good agreement in
terms of order of magnitude, with a clear proportionality between the tritium content and the
degree of lithium-6 enrichment in the investigated ceramic samples.

At the same time, the experimentally measured number of tritium atoms in aluminum foils
was consistently lower than the calculated estimates. This discrepancy is attributed to the
incomplete retention of tritium in the foils: part of the released tritium likely penetrated only
shallowly into the foil and subsequently escaped during post-irradiation handling and sample
preparation. Another possible reason is the simplification adopted in the calculation procedure,
where self-shielding effects of the lithium ceramic pebbles under irradiation were not considered.
Specifically, formula (7) was applied to the total geometric surface area of the spherical samples,
whereas in reality they formed a pebble bed with a mean pebble radius of 1 mm.

Overall, the results confirm that irradiation of lithium-containing ceramics leads to a
measurable tritium release, attributable to its non-activation emission from the near-surface
region of the material. The proposed computational approach provides estimates that are
consistent with the experimental data within the expected accuracy.

Accounting for the discrepancy between experimental and calculated data due to the geometry
of the irradiation experiment

Let us consider a configuration close to the experimental arrangement of lithium ceramic
pebbles. The pebbles are sparsely arranged with a distance between them approximately
equal to two of their diameters. With such an arrangement, the influence of geometry on the
activation-free release of tritium becomes especially significant. In this scheme, the pebbles are
arranged in one layer on a flat surface, and a sheet of aluminum foil wraps the pebble bed from
above, below, and on the sides. Tritium ions formed during the reaction are emitted isotropically
with an energy of about 2.73 MeV and a mean free path in lithium ceramics of about ~ 30 pm,
depending on the density of the material.

For a triton to be released, it must be born in the ceramics within the range from the surface
of the pebbles and have a trajectory direction that does not encounter obstacles to the foil.

In conditions of sparse packing, when there is a significant free space between the pebbles,
the possibility of the tritons exiting not only in the vertical direction, but also to the sides, opens
up, since the probability of a collision with a neighboring pebble is minimal.
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In this case, vertical trajectories provide a contribution due to the fact that the tritons born
in the upper hemisphere of the pebble and directed upward, as well as the tritons born in the
lower hemisphere and directed downward, can freely reach the foil. Taking into account the
isotropy of the emission and the uniform distribution of tritons by depth, the proportion of such
vertical trajectories is estimated as

Q, = ~ 0.5,

N =
N =

Ly
2

N =

where the first term corresponds to the number of tritons born in the upper hemisphere of
the pebble and flying upward, and the second term - to the number of tritons born in the lower
hemisphere of the pebble and flying downward.

For lateral trajectories in sparse packing conditions, a significant space between pebbles
allows most tritons flying at angles from ~30° to ~150° relative to the vertical to reach the lateral
foil without obstacles. The approximate fraction of such an exit can be estimated as Q2x0.25.
Considering that the angular share of lateral directions is approximately half (50%), but only newts
born in the near-surface zone and directed strictly sideways will be able to exit, the total coefficient
decreases to ~25%. Thus, the total coefficient of triton exit into the foil with sparse pebble packing
is calculated as the sum of the vertical and lateral components and is equal to ~0.75.

This means that with a sparse configuration of pebble placement, the efficiency of tritium
detection by aluminum foil reaches about 75% of the calculated value, assuming individual
wrapping of each pebble. This is significantly higher than with dense packing, where the
yield coefficient is limited to 25-55% depending on the bottom coverage. In this regard, when
interpreting experimental data and constructing calculation models of non-activation tritium
yield, it is necessary to take into account a correction factor reflecting the influence of the
geometric configuration of the pebble bed and the availability of lateral trajectories for the
release of tritons into the foil.

Calculation of the rate of non-activation tritium release from beryllium blocks of the WWR-K
reactor

Based on the proposed method, the rates of tritium release from beryllium blocks of the
WWR-K reactor were estimated during its operation at nominal power. The beryllium block
in the reactor core is a monolithic hexagon 69.5 cm high. The density of the beryllium block
is 1.894 g/cm3. Blocks are located around the fuel assemblies, forming a ring around the fuel
part of the core. In Figure 5, the MCNP model of a horizontal section of the WWR-K reactor core
is shown, indicating the cell numbers of the beryllium blocks. Since the heating of the coolant
and samples during standard irradiation is not significant, the change in the temperature of the
coolant and samples was not taken into account in the calculations.
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Figure 5. MCNP model of the WWR-K reactor core: 1) fuel assembly of type 1; 2) fuel assembly
of type 2; 3) irradiation channel with a displacer; 4) beryllium block

During operation of the reactor at nominal power, some amount of beryllium almost
immediately turns into Li®(according to the reactions (1) and (2)). The densities of beryllium
and lithium atoms are described by the following equations:

% = _NBe{RR}Bea (8)
dN;
dtLl = NBe{RR}Be - NLi{RR}Lir 9

where, to simplify the notation, the dependence of the numerical density N on time is
omitted. The indices Be and Li denote Be® and Li®, respectively. {RR} denotes the rate of isotopic
reactions: (n,H?) for Li® and the reaction (n,a) for Be.
{RR} is defined as:
20

(RRY = [ 0B, 00, (). (10)
0

where x is the name of the isotope; @(E,t) is the neutron flux in the irradiation position; o_x
(E) is the corresponding neutron-induced cross-section for isotope x. The energy interval (0-20
MeV) covers the entire range of neutron energies in the beryllium block.

To calculate the rate ofLi®(n,H?) reaction, a 1 mm area of the outer part of the beryllium
block was selected along its entire height. The reaction rate in a unit volume (1/(cm?3s)) of the
beryllium block was determined as:

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N23(152)/ 2025 121
Dusuxa. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



T Kulsartov, A. Temirzhanov, Zh. Zaurbekova, A. Shaimerdenov, S. Askerbekov, P. Kharkin, O. Milts, D. Sairanbayev,
L. Kenzhina, T. Zholdybayev

RRy = N;(0) - NBeo{RR}Lir (11)

where N, )is the initial number of beryllium atoms per unit volume, (at/cm?); N, (0) is the
number of Li® atoms formed in 1 s as a result of the Be(n,a) reaction, (at/cm?); {RR} | is the rate
of the Li®(n,H?) reaction per one Li6 atom. The initial number of beryllium atoms in the block
N,.)=1.23-1023 at/cm®.

The reaction rates{RR} of Be(n,a) and Li6(n, H*) per one atom of Be and Li®, respectively, were
calculated using the MCNP® code and the ENDF/B-VII.1 neutron cross-section library [21]. The
MCNP model was built according to the real size of the reactor core with fuel assemblies and
structural components. The MCNP input file included 500 cycles consisting of 450 active and 50
inactive cycles with 200,000 histories per cycle. The reaction rate values were normalized to the
calculated k . value and compared with the steady-state power level of the critical system in units
of fission neutrons per unit time, which allows us to move from the reaction rate to the neutron
flux density. For the WWR-K reactor; for which the nominal power is 6 MW, the scaling factor is:
neutron

fission
where 0.92 is the fraction of thermal power due to neutrons.

fission

6-10°MW - 3.467 - 1OIOT - 2.457

7 neutron

-+0.92 = 4.70 - 10? —

Figure 6 shows the calculated values of Li (n, H*), (1/(cm®s)) reaction rate in beryllium
for the outer ring of blocks in the WWR-K reactor core. Calculations showed that the rate of
tritium release into the cooling water from all beryllium blocks during reactor operation at
nominal power is about ~10-14 mol/s. As can be seen, the tritium flux values determined by the
proposed calculation method are quite noticeable and, in general, should be taken into account
when operating research nuclear reactors containing beryllium elements in the core design.

5E+08

[ ]Reaction rate Tritium flux

8E-16

4E+084 ||

6E-16
3E+08

4E-16
2E+08

Li®(n,a)T reaction rate, 1/(cm®s)

1E+08 2E-16

Tritium flux from the Be block, mol/s

0E+00 OE+00

3-2 3-3 2-3 3-6 4810-59-210-39-6 4-2 3-7 9-710424 52 7-2 82 88 79 59 93 2.5 6-1 69

Beryllium block number

Figure 6. Li®(n,a)t reaction rates and tritium flux from the beryllium block
of the WWR-K reactor
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Conclusion

Thus, as a result of the studies of non-activation release of tritium from the surface layer of
beryllium under neutron irradiation, a method for calculating the tritium flux from the surface
was obtained, which was confirmed in the irradiation experiments with lithium ceramics.

The results of the calculated estimates and experimental values for the amount of tritium
released from the lithium ceramic samples reasonably coincided (in order of magnitude). It
was shown that the tritium flux from the samples is proportional to the degree of enrichment
in lithium-6, and this proportionality is fairly well observed for various ceramic samples. The
observed discrepancy between the calculated data and the experiment is due to the research
methodology and a simplified calculation scheme that does not take into account the actual
geometry of the experiment.

Further, according to the proposed methodology, calculations were made for the non-
activation release of tritium from the beryllium rods of the WWR-K reactor. Calculations showed
that the rate of tritium release into the cooling water from all beryllium blocks during reactor
operation at nominal power is about ~10-14 mol/s.

The obtained results can be used for a qualitative assessment of the tritium safety of nuclear
research reactors containing beryllium elements in the reactor core design.
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3epTTey AAPOJIbIK, peaKTOPJIapAbIH KYpaMbIHAA 6epU/IMM 6ap MaTepuajajapblHAaH TPUTUHAIH,
AKTHUBTEHOENTIiH 66JIIHY IpoLecTePiH IKCIePUMEHTTIK 3epTTey/iep XKoHe ecelnTey.

AHpaTna. 3epTTey peakTopJlapblHJaFbl 6epu/LIuii pedieKTopapbl TPUTHUHIH 6erisi ke3aepiHiy,
6ipi GoJsibin Ta6BLIAAbI, OYJ1 OHBIH G6JiiHyiHe GaMJIAHBICTHI KAyilCi3Aik MaceJsiesepiH TybIHAATA/bI.
TpuTuiiaiy allTapabiKTal 6eJiHyi 9ieTTe *KoFapbl TemnepaTtypanapzga (>700 °C) audpody3us ecebineH
Kypeni, anaiza mamamen 50 °C TemnepaTypaZa /a ejlleHeTiH MeJlep/ieri TPUTUH TipKeareH, 6y
KYObLIBICTBI AUPPY3UANBIK MEXaHU3MMEH TYCIHAIpY MYMKiH eMec. OcbIFaH 6ailJlaHbICThI 6esICeH1ipycCi3
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GeJliHy npolieci KapacThIpbLIa/bl, MyH/1a 6epUJIUNAIH 6eTKi KabaTbIH/|A TY3iJIreH TPUTUHN AAP0J1aphl
MaTepHal/aH TiKeJel »XoFapbl 3HEPTUAIbI HOHJAP TYPiH/E LIbIFaibl.

ByJ1 npouecTi caHIbIK, TYpFbIJlaH 6aFajiay YiiH ecenTey yJrici xkacanibl. MaB sHeprusibl TpUTUH
VOH/IAapbIHBIH KATThl AeHeJIepJleTi :Kypy Y3bIH/bIFbI OipHellle OHJjaFaH MUKPOMETPMEH LIeKTesei, 6y
oslap/blH 66JiHyiHiH THIM/i 6eTKi aliMaFbIH aHBIKTaWAbl. [eOMeTPHUSJIBIK TaIJay CIyJeJeHy Ke3iH/e
O6eTTeH 6G6JIiHETIH TPUTUN HOHJAPbIHbIH, CAaHbIH aHbIKTayFa MYMKIiH/IK 6ep/i. YJAriHi Tekcepy ylIiH
Taburyu xoHe °Li 6odbiHIIA 96% GaibIThLIFaH JUTHH MeTaTtuTaHaThl (Li,TiO,) mapuxrepi BBP-K
peakTopbiHa ~50 °C TeMnepaTtypaza 516 caraT 60¥bI cayseneHAipiaai. Yariaep 100 MKM aJloMUHUA
dosibracblHa opaJi/ibl, 0J1 TPUTUH KOJIJIEKTOPHI peTiH/le KbI3MeT eTTi. CaysiesieHyieH KeliH ¢osibraaap
epiTisin, TpUTUN MeJiepi CYHbIK CHUHTU/ISLUSJIBIK CIEKTPOMETPHUS d/liciMeH aHbIKTa//bl.

EcenTik TpuTui weirbiMbl 1017-1018 aToMap waMacbklHAa 60JbIH, TRHKIpUOeiK HOTHKeJlepMeH
aKChbl corikec Kesii. Taburu Kypampbl Li, TiO, yiuid ecennen 3,35:1017 aToM 60JKaH/ b, aJ1 ©JIIIeHreHi
(2,0£0,4)-10% Gongbl; an °Li-MeH GaWbITBLIFAH Li,TiO, ywin Tuicinure 2,14-10%8 xone (1,1£0,2)-108
aToM aJbIH/bL. TaxKipubesik MoHep/liH ToMeH/1eyi TPUTHHAIH $0J1brajia TOJBIK YCTaJIbIN KaJMaybIMeH
»K9He yJrieyaeri KapanaiblMIaHAbIpYJAapMeH, aTall auTKaHAa TYUIpLIIKTepAiH coyJiesieHy Ke3iHeri
©3/liriHeH KeJieHKeJIeHYiH ecelKe aiMayMeH TYCiHAipiieni.

ANBIHFaH HOTHXKeJIEp JIUTHUHUKYpaMJbl KepaMHUKaJapAaH TPUTUWAIH 6esceHAaipyci3 6eJiHyiHIiH,
6ap eKeHiH pacTail[jbl *KoHe YCBIHbLIFAH YJTiHIH OepU/JIMi KOMIOHEHTTepi 6ap peakTopJapAblH
pasuanysIbIK Kayinci3girin 6aranayFa KoJiJlaHyFa 60J1aThIH CeHIM/i 6aFasiap 6epeTiHiH KepceTe/i.

Ty¥iH ce3aep: IUTHI KepaMUKachl, HEUTPOH/bI CayJieieHy, TpUTUH, reauid, MCNP6.

T. KynbcapToB'?, A. TemupkaHoB'>*, JK. 3ayp6ekoBa’?, A. lllaiimepaeHoB?, C. Ackep6eKkoB'?,
I1. Xapkun?, 0. Muisn?, J. Caiipan6aeB?, U. Kemxxkuna'?3, T. JKoaabi6aen!
!HHcmumym sidepHotl pusuku, Aamamul, Kazaxcmau
2HHcmumym sKkcnepuMeHmMaabHol U meopemuveckoli pusuku, KasHY um. anb-@apabu,
Aamamel, Kazaxcmax
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PaC‘lETHO-SKCHepPIMeHTaJIbeIe HCC/IeA0BaHUA NMpoIeccoB 6e3 AKTHUBAIIMOHHOI'O Bbl€/1ICHUSA
TPUTHUA U3 6epuﬂﬂnﬁcoaepmamux MaTepHaJ/JI0B HCC/IeA0BaATE/IbCKUX AACPHBIX PEAKTOPOB

AHHoOTanusA. bepu/meBble oTpaxkaTeJd B UCCIe[,0BaTeNbCKUX PeaKTOPax sBJSIOTCSA U3BECTHBIMU
MCTOYHUKAMH TPUTHS, YTO BbI3bIBAET ONACEHUS B CBSI3U C €r0 BO3MOXXHBIM BbICBOOOXKAEHHEM. XOTS
3HAYMUTeJIbHOE ra30Bble/leHHe HabJloflaeTcs MpY MOBBIIEHHBIX TeMnepaTypax (>700 °C) 3a cuyér
Jnddy3uy, U3MeprUMble KoJiIMyecTBa TPUTUA GUKcUpoBaauch U npu ~50 °C, YyTO He MOXKeT ObIThb
0G'bSICHEHO JJaHHbIM MeXaHU3MOM. B CBf3M ¢ 3TUM paccMaTpuBaeTcs Ipolecc 6e3aKTUBALMOHHOTO
BbljleJIeHUs], IPU KOTOpPOM siipa TPUTHS, 06pasymoolyydecss B NMPUINOBEPXHOCTHOM CJoe Gepusuiuvs,
HalpsIMY0 MOKUJAI0T MaTepHuaJs B BU/ie BbICOKOIHEePreTUYeCKHUX MOHOB.

JJ11 KOJIMYeCTBEHHOW OLIeHKH 3TOro Inpouecca 6bl1a pa3paboTaHa BBIYUCAWTE/bHAsA MOJeJb.
JlIvHa npo6era MOHOB TPUTHS C 3HEPTUAMU Nopsiika MaB B TBEpABIX Tes1aX OrpaHUYeHa HeCKOJIbKUMHU
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JleCITKAaMU MUKPOMETPOB, YTO onpeesseT 3PeKTUBHYIO 06J1aCTh MPUTNIOBEPXHOCTHOTO BhIJ|eIEHUSI.
[eoMeTpuvecKHUil aHa/Ju3 MO3BOJIUJ BbIBECTU BbIpa)KeHUE /Il YMCJIa UOHOB TPUTHSA, NOKUAAIOLIAX
NIOBEPXHOCTb B YCJIOBUAX 00/1ydeHUs. [l/1s1 NpoBepKH MO/IeJIU UCIT0JIb30BaIMCh 06pa3ibl METaTUTAHATA
autusa (Li,Ti0,) c ecrectBeHHbIM U 96% oGoramenueM no °Li, 06.1y4énnble B peaktope BBP-K npwu
Temnepatype ~50 °C B TeueHue 516 yacoB. O6pa3ibl ObLIK OGEPHYTHI AJOMUHUEBON GOJIBION
ToamuHON 100 MKM, CAy>XUBIIEH KOJIJIEKTOPOM TPUTHS, KOTOPBIMA 3aTeM ONpejessiicad MeTOA0M
KUJAKOCTHOU CHUHTHUJISIIUOHHON CIIEKTPOMETPUH TIOCJIE PACTBOPEHHUS QOJIBT.

PacyéTHble BBIXOJbl TPUTHUSA COCTaBUJIM Nopsigok 10'7-10'® aToMOB M XOpOIIO COT/IACOBAJIUCH C
3KCMepUMeEHTANTbHBIMU JaHHBIMU. J[J1s1 Li2Ti03 cnpupoHBIM U30TOMHBIM COCTAaBOM ObLJIO IPE/[CKA3aHO
3,35-10" atomoB npotus (2,0+0,4)-1017 nusmepeHHsIX, a A oboraménHoro no °Li Li,TiO, - 2,14-10"
npotuB (1,1+0,2)-1018. 3aHuKeHHble 3KCIEPUMEHTaJIbHble 3HAueHUSl OOBSCHSITCA HEMOJHbIM
yZlep>KaHueM TPUTHUS B GoJibre U yIpoLeHUSIMHU MO/IeJIH, B YaCTHOCTH, OTCYy TCTBUEM Y4ETA CAMO3aLUThI
rpaHyJ IpU 06JIyYEeHUH.

[lonyyeHHble pe3y/abTaTbl MOATBEPXKAAIT CyllleCTBOBaHUE G6e3aKTHBALMOHHOIO BblJeseHUs
TPUTHS U3 JTUTUHCO/IEPXKAIUX KEPAMUK U JIEMOHCTPHUPYIOT, YTO MpeAJI0KeHHas MO/iesIb 06eCcrieYuBaeT
JIOCTOBEPHbIE OIleHKH, NMPUMEHUMble JJisl aHajJu3a paJhallMOHHOW 6e30MacHOCTH PeaKTOpPOB C
6epUJIINEBBIMU KOMIIOHEHTAMU.

KiioueBble c/10Ba: IUTHEBAs KepaMUKa, HEUTPOHHOeE 06yyyeHue, TpUuTUi, reauit, MCNP6.
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