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A simulation of the helium diffusion in uranium dioxide crystals:
a comparison of the interaction potentials

The article studies interaction of radiogenic gases, such as helium with oxide nuclear fuel. The problem
of molecular-dynamic modeling of the processes of helium accumulation and diffusion in uranium dioxide
crystals is considered. The simulations are carried out taking into account the high energy of the particles
(up to 100 keV), characteristic of cascade collisions. The potentials of interaction of helium atoms with oxy-
gen and uranium ions are proposed, applicable in the range from the energy of thermal motion to hundreds
of keV. The well-known potentials of helium interaction in UO, crystal (R.W. Grimes [1], E. Yakub [2]) are
compared with these proposed in this paper. Using molecular dynamics, the coefficients of helium interstitial
diffusion are calculated for the temperatures from 1500 K to the melting point, the values from 1-10-4 to 1-10-7 cm?/s
are obtained. The corresponding activation energies varied from 2 to 2.7 eV, depending on the interaction po-
tentials. The results are compared with the experimental data and molecular dynamics calculationsof other
authors. The calculated values of the diffusion coefficient are shown to be close to the experimental data on
helium interstitial diffusion for the fluorite crystal considered as a structural analogue of the oxide fuel.

Keywords: the oxide nuclear fuel, the potentials of interaction, the diffusion coefficient.

Introduction

The study of the processes of accumulation and diffusion of radiogenic helium in the oxide fuel of nu-
clear reactors is of practical interest in connection with the existence of such phenomena as swelling and he-
lium embrittlement of reactor materials. Helium bubbles that arise in the volume of fuel crystals can be ex-
posed to cascade collisions that arise as a consequence of nuclear reactions (and neutron irradiation).
The computational modeling of the interaction of helium bubbles with collision cascades (high-energy parti-
cles from such cascades) in UO, and PuO, by molecular dynamics (MD) is actual.

The interaction potentials that are applicable for MD simulation of high-energy interactions in crystals
should be correct in a wide range of interparticle distances from ~0.01 eVup to several electron volts.
For helium in UO, and PuO, crystals, there are no generally accepted potentials of this type. Potentials calcu-
lated by the embedded cluster approach in [1] were presented in the Lennard-Jones form. This representation
is correct only on the average distances between the helium atom and the nearest ions, which are characteris-
tic for thermal lattice vibrations (Fig. 1). In [2], the He-U and He-O potentials were constructed using the
combination rules [3] as the geometric mean potential He-He, U-U and O-O [4]. In this case, the empirical
potentials U-U and O-O [4] were used, reconstructed on the basis of the mechanical properties of UO, at the
standard pressure and temperature. Thus, the potentials [2] were also unlikely to describe high-energy colli-
sions.

The pair interaction potentials and the simulation results

In the present paper, the He-uranium and He-oxygen potentials calculated by the Dmol method [5]
in [6] were proposed to simulate high-energy interactions of helium with ions in uranium dioxide. These po-
tentials for calculations were approximated by the «two exponents» function

Uij (ry) =& (e_zﬁ(R_R'") -2. e_H(R_R'") ) (1)

The choice of potentials [6] was discussed in [7]. We only note that, in the absence of a better option,
the calculated potential of the isoelectronic pair He—Gd*" was taken as the He-U potential. Below, we refer
to these potentials as Potentials I. To increase the range of applicability, the potentials I were extrapolated [7]
to the distances less than 0.5 A by the screening functions [8]. These functions describe the Coulomb interac-
tion of nuclei shielded by the internal electrons. The resulting Potentials II were obtained in the form
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Potentials I and II are shown in Figures 1 and 2, their parameters are given in Table.
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Figure 1. The interaction potentials of helium atoms with oxygen ions in the uranium dioxide crystals.
The potential Dmol (He-O) [6] in the Figure belongs to the Potentials I set of this work
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Figure 2. The interaction potentials of helium atoms with uranium and isoelectronic ions.
The potential Dmol (He-Gd ™) [6] in the Figure belongs to the Potentials I set of this work
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Table
The parameters of the helium interaction potentials in the UQ, crystal
The Potentials I «two exponents»
Pair g, eV B, A R, A
He-O™ 0.06 1.14 3.21
He-U"' 0.36 1.82 2.28
The Potentials II, equation (2)
D*(r) Ay, eV B, A’ A,, 5B B,, A’ A, 5B B;, A’
He-O™ 205.609 2.38802 -2.39227 0.70172 -0.25842 0.80359
He-U"" 2655.61 3.89292 -9.69049 0.94779 -0.06768 0.22145

In the present work, we compare the known potentials of helium interaction with the environment in the
UQO, crystal using the MD calculation of the coefficient of interstitial diffusion of helium. The results of the
simulation are shown in Figure 3.
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Figure 3. Comparison of the He diffusion coefficients in the UO,

Conclusions

The following conclusions can be drawn from the results:

1. All the calculated diffusion coefficients at temperatures above 1500 K (7} / 7 < 2) have values
in the range 1-10*+1-107 cm*/s with the activation energies from 2 to 2.7 eV.

2. For the potentials [1, 2] and Potentials I of this work, similar dependences of the coefficient of inter-
stitial diffusion on temperature were obtained, while Potentials II gave somewhat higher activation energy.

3. The potentials I and II differed only at distances less than 1.5 A. The divergence of the diffusion acti-
vation energy for these potentials shows that it is necessary to refine the potentials of the interaction of heli-
um with oxygen and uranium ions at these distances.

4. Experimental data are characterized by the diffusion activation energies of the order of 2 eV, which
coincide with the results of calculations in the present and previous works [2, 9]. However, the possibility
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of direct comparison of these results with experiment is doubtful, since the experimental diffusion mecha-
nism could differ from the interstitial mechanism, as indicated by the following considerations:

4.1. The values of the diffusion coefficient measured in [10—13] differ very much, in spite of the similar
activation energies. This behavior can be explained assuming that the helium migration process was assisted
by some defects and the concentration of these defects in the UO, samples from [10—13] differed.

4.2. The experimental values of the helium diffusion coefficient in UO, are underestimated with respect
to the characteristic values for the interstitial diffusion. For comparison, Figure 3 shows the In(Dgy.) vs.
(Twe/T) dependence for the interstitial diffusion of helium in CaF, [14]. The CaF, crystal is a structural ana-
log of uranium dioxide with a very close lattice constant (at room temperature dc,r = 5.46 A, ayo, =5.47 A).
It can be seen that the diffusion coefficients of helium in CaF, are close to the results of simulationof the in-
terstitial migration of He in UO, in the present and previous works. On the other hand, the experimental data
for CaF, and UQ, differ by several orders of magnitude, which points to different mechanisms of migration.
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YpaH a1nokcuai KpuctaaaapbiHaa reJuii 1up@y3usicbIH Moesbaey:
JcepJiecy MOTEHIIHAIAPBIH CAJIBICTBIPY

MakaJa reiuii CHSKTBl paJuoreH i Ta3ablH OKCHAITI SAPOJIBIK OTBIHMEH OPEKETTECTITIH 3epTTeyre apHaFaH.
MosekynanbIK-IMHAMUKAIBIK MOZAENIbAeY apKbuibl Aaponblk OoTbiH (UO,) OKCHIIHIH KpHCTaliapbiHAA
renuiaiH Tuddy3uACH )KOHE TACBIMATIBIHBIH YAEPici KapacThIpbUIAbL. MOICIbIey COKTHIFBICY KaCKaaTapblHA
TOH JKOFaphl dHEPTHsIbl OomiekTepai eckepe oThiphin (100 k3B geiiin) xy3ere actel. JKbuTy KO3FasbIChl
SHEPTUACHIHAH 0acTarl, )KY3ZereH KB nuana3oHbIHa KOJIaHBUIATBIH eI aTOMIAPBIPBIHBIH OTTETI, ypaH,
IUTyTOHHH HOHAAPBIMEH dCepiiecy MOTCHIHANAAphl YCHIHBUIABL ABTOpJIAPDMEH YCBIHBUIFAH —dcepliecy
MOTEHIMAIapbIMEH KeHiHeH TaHbiMai remuii MeH UQ, KpHCTalbl OpPTachIHBIH dcepliecy MOTeHIMaIIaphl
(R.W. Grimes et al. [1], E. Yakub et al. [2]) apacsiHna cansICTEIpy KYpri3inai. MoseKyaabIK-IHHaMHKAIbIK
OMliCTIeH TeNmuimiH MHTepcTHIHAIIsl aupdy3us xoddummenti 1500 K Oacran 6anky TemmepaTypacklHa
meiin ecenTeningi, anpikTanFaH emmemaep 1-10—4 xone 1-10—7 cM*/c apanbwbina xateip. Juddy3HsHbIH
OelceHIl SHEPIHACH ocepliecy NOTCHIMANNAPEIH TaHJATyblHa OalaHeIcTel 2-meH 2,7 »B-re neifin
aybITKUIbL. AJIBIHFAH HOTIDKENEp SKCIEPUMEHTTIK JepeKTepMeH, COHpal-ak Oacka Ja aBTOpIap.bIH
MOJIEKYJIaJIbIK-JUHAMUKAIbIK OJICIH KOJIIaHA OTBIPBIN AJIbIHFAH €CeNTeyJIePMEH CalbICTBIPbUIABL ATamn
aiiTkanma, ecenrtenreH IUGOy3us KOIDPHUIUCHTIHIH MOHACP] SAPOJBIK OKCHIATI OTBHIHHBIH KYPBLUIBIMJIBIK
aHanorsl — (IIOOPHT KPHUCTAJBIHAAFHl TENUIIIH HHTepCTHUHAIAB JU((GY3USICHIHBIH SKCIIEPUMEHTTIK
JIepeKTepIMEH ColKeceTi.

Kinm ce30ep: MOIEKyIabIK-THHAMAKAIBIK MOJEIBICY, OKCHITI SAPOJBIK OTHIH, dCEPIecy MOTCHIIUAIAPEL,
T Py3us KOdPPHUIUCHTI.

J.J. CentoB, K.A. Hekpacos, A.f Kynpsoxkun, C.K. I'ynita, A.T. Akbuioexkos

MopeaupoBanue n1u¢@y3uu reJus B KPUCTALIAX THOKCHIA ypaHa:
COIMOCTABJIEHHE NMOTEHIIMAJIOB B3aUMO/IeCTBUSI

CraTbs TOCBSIIICHA UCCICIOBAHUIO B3aUMOJCHCTBUS PAJMOTCHHBIX T'a30B, TAKUX KaK T'ElUi, ¢ OKCHIHBIM
SIICPHBIM TOTUTMBOM. PaccMoTpeHa 3aada MOJEKYISIPHO-THHAMHYECKOTO MOJICITMPOBAHS IPOIIECCOB HAKO-
rwieHust 1 Auddys3un reaus B KpUCTaiax AMOKCHIA ypaHa. MoenupoBaHie POBOIMIOCH C YUYETOM BBICO-
kux dHepruit yactun (1o 100 k3B), xapakTepHbIX JUIsl KaCKaJoB CTOJIKHOBEHUH. [IpenokeHbl MOTEHIHAIBI
B3aHMOJICHCTBHsI aTOMOB T'€JUsl C HIOHAMHU KUCJIOpPO/a, ypaHa, IPUMEHUMbIC B THana3oHe OT SHEPIHU TEIUIo-
BOTO JIBI)KEHHUs 10 coTeH k3B. [IpoBeneHo comocraBieHie NIMPOKO W3BECTHBIX MOTEHINAIOB B3aUMOICHCT-
BUsI renust ¢ okpyxenueM B kpuctauie UO, (R.W. Grimes et al. [1], E. Yakub et al. [2]) ¢ norenimanamu,
MPEUIOKCHHBIMI B HACTOsIICH pabore. MeToqoM MONEKYISAPHON AWHAMHUKHA pacCYUTaHbl Kod(QuImeHTs
MEXI0y3eNbHOM nuddy3un remus B nuanazone temrmeparyp ot 1500 K mo masnenus. [lomydeHHBIC 3HAYE-
HHA NexaT B auamasone ot 1-10—4 1o 1-10-7 cm?/c. COOTBETCTBYIOUIHE SHEPrHM aKTHBALHHE THBGY3HH
BapbUPOBATUCE OT 2 110 2.7 3B, B 3aBHCUMOCTH OT BEIOOpA IMOTEHIMAIOB B3auMoAeicTBuUs. [lomyueHHbIE pe-
3YJBTAaThl COTIOCTABIICHBI C AKCIIEPUMEHTAFHBIMI TAHHBIMH, a TAKXKE MOJICKYJSIPHO-THHAMUYICCKUMH pacyé-
TaMH APYTHX aBTOPOB. B WacTHOCTH, MOKa3aHO, 4TO 3Ha4YeHUs koddduipenta auddys3un, paccUnTaHHBIC
B paboTe, OIIU3KH K IKCIIEPUMEHTAIBHBIM JaHHBIM 110 MEXI0Yy3elIbHOH AndQy3un reaus st CTPYKTYPHOTO
aHaJora sIepHOr0 OKCUIHOTO TOIIMBA — KPHUCTAJLIa (III0OPUTA.

Kniouesvie cnosa: MONEKyIspHO-TUHAMAYECKOE MOJICIMPOBAHUE, OKCHAHOE SASPHOE TOILUTHBO, MMOTCHIHAIIBI
B3aUMOJICHCTBHSA, K03 durmeHT auddy3uu.
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