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Some problems on formation of the complex chemical compounds (uranate, zirconate, etc.) in the fuel rods during

irradiation and in oxidative reactions are considered. Complex compounds influence the separation processes at

magnetoplasma reprocessing of spent nuclear fuel (SNF). The variant of the experimental setup for simulating the

processes of formation of complex compounds in the SNF is proposed.

PACS: 03.65.Pm, 03.65.Ge, 61.80.Mk

1. INTRODUCTION

It is known that in a number of reactors about 95%
U-238 and 5% of fissile U-235 in the form of oxides
is loaded. At U and Pu fission and subsequent ra-
dioactive decay of the fission products (FPs) a large
number of new chemical elements is formed. In ad-
dition, for each fission two atoms of oxygen release
in the oxide fuel, which can participate in different
chemical reactions, producing a complex oxide com-
pound. In [1] some of the physicochemical processes
on formation of complex compounds in the fuel rods
at deceleration of the multi-charged FP ions in the
UO2 target were considered. It is pointed there that
within the potential well (Fig.1,a) FP ion transfers
energy to the molecules of the target, which, in turn,
dissociate and ionize. The electrons of the neighbor-
ing molecules attract potential well of the FP ion and
the oxygen ions are repelled (Fig.1,b). Lattice vi-
brations stimulate the diffusion of oxygen, which in
the form of atoms and ions diffuses much faster than
O2 and can oxidize the UO2, forming, for example,
U3O8. However, at irradiation of fuel elements in sta-
tionary conditions, a significant consumption of oxy-
gen goes to the oxidation of FPs [2]. Sr, Y, Zr, Nb,
Ba, and rare earth elements oxidize unlike Kr, Xe and
noble metals. Fission products of Ru, Rh, Pd form
with fuel the intermetallics. The fuel rods contain
metal precipitations of Mo, Cu and the noble metals.
Mo, Cs, Te, I, can be presented both elements and
oxides. Available significant amount of Ce, Nd, Zr,
W, Mo and Cs form the oxides in fuel. ZrO2 dissolves
in UO2, mainly in the form of solid solutions. In ad-
dition, Ba, Sr and Zr can form chemical compounds
of so-called ”gray phase” – zirconate of barium and
strontium: SrZr03, BaZr03, etc. Metal and oxidized

fission products form a system of complex compounds
(uranates, plutonates, oxitellurides, zirconates, etc.)
Direct research in the spent fuel is difficult for several
reasons, therefore it is proposed to simulate experi-
mentally physicochemical processes of complex com-
pounds formation in the fuel elements. Bombardment
of the target using materials-simulators (e.g., BaO,
and, possibly, UO2 using U-238) by multiply charged
ions of the elements, present in the SNF in significant
quantities (Zrn+, Ndn+, etc.) is offered. The energy
of a beam is 1MeV, that corresponds the energy of
the FPs near the end of deceleration track (Fig.1,c).

The principal scheme of experimental setup is pre-
sented in Fig.2. It is assumed that from the exit of
ion source –1 multi-charged ions penetrate into the
target – 2 to a few monolayers, forming a new chemi-
cal bonds, that is, at deceleration upon collision with
the target complex oxides can be formed. A stan-
dard volume – surface analysis to determine compo-
sition and structure of a bombardment area can be
applied. An alternative method is the analysis of ab-
lative torches, generated by electron beams or lasers.
Plasma of ablative torches may be partially ionized,
Ti 0.5...3 eV≪5. . . 8 eV=Edis (dissociation energy of
the complex oxides). The particle flux of ablative
torch enter the ion source – 4, where the main ion-
izing processes of complex compounds take place in
a gas plasma (ne ∼ 1013 1014 cm3, Te ≈ 3...5 eV ).
The magnetic focusing system focuses the ion beam.
Accelerated molecular ions through the gap gain to
the mass-analyzer – 5.

In [1] it is indicated that the presence of complex
compounds formed in SNF introduces certain diffi-
culties in the purification of nuclear fuel from the
FPs.
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Fig.1. Schematic view of: a)– potential well of
the multi-charged FP ion in the UO2 lattice; b)
– movement of multi-charged FP ion (2) in the
UO2 lattice (1); c) – complex compound formation:
multi-charged ion beam of ∼ 1MeV decelerate (1)
upon collision the target (2), and, in the monolayers
(3) form chemical compounds, which under laser
or electron irradiation are derived from the ablative
torch (4)

In particular, when studying cesium removal from
SNF at induction heating to 2300◦C [3, 4] it was
shown that the complex oxides can form in the
fuel. Mathematical modeling of heat treatment
in O2/Ar/N2 atmosphere of irradiated fuel shows
the possibility of ternary compounds formation:
Cs2MoO4, Cs2U4O12, Cs2ZrO3, SrZrO3, SrMoO4,
BaMoO3, BaZrO3, BaUO3, Ba2U2O7, Ba3UO6 –
mostly in grey phase. To reduce their quantities
the possibility of reducing the amount of oxygen
when adding hydrogen was considered. The re-
sults of experimental studies with irradiated fuel
have shown that temperature for release of ce-
sium compounds is higher than temperature of
cesium removal. In addition, it was found that

there was a dependence on the chemical formula
of cesium compounds and the structure of the fuel.

Fig.2. Schematic view of experimental setup:
1 – source of multi-charged ions; 2 – target of the
metallic oxides to form the complex compounds;
3 – ablative torch; 4 – source of molecular ions;
5 – mass-analyzer

In plasma separation of spent nuclear fuel a vari-
ety of molecular ions (in particular, with masses ex-
ceeding the mass of UO2) complicates the processes
of mass-separation and deposition on the respective
collectors. For higher quality removal FPs from ir-
radiated fuel in a rotating plasma [5,6] additional
collector [1] is provided. Another difficulty is the
lack of information on physical values for different
oxides, in particular, the ionization cross-sections of
uranium and lanthanide oxides. To estimate these
values calculation of ionization cross-sections by the
Thomson formula and extrapolation according to the
known cross-sections of alkali metals was carried out.

σi = 4πa20(Ry/I)
2(I/E − I2/E2) , (1)

σi – ionization cross-section , E – energy of the inci-
dent electron, I – ionization potential, Ry – ionization
potential of a hydrogen atom, a0 – Bohr radius. Fig.3
shows the estimated and extrapolated data of ion-
ization cross-section (σi) in dependence of electron
energy for some oxides, present in SNF.

2. CONCLUSIONS

The presence of complex oxide compounds in the
SNF complicates the processes of magnetoplasma
reprocessing, reduces fission product removal from
spent oxide fuel, and hence impact on the environ-
ment. The variant of experimental setup for studies
of physicochemical processes on forming complex ox-
ides in SNF is proposed, where modeling of chemical
compounds formation at deceleration of the multi-
charged ions upon collision the target of metallic
oxides and determining of a number of physical-
chemical values are expected.
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Fig.3. Extrapolated and calculated values of ionization cross-sections for some of the oxides, present
in SNF The estimated value generally is between extrapolated values. Obtaining of new experimental data on
the formation of complex oxides present in SNF will allow to clarify the values of ionization cross-sections
of: a – UO2; b – ZrO2; c – Nd2O3; d – La2O3

References

1. V.B.Yuferov, S.V. Shariy, T.I. Tkachova,
V.V.Katrechko, A.S. Svichkar, V.O. Ilichova,
M.O. Shvets, E.V.Mufel. The magnetoplasma
separation method of spent nuclear fuel //
PAST, 2017, N1(107), N1, Series: ”Plasma
Physics” (23), p.223-226.

2. E.A.Kinev. Influence of irradiation on TVEL ma-
terials with uranium and uranium-plutonium ox-
ide fuel during operation in the BN-600 reactor:
Dissertation for the Candidate of Technical Sci-
ences. Head. Yu.K. Bibilashwili DoTS. Russian.
Zarechniy. 2008.

3. NikoKivel, Natalia Shcherbina, InesGunter-
Leopold. Development of a high temperature
treatement device for spent nuclear fuel//J.
Radioanal Nucl. Chem. DOI 10.1007—s 10967-
012-2046-x.

4. J. Svedkauskaite-Le Gore, N.Kivel, J. J.Gunter-
Leopold. Real time measurement of fission
products released from spent fuel by thermal
treatement// J. Radioanal Nucl. Chem. DOI
10.1007—s 10967-012-2046-x.

5. V.B.Yuferov, S.V. Shariy, T.I. Tkachova,
V.V.Katrechko, A.S. Svichkar, V.O. Ilichova,
M.O. Shvets, E.V.Mufel. Calculations of
ion trajectories at magnetoplasma sepa-
ration and experiments with polyatomic
gases// Acta Polytechnica, 57(1):71-77, 2017
doi:10.14311/AP.2017.57.0071

6. V.B.Yuferov, T.I. Tkachova, V.V.Katrechko,
A.S. Svichkar, V.O. Ilichova, S.V. Shariy. The cal-
culations of uranium and lanthanum oxides
trajectories at magnetoplasma separation stage
// PAST, 2017, N1(107). Series: ”Plasma
Physics”(23), p.207-210.

33



ÎÁÐÀÇÎÂÀÍÈÅ ÑËÎÆÍÛÕ ÕÈÌÈ×ÅÑÊÈÕ ÑÎÅÄÈÍÅÍÈÉ Â ÎßÒ È ÈÕ
ÂËÈßÍÈÅ ÍÀ ÑÅÏÀÐÀÖÈÎÍÍÛÅ ÏÐÎÖÅÑÑÛ

Â.Á.Þôåðîâ, Â.Â. Êàòðå÷êî, Â.O.Èëüè÷åâà, Ñ.Â.Øàðûé, À.Ñ.Ñâè÷êàðü,

M.O.Øâåö, È.Â.Áóðàâèëîâ, Ñ.Í.Õèæíÿê

Ðàññìîòðåíû íåêîòîðûå ïðîáëåìû, ñâÿçàííûå ñ îáðàçîâàíèåì ñëîæíûõ ñîåäèíåíèé (óðàíàòû, öèðêî-
íàòû è äð.) â ÒÂÝË-àõ ïðè îáëó÷åíèè è â îêèñëèòåëüíûõ ðåàêöèÿõ, êîòîðûå âëèÿþò íà ñåïàðàöèîííûå
ïðîöåññû ïðè ìàãíèòîïëàçìåííîé ïåðåðàáîòêå ÎßÒ. Ïðåäëîæåí âàðèàíò ýêñïåðèìåíòàëüíîé óñòàíîâ-
êè äëÿ èìèòàöèè ïðîöåññîâ îáðàçîâàíèÿ ñëîæíûõ ñîåäèíåíèé â ÎßÒ.

ÓÒÂÎÐÅÍÍß ÑÊËÀÄÍÈÕ ÕIÌI×ÍÈÕ ÑÏÎËÓÊ Â ÂßÏ ÒÀ �Õ ÂÏËÈÂ ÍÀ
ÑÅÏÀÐÀÖIÉÍI ÏÐÎÖÅÑÈ

Â.Á.Þôåðîâ, Â.Â.Êàòðå÷êî, Â.O. Iëüi÷îâà, Ñ.Â.Øàðèé, Î.Ñ.Ñâi÷êàð, M.O.Øâåöü,

I.Â.Áóðàâiëîâ, Ñ.Ì.Õèæíÿê

Ðîçãëÿíóòî äåÿêi ïðîáëåìè, ïîâ'ÿçàíi ç óòâîðåííÿì ñêëàäíèõ ñïîëóê (óðàíàòè, öèðêîíàòè òà ií.) ó
ÒÂÅË-àõ ïðè îïðîìiíåííi òà â îêèñíèõ ðåàêöiÿõ, ÿêi âïëèâàþòü íà ñåïàðàöiéíi ïðîöåñè ïðè ìàãíiòî-
ïëàçìîâié ïåðåðîáöi ÂßÏ. Çàïðîïîíîâàíî âàðiàíò åêñïåðèìåíòàëüíî¨ óñòàíîâêè äëÿ iìiòàöi¨ ïðîöåñiâ
óòâîðåííÿ ñêëàäíèõ ñïîëóê ó ÂßÏ.
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