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At present the recycling of nuclear fuel (NF), i.e. its reuse, is implemented by using PUREX-process. However,
it leads to increase of liquid radioactive waste (RW) volume, while the alternative methods of physical reprocessing,
in particular plasma ones, do not require chemical reagents but use only electrical power. In NSC KIPT it is offered
the magnetoplasma reprocessing of spent nuclear fuel (SNF), which includes three stages (heating, ionization,
magnetoplasma separation in rotating plasma), on which fission products (FP) are consistently separated from NF.
Herewith the simulation of SNF separation should carry out in multicomponent molecular medium. The problems
connected with possible presence of complex compounds in SNF and possible ways of their solving are presented.
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Previously [1], when considering processes of SNF
reprocessing for recycling the FP oxides with different
degrees of oxidation, in particular oxides of
lanthanides, were considered. However, more complex
compounds (uranates, zirconates, etc.) may be present in
SNF, therefore for their accounting it is useful to
consider some of fuel burning processes.

Fig. 1 shows the FP braking tracks in fuel element
volume and at the border it on the wall. It is known that
braking path of both fragments in solids is ~ 10° cm, i.e.
10° A or ~ 1...2:10" monolayers and energy ~ 200 MeV
is released. Thus, energy of ~ 104 eV is remained in
each monolayer, "broached" by track. Initially, this
energy is released near the axis of FP ions passing
which (FP ions) transfer energy to the nearest
neighbors, which in monolayer can be ~ 4. Further
energy transfer occurs radially and there are 10°
molecules with energy ~ 1 eV in monolayer with total
number of molecules ~ 10® in track. And if in the region
of 10° molecules ~ 4 fission reaction occurs, the region
with  10® molecules is heated to temperature
~12 000 °C about 10° times. Meanwhile in the region
with higher temperature, i.e. corresponding to values of
ionization potential, ¢; and dissociation energy. Egi,
there are 10’ molecules, i.e. both ionization, and
dissociation occurs, that significantly affect on the
increase of diffusion in the volume. Near the wall and
fuel element shell this process will also occur. It is
known that initial charge of FP ions after fission is at
the level Z = 20, so the passing of such particle through
lattice will be attended by electron detachment from
neutral target molecules and their acceleration in the
range of this positive potential well. Moreover,
electrons of outer shells, with velocities less than the
one of FP multiply charged ion, will be left behind by
positive well, which accelerate these electrons, passing

only part of it. When the diameter of potential well is ~
10%° A and the energy acquired by electrons of inner
shells of fuel elements is ~ 10...10% eV, the maximum
values of accelerating fields are ~20...30 GW/cm.
Energies of electrons shells at Z = 10 for some elements
of SNF are presented in Table 1. The target neutrals are
ionized and gain kinetic energy not only due to energy
of FP positive well, but also due to electrons "return”,
accelerating by positive potential well, although
difference in ions and electrons masses is large. This
pulse will be transferred along target matrix.

Thus, the multiply charged ion of FP accelerates
electrons of target atoms, i.e. UO,, by its field. The
density of this plasma track is at the level of
ne~ 10 cm® at T, ~ T; ~ 50...100 eV. The cooling rate
is determined by oscillation frequency of molecules or
atoms in matrix UO,~10"s. Recombination of
molecules is confined by the nearest neighbors,
including ~ 90 % of uranium and ~ 10 % of FP atoms.
However, oxygen atoms is twice that of uranium, so due
to approximate equality of energies at dissociation -
recombination, the formation of complex oxide
compounds with uranium and FP occurs practically
simultaneously with probability of determined element
concentration (Fig. 1,c).

The picture of processes occurring with NF in
reactor and subsequent storage of SNF in pools should
be supplemented by the fact that the diffusion and
segregation processes in SNF are taken place in both
cases, as there are only o-particles deceleration tracks at
storage of SNF in the pools.

It is pointed out in [1] the possibility of allocating
FP from SNF in successive stages: heating, ionization,
plasma rotation in crossed ExH fields. The first stage —
heating (up to 2800°C) is necessary, since according to

Table 1
lonization potentials of multiply charged ions [2]
(0] Sr Zr Cs Ba La U
U u* 13.6 5.6 6.8 3.9 5.2 5.6 6.2 12.1
u* 54.9 43.6 24.1 34.6 37 191 U™=104
U5 871 122 139 122 106 114 121
U _ 177 173 256 156 165 126
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Fig. 1. Schematic view of energy release tracks by FP
fragments with characteristic energy regions on the
boundary wall of fuel element (Zr) and NF placed in it
(UO,); a — tracks on the boundary between wall and
NF; b — track with characteristic energy regions:
1-10and 2 - 0.3 eV; c— movement of FP ion in
positive potential well in matrix UO, and movement of
compensation electrons; d — schematic view of pure fuel
monolayer; e — SNF (cells: white —UO,; black — FP;
hatched by a single line — O; double line — minor
actinides)
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preliminary estimates it allows to remove up to 75 % of
FP with ¢; (ionization potential) less than the
dissociation energy Egis (@i < Egis).

Experiments on induction heating of fuel up to
2300 °C [3] show that at different temperature it is
possible to isolate gases and volatile FP, however, the
temperature at which this isolation occurs depends on
initial chemical formula of compound as well as the
conditions under which heating is carried out. Thus with
increasing temperature, oxygen, that can form different
chemical compounds, including triple ones, in
particular: Cs,UQ,4, CsLaO, BaUOQ,, is released. To
reduce the amount of complex compounds it should be
provided the possibility of further reducing of oxygen
amount at the heating stage (either by introducing
hydrogen, i.e. reduction reactions, or by introducing of
pumping devices). The data about significant influence
of reactions with hydrogen and oxygen allow the count
on the approach to removal of ~75% FP from SNF
under heating of SNF with adding hydrogen.
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Fig. 2. Current-voltage characteristics of discharge in
Ar (a) and CO, (b), H=0.02 T
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At the same time it should be provided the possibility of
complex compounds formation for purification of SNF
from the FP at subsequent plasma stages. For this
purpose, the experiments and calculations are carried
out [4-6], taking into account the peculiarities of
multicomponent SNF plasma, as well as physical and
chemical properties of elements and compounds
contained in SNF. To simulate the processes occurring
in molecular SNF plasma comparative experiments with
atomic and molecular gases: Ar, N,, CO, were carried
out [7]. But considering the possibility of complex
compounds formation the experiments with molecular
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lonization potentials and dissociation energies of some SNF oxides

Table 2

Zr0O, Nb02 La,O3 LaUQO; Ce,03 CeUO; Nd203 NdU03 uo,
0i (eV) 6.7 6.7 5.5 ~5.3 5.5 ~5.3 5.5 ~5.3 5.14
E (ev) 7.9 7.8 8.2 ~8.0 8.2 ~8.0 7.0 ~8.0 7.8
gases with large number of atoms, such as CH, may be REFERENCES
required. Fig. 2,a,b shows the results of experiments 1 V.B.Yuferov,  V.V.Katrechko,  AS. Svichkar.

with Ar and CO,, indicating that in the case of CO, the
dissociation processes are added to ionization ones (see
Fig. 2,b), which will require additional energy costs.

To reduce the energy costs for obtaining SNF
plasma the processes of molecular plasma creation
consisting of elements and oxides with ¢; < Egis, ¢i > Egis
are studied. However, for complex compounds
containing oxygen, there is a lack of information on
physical quantities. Considering that approaches of
molecular physics can be applied to SNF, it is possible
to estimate the unknown values of dissociation and
ionization  energies,  using  the  expression:
012 = (911 922)*° (Table2). To release FPs remained
after thermal treatment from SNF (¢; < Egs) at the
ionization stage [4] it is necessary to have plasma
source with high degree of ionization [5] and,
preferably, with controlled electron energy distribution
function.

To allocate the uranium dioxide ions in rotating
plasma it may be used longitudinal collector in uniform
magnetic field region (using variable component E, at
wil2 for UO,+ions) [6], end collector for isolation of FP
(mainly ions of lanthanide oxides) and for allocation of
complex compounds — the additional collector in the
region of decreasing magnetic field.

CONCLUSIONS

The paper reflects the problems of SNF
magnetoplasma reprocessing and possible their
solutions. In particular, for separation of complex
chemical compounds (uranates, zirconates, etc.) from
SNF it is offered:

« to reduce amount of free oxygen at thermal heating
stage;

* to use plasma source with high degree of ionization
and controlled electron energy distribution function at
the ionization stage;

 to use additional collector and variable electric
fields at the stage of magnetoplasma separation in a
rotating plasma.
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MATHUTOILJIASMEHHBIN METO/I CEITAPAIIMA OTPABOTAHHOI'O SIJIEPHOI'O TOILIMBA

B.b. O¢epos, C.B. lllapvi, T.U. Tkauésa, B.B. Kampeuko, A.C. Ceuuxapw, B.O. Hnvuuésa, M.O. Illgeu,
E.B. Mygens

B nacrosiee Bpems nepepaboTka sinepHoro Torusa (S7T), T.e. ero MOBTOPHOE MCIONIB30BaHUE, PEATUIYETCS C
nomomeio PUREX-nponiecca. Tem He MeHee, 3TO MPUBOAUT K YBEIUYECHUIO KOJIMYECTBA KUIKUX PagHOaKTHBHBIX
otxonoB (PAO), B To BpeMmst Kak anbTepHATUBHBIE METOJIBI (PH3MIECKOH IIepepabOTKH, B YaCTHOCTH IIa3MEHHBIE, HE
TpeOyIOT XUMHUYECKUX PEareHTOB, a HCIOJIB3YIOT TOJNBKO 3ieKTpuueckyro sHepruto. B HHI[ X®TU mpemnoxen
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MarHUTOIUTa3MEHHBIH METOJT MepepadoTKu 0TpaboTaHHOTO siaepHoro ToruBa (OST), BKIIOYAOMIMA TPU CTaIUN
(marpeB, HOHM3AIH, MAaTHUTOIUIA3MEHHOE pa3/ieIeHHe BO BpAIIAIOIEeHCs Tu1a3Me), Ha KOTOPBIX MPOAYKTHI JCTICHHS
(T11) mocnemoBatensHo otaenstorcs or ST. Ilpu sToM MoxenupoBanue paspenenus OST ciemyer NpOBOAUTH B
MHOTOKOMIIOHEHTHOW MOJICKYISIpHOH cpere. IlpeacraBieHsl MpoONEMBI, CBA3aHHBIE C BO3MOXKHBIM HaJHIHEM
cnoxHbIX coenuHeHn? B OAT, 1 BO3MOXKHBIC IIYTH UX PEIICHHS.

MATHITOILIA3MOBHUII METO/, CEITAPALIT BIAIIPALILOBAHOTI'O SIAEPHOTI'O IAJIMBA

B.b. O¢epos, C.B. Llllapuii, T.1. Tkauoea, B.B. Kampeuko, O.C. Cgiuxap, B.O. Inviuoea, M.O. Illseys,
€.B. Mygens

B nanmit wac nepepoOka siiepHoro manuBa (SI1), ToOTO #HOro NMOBTOpPHE BHUKOPHCTAaHHS, pEaTi3yEThCS 3a
nmornomororo PUREX-nporiecy. [IpoTe 1e mpu3BOIUTE 0 30UTBIICHHS KiTBKOCTI PIIKUX PagiOaKTUBHHUX BiJIXOJiB
(PAB), B ToOl yac sk anpTepHaTHBHI MeToAM (pi3MYHOI MEepepoOKH, 30KpeMa IUIa3MOBi, HE BUMAaraloTh XiMIiYHHX
peareHriB, a BHKOPHCTOBYIOTh TiNbkH enekTpuuHy eneprito. Y HHI[ X®TI 3anponoHOBaHO MarHIiTOIIa3MOBHA
METOJ TIepepoOKH BignpaisoBaHoro sipepHoro nanuea (BAID), mo ckmamaeThes 3 TppOX cTafiid (HarpiB, ioHi3amisd,
MAarHiToIIa3MOBE PO3MAICHHS B IUIa3Mi, moO o6epTaeTbes), Ha skux mnpomayktu momimy (ITI) mocmigoBHO
Bimokpemiototecs Big Al Ilpm mpomy monemoBanHs cemapariii BAII cmin mpoBoanTi B 6araTOKOMIOHEHTHHX
MOJISKYJIIPHEX cepenoBuinax. IIpencraBieHo npodiaemMy, Mo NOB'I3aHi 3 MOXJIMBOIO HAsBHICTIO CKIIAJHUX CHOJIYK
y BAII, i MOIHBI MIISIXA X BUPILICHHS.
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