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The possibility of multicomponent mixtures separation at thermal heating, ionization and plasma rotation in
relation to the spent nuclear fuel (SNF) is shown. At thermal heating it is possible to allocate up to 75% of
impurities of fission products (FP), after which the SNF contains oxides of zirconium, niobium and lanthanides. At
the stage of ionization it is impossible to deduce the lanthanide oxides, but it is possible to remove partially the
oxides of zirconium and niobium. Further removal of impurities will occur in rotated plasma. Under certain
conditions heavy ions will get to lateral surface of vacuum chamber, and the light ones will move along the
magnetic field lines and precipitate on the collector. The molecular plasma has energy cost to excitation of
vibrational and rotational degrees of freedom, dissociation. As simulation media it is advisable to use non-

radioactive isotopes of spent nuclear fuel oxides.
PACS: 28.41.Kw

INTRODUCTION

The removal of fission products (FP) from spent
nuclear fuel (SNF) by radiochemical methods for the
purpose of nuclear fuel reprocessing is already being
used in industry. For a number of assessments it is
expected that alternative physical methods of SNF
reprocessing can be more perspective. Despite the long
prehistory of development [1-4], plasma methods for
reprocessing of SNF and radioactive waste (RW) are
only being formed, and currently further researches for
the separation technology development are required.

It is known that approximately 95% of U-238 and
5% of fissionable U-235 are loaded into reactor. Most of
U-235 is burned out, forming doubled number (by
number of particles) of FP elements. Some U-238
absorbing neutrons is converted into small actinides and
fissionable Pu-239. Thus, SNF includes FP (atomic
weights from 70 to 180 a.m.u.) and nuclear fuel (NF).

When fuel nuclei fission FP with mass numbers in
the approximate ratio of 3=2+1, or the mass
equivalent: ms =m; + m, are formed. Herewith oxygen
atoms separated from the uranium atom, may bind as to
my, as to m,, i. e. O,mz = Om; + Om,. However, if for
the first FP peak with masses m, the oxides such as
ZrO, NbO are formed, the second FP peak with masses
m,, composed mainly lanthanides (~ 20% of FP), more
stable compounds are oxides La,0Os, Ce,0s.

Since the dissociation energy of O, =5.12 eV, and
UO,=7.8eV, CeO =8¢V etc, in the fuel elements
under radiation conditions oxygen diffuses through the
matrix of UO, with FP impurities, where the oxides
with the highest binding energies can be formed. Thus,
at a fixed temperature of about 500 °C and pulse heat
release along deceleration tracks of FP whose
temperature could be about 10°...10° °C with cooling
time of about 10°s in the fuel elements the oxides:
La,0s, Ce,0s, et al., and such compounds as: LaNdOs,
LaZrO,, CeUOs, et al. can be formed.

Fig. 1,a,b shows the percentage composition of the
actinides and lanthanides in SNF after removal from the
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reactor and soaking in pools, as well as after the
PUREX process application (see Fig. 1,c,d) [5, 6].
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Fig. 1. Percentage composition of SNF after storage:
a — SNF; b — FP composition; ¢ — composition of
actinides oxides (after PUREX process);

d — composition of lantanides oxides
(after PUREX process)

To remove the FP impurities from SNF the
possibility of separation of impurities from
multicomponent mixtures at thermal heating was
considered. As presented in [7—10] FP from mass range
65...170 have an extremely wide range of thermal
characteristics: temperature of melting, vaporization and
the vapor pressure, and the main way of separation may
be thermal heating, whereby the various elements and
compounds will evaporate in vacuum depending on
temperature (Fig. 2). Here it is possible to consider the
variants of zone purification. However, the removal of



impurities by evaporation in vacuum in reasonable
times requires the consideration of at least two physical
processes that is the volume diffusion and surface
evaporation. And if the second effect is relatively easily
solved by changing the temperature, in the first
(diffusion) — time depends quadratically on the size and

dependence on the molecules diameter, the binding
energies and ways of diffusion process is observed.
These estimates give the value of diffusion distances of
about 50 um. Therefore, removal of impurities by
evaporation is possible for SNF powder [11].

during diffusion of polyatomic molecules the
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Fig. 2. Value meanings: 1 — melting temperature; 2 — boiling temperature; 3 — the temperature at which the vapor
pressure of pure elements is about 1 Torr (indexes ' and " corresponds to lanthanides and actinides, respectively);
4 — melting temperature of the metal FP oxides (XO); 4' — melting temperature of lanthanide oxides with
composition (X,03); 4" — melting temperature of actinides dioxide (XO,);

5, 6 — melting temperature and vapor pressure 1 Torr of uranium dioxide

Thus at the temperature that corresponds to the
vapor pressure of ~ 1 Torr, and grinding of fuel element
into powder to the size of about 50 um, most impurities,
FP, can be evaporated in vacuum during few seconds.

Fig. 3 shows the binding (dissociation) energies and
ionization potentials of uranium oxides and FP. Since
the most of elements presented could have different
valence there are characteristics of oxides with
maximum binding energies and minimum ionization

potentials given here. As can be seen in Fig. 3, only a
small number of FP has the binding energy, e,
exceeding the ionization potentials, ¢, < €. Therefore, in
plasma at low electron temperatures the dissociation
processes are more likely to go, that will lead to higher
energy costs, but these impurities can be removed by
thermal heating.
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Fig. 3. Dissociation energies and ionization potentials for FP oxides,
horizontal lines — the same parameters for uranium oxides



At the stage of thermal heating about 75% of
impurities can be removed from SNF. As mentioned
above, after thermal heating mainly oxides of UO,, Zr,
Nb, and lanthanides will remain in SNF (see Fig. 1).
Therefore, simulation investigations for a larger
approach to SNF could be advantageously carried out
with stable isotopes that are part of these oxides (Table).

2. CLEAN UP AT IONIZATION
To estimate the ionization purification process can
be described by equations:
dN,*/dt=NeN°,5;"Ve-N, ‘N5 %, 2vi+N, N5 o, 2'v; —N, "/t
dNZ+/dt:NeNZOG|ZV9-NZ+NTOGHZTVi+NZONT+GHZTVi'z+/Tz,
dNe/dt = NeN,° 6;'Ve+ Ny° Ne 1= Ve -Ne/z, . (1)

Where the first term of the equation right side is the
ionization term, the second — the term of density
reducing due to recharge by impurities neutrals, the
third — the term of density growth due to recharge of
fuel neutrals by impurity ions. Then the term of lifetime
of these ions. The indexes T and > means elements of
fuel and FP remained:

NC,, N,"— densities of neutrals and fuel ions;

Ny, Ns*— densities of neutrals and FP ions;

N, = N(.x)" — electron density;

i — ionization cross section of i-th component;

6.2, 6,2t — recharge cross section Y *~T% and Y°-T*;

Ve, Vi — velocities of electrons and ion-neutrals;

T — plasma lifetime t~0.471;;-InR;

11,7, — ions lifetime T and ¥, t1/ T, ~ (My/M,)*°.

Stable isotopes of elements

Elements %8sy 0zr “Nb *Ce %21 (natural uranium)
The mass
number of the 80...95 84...98 88...100 125...148 234...238
isotopes (A)
234 /0.0054
841056 | o j o 136/0.193 |  (T1/2=2.5-10° years)
A/ relative 86 / 9.86 9 / 17'11 93/ 100 138/0.25 235/0.7115
prevalence, % 87 172 94 | 17'40 140/ 88.48 (T1/2=7.1-10° years)
88 / 82.56 96 / ZéO 146/ 11.07 238/99.2831
' (T1/2=4.5-10° years)

The system of equations (1) uses values of
ionization and recharge cross sections. However,
currently there is a lack of ionization and recharge cross
sections of NF and FP oxides. To estimate the ionization
cross sections of oxides we use the Arrhenius equation
and the extrapolation of experimental data for alkali
metals. Reaction rate may be determined:

k=Ae -E—/xT ’ )
where A is the pre-exponential, frequency factor,
independent of T and is approximately equal to ~ v,
frequency of internal molecular vibrations. Data of the
most monomolecular reactions give values at the level
of 10...10" s™.

Therefore, when considering the reaction rates ki, ko,
k; or their reaction cross sections with oxides mentioned
above, with values A;, E;, T;, the exponential term may
differ for NF and FP in about 2...3 times (only due to
differences in values E;). For polyatomic molecules such
as UO, and ZrO, NbO, LaO, CeO, at different
temperatures, due to differences in mass the values A;
also can differ in ~2...3 times. L. e. the difference in
reaction rates may be as high as 6...10, whereas the
difference for lanthanides will be ~ 2...3. 1. e. ionization
cross sections will also differ by ~ 10.

The next approximation to estimate the ionization
cross sections of NF and FP oxides can be made by
extrapolating the values of ionization cross sections for
alkali metal oxides, based on the values of their
derivatives do;/dE,.

Fig. 4 shows ionization cross sections of alkali
metals and the extrapolated values of ionization cross
sections of basic oxides remained in SNF after heating.
For each oxide 3 different dependencies are presented,

like lithium, sodium and rubidium. In cross sections
values do;/dE, are taken into account, so the
extrapolated lines of ionization cross sections have
different inclinations.

The difference between ionization cross sections of
NF and FP oxides subject to the minimum and
maximum of derivatives will be taken into account in
calculation of differential equations system. Preliminary
rough calculation for the same derivatives gives the
difference in ionization cross sections of NF and FP
oxides in about 30 times (for example, uranium oxide
and niobium oxide).
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Fig. 4. The ionization cross sections of alkali metals
and extrapolated cross sections for oxides

3. THE CALCULATION OF IONS MOTION
TRAJECTORIES IN CROSSED ExH FIELDS

The technique of ion trajectories calculation for 3
masses (270, 160, and 106 a.m.u.) of SNF in the
collisionless regime is given in [12, 13], so only the
results of the calculations related to oxides of SNF
elements will be given here (Fig. 5).
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Fig. 5. The motion trajectories of particles with different
masses (270, 160, 106) and initial radial coordinate
(1, 3, 5 cm) at initial angle a=45° (a);
three-dimensional motion of different masses ions (b)

As seen, heavy ions move toward the wall, while the
light ones move along the magnetic field lines.

For lanthanide oxides with masses of more than
320 a.m.u., while the masses of NF — no more than
280 a.m.u., exit area and thus placement of gather
collectors must be in magnetic field by 10...15% more
than the field of NF compounds exit. This will be
discussed separately.

3. THE PROJECT OF MAGNETOPLASMA
SEPARATION SYSTEM

It was reported in [11] that it is possible in imitating
experiments to carry out separation of different ions by
mass in a rotating plasma and calculations, confirmed
this possibility were carried out. It was evaluated the
possible performance of such devices. However, a
number of fundamental plasma questions on
performance of such systems ware still remained. Given
part of these characteristics the design of such separator
is proposed, Fig. 6,a. The discharge chamber is vertical,
that is determined by horizontal placement of liquid
surface, emitting neutral molecules of SNF. The
requirements to plasma source are formulated in [14].
The values of magnetic field are shown in Fig. 6,b.
These values allow to get the plasma flow directed to
one side, to ensure getting of collisionless plasma in the
separation region, to reduce the flow of neutral
molecules on the wall to values significantly less than
1% in the collision region. Fig.6,c explains the

conditions for obtaining the possible partial ionization
of neutral molecules, forming the plasma.

o e 9 HES
_I‘III

(VA
(]

2T

Fig. 6. The separator (a), the topography of magnetic
field (b), the ionization and weakening of neutral atoms
flow (c)

4. FEATURES WHEN CREATING
MOLECULAR PLASMA

It was pointed out in [6] that during reprocessing of
SNF it is possible to obtain the energy cost of uranium
ion at the level of 500...1000 eV. In [7] on the basis of
various experimental data in the imitating environments
— rare gases, the value of total energy costs at the level
of ~10* eV was obtained. It is also pointed out that apart
from energy costs for plasma creation, constituting
about 10% of the total ones, there are energy costs for
getting of magnetic field, vacuum and cooling which
make up 90% of total energy costs, and this value can
be optimized. In subsequent papers [10] when choosing
of imitating environments it is pointed to the
dependence of energy costs on nature of imitating
environment — polyatomic gases. In present paper, the
experimental comparison of imitating environments
consisting of Ar, N,, CO,, i. e. polyatomic molecules,
that is closer to SNF composition (without taking into
account the recycling process) is carried out.

The experiments were carried out on a
demonstration-imitating separator DIS-1. The current
pulse from capacitor battery superimposed on the
stationary discharge with current of about 6...10 A and
voltage of 30...50 V. As seen in Fig. 7, at the same
stored energies and charge voltages, values of currents
and pulse durations are different. This is especially
noticeable in the case of CO,. Reducing of discharge
currents with the same geometry of discharge chambers
indicates the reducing of density and temperature of
electrons and ions. With steady of energy put into
discharge it may indicate that contribution of energy is
into internal particles degrees of freedom, i.e. into
rotational and vibrational energy levels of molecules,
and to generate ions in molecular plasma additional
energy costs would be required.
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Fig. 7. Voltage (upper) and current (lower)
characteristics of discharges on time:
a — characteristics obtained by experiment;
b — pulsations are smoothed

5. ABOUT IMPURITIES ENTERED INTO
SEPARATED FUEL

The calculations previously mentioned are about
idealized purification of NF from FP, however, at each
stage it is possible the entering of impurities into
product already purified. Here the essential meaning
will be design and geometric placement of gather
collectors. However, each stage will have its own
features. At the heating stage — diffusion limiting and
recondensation; at the ionization stage — recharge; at the
rotating plasma stage — recharge and spraying of NF or
FP deposited layers and recondensation, as well as the
arrival of particles with different masses, defined by
polyatomicity of separated ions, their energy, diameter
of output region (from plasma source) and emission
angles of ions.

CONCLUSIONS

The possibility of multicomponent mixtures
separation and groups of elements selection at
successive stages of thermal heating, ionization and
plasma rotation (for example, SNF) is given.

When thermal heating up to 2000...2500 °C it is
possible to remove up to 75% of FP. Thus there is
removal of compounds from mixture, the ionization
potentials of these compounds are higher than the
dissociation energies, so there are limited number of
compounds, mainly: oxides of zirconium, niobium and
lanthanides remained in mixture. Thus, the thermal
heating stage is essential, as it allows to reduce energy

costs for creation of molecular plasma, where there are
additional losses due to processes of dissociation,
excitation of vibrational, rotational levels.

The stage of plasma ionization may remove partially
oxides of zirconium and niobium, as their ionization
potentials are higher than uranium dioxide has, in
contrast to lanthanides and their oxides with ionization
potentials that are less than ionization potentials of
uranium oxides.

Further purification it is possible to carry out in
rotated plasma, where under certain conditions the
heavy ions are deposited on lateral surface of chamber
and light ions, FP, move along the magnetic field lines
toward the end collectors.

It is advisable to carry out the imitating separation
using nonradioactive media, that is using stable isotopes
of elements included in SNF.
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MPOBJIEMbI IIPY BBIBEJIEHUM TIPUMECEM U3 MHOI'OKOMITIOHEHTHBIX CPE]I
TP TEPMOHAI'PEBE, MOHU3AIIMU U BPAIIEHUU I1JIA3MbI
B CKPEIIEHHBIX ITOJIAX

B.b. IO¢hepos, B.B. Kampeuko, A.C. Ceuukapsn, C.B. Lllapwvii, T.H. Tkauesa, E.B. Mydgens,
B.O. Unvuuesa, A.1O. Ilaxomos

IToka3ana BO3MOXHOCTb pa3/ieJIeHUs] MHOTOKOMIIOHEHTHBIX CMECEl IpU TEPMOHArpeBe, HOHU3ALUU U BPALLEHUU
TUTa3MEI TIPUMEHHUTENBHO K oTpabotanHOMY siaepHoMY ToruBy (OAT). [Ipu TepMoHarpeBe BO3MOXKHO BBIACIICHHE
o 75% npumeceit npoxykroB neneHus (I11), B OSAT ocTarorcss OKUCIBI HUPKOHUS, HUOOWSA W JaHTaHOWIOB. Ha
CTaJIMM MOHM3AIIMM HEBO3MOYXHO BBIBECTH OKHUCIBI JIAHTAHOMJIOB, HO BO3MOXKHO YaCTHYHOE BBIBEJICHHE OKHCIIOB
IUpKOHUS U HuoOuWs. JlanmpHeilliee ynajeHue mpuMmeceil OyaeT MPOMCXOAWUTh BO Bpamaromieiicss miuasme. Ilpu
BBHITIOJTHEHUH OTNPEAENCHHBIX YCIOBUI Ha OOKOBYIO MOBEPXHOCTh BaKYyMHON KaMephbl OYAYT BBIXOJIUTH TSKEIbIE
WOHBI, a JIETKME — JIBUraThbCsl BJOJb CHUJIOBBIX JIMHUI MarHUTHOIO IOJII M OCAXIOAThCsl Ha KoJuleKTope. B
MOJICKYJISIPHOH TIIa3Me BO3HUKAIOT HHEPro3aTpaThl Ha BO30OYXKIEHHE KOJeOaTeNbHBIX M BpalllaTeNbHBIX CTETEHEH
CcBOOOJBI, JAMCCONMANMI0. B  KkadecTBe HWMUTAIMOHHBIX Cpell  I11eJIeCO00pa3HO  MCHOJb30BaTh  OKHCIBI
HepannoakTUBHBIX n3otonos OAT.

ITPOBJIEMMU ITPHU BUBEJIEHHI TJOMIIIOK I3 BATATOKOMIIOHEHTHUX CEPEJJOBUAIIY
IIPU TEPMOHATPIBI, IOHI3AIIIl TA OBEPTAHHI ILIA3MUA
B CXPELIEHUX ITOJIAX

B.b. IO¢epos, B.B. Kampeuxo, O.C. Ceéiuxap, C.B. Illapuii, T.1. Tkauosa, €.B. Mygens,
B.O. Inviuoea, O.10. Ilaxomos

[TokazaHa MOXKJIHMBICTH PO3/IJIEHHS 0araTOKOMIOHEHTHHX CyMillleil Ipu TepMoHarpiBi, ioHi3auii i oOepraHHi
IUIa3MH CTOCOBHO JI0 BiAmpaiiroBaHoro sigepHoro manusa (BSIID). IIpu TepMoHarpiBi MOXJIMBE BUAUICHHS 10 75%
Jomitok npoayktiB noziny (IT]), micns woro y BSIII 3anumaroTscst OKCHAN LUPKOHIIO, HIOOI0 1 JaHTaHoiniB. Ha
cTanii i0Hi3aIii HEMOKJIMBO BUBECTH OKHCIIH JIAHTAHOI/IB, aJie MOXIIMBE YACTKOBE BUBEICHHS OKHCIIB ITUPKOHIIO Ta
HioOito. [lomanpine BUIANCHHS AOMIIIOK BiAOYBaTUMETHCS B IUIa3Mi, IO oOepTaeThcs. [Ipy BUKOHAHHI MTEBHUX
YMOB Ha Oi4HY IMOBEPXHIO BaKyyMHOI KaMepH BHXOJUTHMYTH BaXKKi 10HHW, a JIleTKi OyOyTh pyXaTHCS Y3IIOBXK
CHJIOBHIX JIiHI MarHiTHOTO TMOJISA 1 OCIIATH HA KOJEKTOPi. Y MOJIEKYIISpHIN IUIa3Mi BUHUKAIOTh CHEPTOBUTPATH Ha
30y/UKeHHS KOJMBAIBHUX 1 00epTalbHUX CTYNEHIB CBOOOAM, AWCOMiamito. B sSKocTi iMiTaIlifHUX CepexoBHI
JIOLIIJTBHO BUKOPHCTOBYBATH OKHCIIU HEPAIi0aKTUBHUX i30TomiB BAIL.



