THE CONCEPTUAL DESIGN OF A DEMO-IMITATION SEPARATOR-
THE MODEL OF A PLASMA MASS FILTER FOR IRRADIATED OXIDE
URANIUM FUEL

V.B. Yuferov, V.O. llichova, V.V. Katrechko, S.V. Shariy, A.S. Svichkar, M.O. Shvets,
V.I. Tkachov, D.V. Vinnikov, A.N. Ozerov

National Science Center **Kharkov Institute of Physics and Technology®’, Kharkiv, Ukraine

E-mail: v.yuferov@kipt.kharkov.ua

The design of a demo-imitation separator is presented which is the model of a plasma filter for the masses of
irradiated oxide uranium fuel. Expected setup productivity is ~15...20 tons/year of the material — imitator, that cor-
responds to the production of SNF per year in WWER-1000 reactor. A non-radioactive multicomponent mixture of
oxides of actinides, lanthanides, zirconium, molybdenum can be used as a working material for research. Depending
on the state of the working material, the separator may have a horizontal or vertical position.
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INTRODUCTION

Magnetoplasma reprocessing of SNF, unlike the
PUREX process used in industry, includes non-aqueous
technologies, where only electricity is required, without
increasing the volume of radioactive waste (RW). In [1]
the sequence of stages for magnetoplasma reprocessing
of spent nuclear fuel (SNF) is considered. The devel-
opment of the concept of SNF magnetoplasma repro-
cessing involves the development of a plasma separator
for cleaning of irradiated UO, from fission products
(FPs).

To simulate the separation of nuclear fuel (NF) ions
from FP ions in a plasma rotating in ELH fields, a
demonstration - imitation separator (DIS-2) with a
productivity equivalent to the production of SNF per
year of WWER-1000 reactor (~ 20 tons/year) is being
developed. In this paper, a conceptual design of the
DIS-2 installation for experimental research is present-
ed, with the possibility of further modernization into the
industrial design. The setup design is based on the prin-
ciples of plasma separation devices [2-4].

SIMFUEL [1] or its simplified modification - a non-
radioactive multicomponent mixture consisting of ox-
ides of actinides, lanthanides, zirconium, molybdenum,
representing the main SNF components for conversion
into plasma during magnetoplasma reprocessing can
serve as a working substance for research. The three-
dimensional model and the axial distribution of the
magnetic field of this setup are shown in Fig. 1. The
installation includes a plasma source, a magnetic sys-
tem, a coaxial electrode system for generating an elec-
tric field E;, a tuner, a pumping system, a cooling sys-
tem, the longitudinal and end collectors. The longitudi-
nal collector is located along the entire length of the
vacuum chamber, and it is partitioned to separate the
output areas of different masses. High vacuum in the
separator chamber is provided by electric discharge ,
titanium sorbtion and condensation pumps.

Depending on the state of working substance, the in-
stallation may have a horizontal or vertical position.
Since the main components of the working substance
are oxides in the powder state, in this case it is advisable
to use the unit in a horizontal position.
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Fig. 1. 3D-model of DIS-2 setup (horizontal position).
Dimensions: length ~ 5 m, diameter of the vacuum
chamber ~2.6 m

If, conversion to plasma requires previous conver-
sion of the working substance to the liquid state and its
evaporation, then in the experimenal research the verti-
cal arrangement of the installation can be used [1].

PLASMA SOURCE

When the setup is horizontally positioned, the work-
ing mixture in the form of a powder (UO2, Nd2O3, ZrO,,
Ba, Mo, etc.) enters the plasma source (PS) in the trans-
verse direction to the magnetic field induction (Fig. 2).

Fig. 2. Scheme of ionization area in the PS
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The plasma parameters in the PS: n. ~ 10%cm,
Te~5eV. The diameter of the exit hole in the PS is
10 cm. Magnetic field of a given configuration is pro-
vided by supercunducting (SC) winding. It is assumed
that the charged particles are confined by the magnetic
field of the PS and then injected into the plasma mass
filter. The power of the PS is ~0.6 MW [5].

Our calculations consider symmetrical distribution of
plasma, formed in the PS. However. we have to take
into account that plasma can have asymmetrical distri-
bution along the PS diameter (Fig. 3).
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Fig. 3. Schematc view of asymmetrical plasma distribu-
tion in the PS

MAGNETIC SYSTEM

The magnetic system of the PS (Fig. 4) includes a
system of two SC solenoids with parameters presented
in Table. To obtain a high degree of plasma ionization
in the PS, the magnetic field has a mirror configuration
with maxima in the magnetic field distribution Bz ~ 3.5
and ~ 25T for solenoid 1 and 2, respectively (see
Fig. 4,a). When the plasma moves along axis in a de-
creasing magnetic field, the plasma flow expands, and
in the separation area with a homogeneous magnetic
field ~ 0.1 T (see Fig. 4,b), where the plasma is colli-
sionless (ne~2-10' cm®), a spatial separation of heavy
and light ions occurs. A homogeneous magnetic field in
the separation area is provided by a thermal winding —
solenoids 3, 4 Table.

Parameters of solenoids

Current V\(l:lrr;(ilsng
Solenoid density, :
Alm? section,
m2

1 1.3-108 0.15

2 9-107 0.15

3 108 1.90

4 108 1.90

3
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Fig. 4. Axial distribution of the magnetic field for DIS-2
setup: a ~ image, b ~ graph

RADIAL ELECTRIC FIELD

A radial electric field, E; is created by a system of
coaxial electrodes. A feature of this system is the com-
bination of a plasma rotation in crossed E_LH fields with
a resonance at the cyclotron frequencies of the target
ions [3]. To solve this problem, the variable of the volt-
age component is used with a frequency equal to half of
the cyclotron frequency for UO," ions. At the same
time, the ion acceleration achieved and their moving to
the localized region of the longitudinal collector. In this
case, the resonant ions are uranium dioxide, that eject to
the side chamber at a radius of R = 1.3 m at Eg
=400V/m, B = 0.1 T and addition of ac component
0.6Eosin (wt) at ® = Ysw¢ (UO2). The use of a tuner con-
nected to a system of coaxial electrodes (Fig. 5) is nec-
essary to solve this task. The tuner allows to set the re-
quired rf frequency for ac component of a radial electric
field.
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Fig. 5. Radial electric field system

CONDITIONS FOR PLASMA DEPOSITION
OF FUEL IONS

The calculations carried out earlier [1] showed that at
a radius of 1.3 m uranium dioxide ions is ejected into
the sectional longitudinal collector in the region 3
(Fig. 6). In the case of incomplete ionization of the
plasma, the neutrals are filtered out in the region 1 of
the longitudinal collector. Heavy molecular ions
(M> 400 a.m.u) eject to the lateral surface of the cham-
ber in regions 2 and 4 (see Fig. 6). In addition, molecu-
lar ions including lanthanides: Pr,Os*, Nd2Os*, La,Os",
etc. are deposited on the end collector as well as light
FP ions: ZrO,*, MoOgs*, Mo, etc.
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Fig. 6. The profile (a) and lateral section (b) of DIS-2
setup of horizontal position with ion trajectories for NF
and FP ions at initial values: W =5 eV, a = 45°,

r =0.01 m, Eq=400 V/m and Eac=0.6 Eosin (wt) at
w=%w¢ (UOy)

In this case, the resonant UO; ions increase their ki-
netic energy, which, according to calculations (Fig. 7),
in the collector region is more than ~500 eV.
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Fig. 7. The kinetic energy of molecular ions in DIS-2

setup: a — for UO; ions (m= 270 a.m.u.); b — for heavy
FP ions (m =400 a.m.u.)

Proceeding from the fact that the flux from the PS is
~ 1.1-10% particles, where 90 % are fuel ions, the esti-
mated power of the FP ion flux to be deposited on the
collector (Fig. 8,a) is ~ 100 kW. The square of section 3
for NF ions collecting is ~ 10*cm? (see Fig. 7,a). This
can lead to a rather high specific heat load ~ 30 W/cm?.

Estimates show that at a setup productivity of
~0.5 g/s (~ 20 tons/year) of the working mixture, the
growth rate of deposited to the collector UO, layer
can be ~ 0.5 mm/h. Following from the value of
thermal conductivity for the uranium dioxide layer
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of ~2.5-102W/cm-s at 1500°C, deposition of the fuel
ions would be carried out at high temperatures with de-
crease of the condensation coefficient and increase of
the sputtering coefficient. To reduce the energy of the
deposited ions, various methods are used: retarding po-
tentials, creation of plasma decelerating targets, translu-
cent absorbing filters, etc. In any case, this is an in-
crease in the heat transfer surface. [6, 7]. In our case, it
is proposed to develop a deposition surface due to the
formation of a buffer region for ion collection (so-called
"pocket™) with an increase of a deposition surface
in ~ 20 times. Fig. 8,b shows the "pocket” profile.

At uniform deposition of ions on the substrates lo-
cated on the internal surface of the "pocket" special
cooling of the "pocket" surface will not be required. In
this case, at a plasma density of 102 cm in the buffer
area, the energy will be dispersed over the entire surface
of the "pocket" with S=16.5m?, and the specific heat
load will be less than ~ 1 W/cm?, which in equilibrium
with radiation corresponds to ion deposition surface
temperature ~350°C.
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Fig. 8. The collector for fuel ions in DIS-2 setup: sec-
tion 3 of the longitudinal collector (a); buffer area-
“pocket” (b): 1 — vacuum chamber wall; 2 — outer col-
lector wall; 3 — substrate for collecting nuclear fuel;
4 —tungsten grids

Homogeneous distribution of precipitations over the
entire surface of the "pocket" can be realized using tar-
gets — a system of tungsten grids with high transparen-
cy. Estimation of the heating temperature for grids in
the "pocket" region for the specific ion flux density var-
ies from 350 to 750°C. However, the precipitations will
not be strictly uniform over the surface of the "pocket".
So, it is impossible to fill up the buffer area completely.
Estimates show that non-stop operation of DIS-2 setup
is possible during the week
with filling the "pocket" by a quarter.
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CONCLUSIONS

An alternative technique to the PUREX process,

which is used in industry is magnetoplasma SNF repro-
cessing with reduction of RW amount for repository
from 100 to 5 %. For developing the concept of magne-
toplasma SNF reprocessing a design of a demo-
imitation separator is presented which is a model of a
plasma filter for the masses of irradiated oxide uranium
fuel.
The feature of the experimental setup is the combination
of plasma rotation with resonance at the cyclotron fre-
guencies of the target ions. The resonant ions are UO,*
that are filtered out to the lateral surface of the chamber
by addition of ac voltage component that leads to an
increase of their kinetic energy to a value of ~500 eV.
To solve this problem it is proposed to enlarge the ion
deposition surface of the buffer area (‘pocket’) in
~20 times. This allows to decrease specific heat load
and increase condensation coefficient. For the uniform
UQO;* deposition on the substrates along the inner sur-
face of the 'pocket’ it is assumed to use the system of
tungsten grids with high transparency located along the
length of the 'pocket’. The grids provide operational
regime of the experimental setup without cooling of the
deposition surface. The estimated temperature of the
'pocket’ surface varies from 350 to 750°C, that is ac-
ceplable for carrying out the experiments.
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KOHIENTYAJBbHBIA MPOEKT JEMOHCTPAIITMOHHO-UMHUTAIIMOHHOI'O CEITAPATOPA —
MAKETA INTASBMEHHOI'O ®UJIBbTPA MACC-OBJYYEHHOI'O OKCUJHOI'O YPAHOBOI'O
TOIIJINBA

B.b. FO¢hepos, B.O. Havuuesa, B.B. Kampeuxo, C.B. Hlapuwiit, A.C. Céuukapo, M.O. Illeeuy, B.U. Tkauea,
/.B. Bunnukos, A.H. O3epos

IIpencraBneHa KOHCTPYKIMS JEMOHCTPAIIMOHHO-UMHUTAIMOHHOTO CemapaTopa, KOTOPBIM SIBISETCS MOJENbIO
MIa3MEHHOTO (GUIBTPa JIJIST Macc-00JyuYeHHOTO OKCHIHOTO ypaHOBOTO ToIuBa. Oxupaemasi MpOU3BOIUTEILHOCTD
YCTaHOBKH cocTaBisieT ~ 15...20 TOHH Ha rojJ MaTepuaga-MMHUTATOpa, YTO COOTBETCTBYeT HapaboTke OST B rox
peaktopa BBDOP-1000. B kayectBe paboyero wmarepuana JUisi HCCIEIOBAHUS MOXKET HCIOIb30BATHCS
HEpaJMOAKTUBHAS MHOTOKOMIIOHEHTHAsI CMECh OKCHIIOB AKTHHOMJIOB, JIAHTAHOWJOB, LIUPKOHMS, MoiuOaeHa. B
3aBHCUMOCTH OT COCTOSHHS pabouero marepuaia cermaparop MOKET HMETh TOPH3OHTAIBHOE WM BEPTHKAIBHOE
[10JI0KEHHE.

KOHIENTYAJBHUM MPOEKT JEMOHCTPAIIMHO-IMITAIIIMHOI'O CEITAPATOPA —- MAKETA
IJIA3SMOBOI'O ®UUIbTPA MAC-OITPOMIHEHOI'O OKCHJHOI'O YPAHOBOI'O ITAJIUBA

B.b. IO¢hepos, B.O. Inviuoea, B.B. Kampeuko, C.B. Llapui, O.C. Ceiuxap, M.O. Lllgeys, B.1. Tkauos,
/I.B. Binnixoe, O.M. O3epos

[IpencraBneHo KOHCTPYKINIO AEMOHCTPALiHHO-IMITaliIHHOTO cemapaTopa, M0 € MOICIUTIO MIa3MOBOro (GimpTpa
JUISL  Mac-OMPOMIHEHOTO OKCHJIHOTO ypaHoBoro manuBa. QOdikyBaHa NPOAYKTHBHICTh YCTAHOBKH CKJa-
mae ~ 15...20 TonH Ha pik MaTepiamy-imiTaropa, mo Biamosinae BupoOienHio BSII Ha pik peaktopa BBEP-1000.
SIx poGoumii mMatepian IS AOCHIIPKEHHS MOYKHA BUKOPHCTOBYBATH HEPAIIOAKTHBHY 0araTOKOMIIOHEHTHY CyMIII
OKCH/IIB aKTHHOIIB, IJAHTAHOI B, IIUPKOHII0, MOJiOIeHy. B 3aiexHOCTI Bijf cTaHy poO0Yoro MaTepiary, cernapaTop
MOX€ MaTH I'OpPHU30HTaIbHE a00 BEPTHKAIBHE TTOJI0KEHHS.
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