ION SEPARATION IN A PLASMA MASS FILTER BASED ON THE BAND
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The mass separation in a multicomponent collisionless plasma rotating in an axial homogeneous magnetic field
and a radial electric field with dc and ac components at the parametric resonance conditions is considered. For given
conditions, it is shown that when the variable component of a radial electric field with » =0.57Q is superposed on
the dc component, the resonant uranium dioxide ions are ejected into the wall of the plasma mass filter, which is
currently being developed for the separation of nuclear fuel and fission products. The correlation between the oscil-

lation frequency of ac voltage component with the modified (vortex) ion-cyclotron frequency is shown.

PACS: 28.41Kw

Plasma methods for SNF (spent nuclear fuel) repro-
cessing are a promising alternative to radiochemical
technologies. However, there is a number of problems
with plasma separation of fission products (FPs) and
nuclear fuel (NF). The difficulties are connected with
SNF multicomponent composition, the proximity of
masses in case of isotopes and the presence of the mul-
ticharged ions. Thus, many problems appear and many
variants of their solution are considered [1, 2]. In the
light of this so-called ion band gap filter is of interest,
which provides various modes of ion separation in a
plasma by mass [3].

This paper considers the plasma mass filter for sepa-
rating NF and FPs [4] based on the band gap filter prin-
ciple. Below the conditions for the separation of ions by
mass (mass/charge) in a multicomponent collisionless
plasma rotating in an axial homogeneous magnetic field,
B, and a radial electric field, E,, with dc and ac com-

ponents are studied. The radial electric field E is gen-
erated by coaxial electrodes — 6. The oscillation fre-
quency, o, for the ac component of E_ is set by a tuner
-T.
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Fig. 1. Schematic view of the plasma mass filter:
1 — 4 — of the longitudinal collector; 5 — end collector;
6 — coaxial system of electrodes; 7 — tuner;
8 — system of solenoids
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If E, periodically changes in time, its value can be

represented as a superposition of the ac and dc compo-
nents. In frequency terms this corresponds to [3]:

a)E = a)Edc + a)Eac COS(COt) ’ (1)
where we — angular frequency which includes; wed —
constant and weac — variable components.

At a sinusoidal change of we, the Mathieu equation
for parametric resonance to determine the frequency of
orbit oscillations in a plasma can be used:

2
EE+[0:—4,Bcos(27)]s =0. )
4 dr
The solution of the Mathieu equation is connected with
determination of the coefficients « and £.

Q? o, Q
T=wt/2 ,a:(T—a)EdCQ)/a)Z ,ﬂ 2%(;2(3)
Frequency intervals in which the ions have localized

and non-localized orbits are shown in Fig. 2.
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Fig. 2. A graph of the first few confined and unconfined
regions of the solution for s in o~/ space:
4ap>-32p% for the interval (0); 1-8p<4a1+<1+8B for
the interval (1); 4-16/34%<4ay+B)<4+80/3p% for the
interval (2). The dashed regions are the unconfined
regions [3]

The combinations of the coefficients « and g,
which correspond to dc and ac components of the radial
electric field E,, determine the penetration to the zones
of magnetized / unmagnetized ions. To determine the

conditions for the separation of ions in the plasma mass
filter [4], let's consider the frequency characteristics at
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the boundaries of the instability intervals, that is, at the
threshold of the transition from a stable state, where the
ions are magnetized, to the unstable one, where the ions
are not magnetized. This correlates with the equation of
the forces balance in the plasma mass filter with posi-
tive radial electric field, that is discussed below.

There are three forces acting on a charged particle
(ion) in a collisionless plasma rotating in ELH fields
[5]: centrifugal — F, :mira)f , electric — F. =eE,,
and magnetic — F, = erw,B,, where mi— mass of i-kind
ion, w; is the angular rotation frequency for i-kind ion, r
is the particle’s distance to the axis of rotation, E, is
radial electric field strength proportional to r
(E, /r=const), B, is a value of magnetic field on the

axis, and e — the charge of the electron. Rotation of a
plasma is obtained by its interaction with radial electric
field, E, and axial magnetic field, B, .

In the plasma mass filters with a positive potential,
the electric and centrifugal forces are directed outward,
and Lorenz force is directed inward. An equilibrium
conditions in a radial direction can be expressed:

> F =0, )
or
mrw’ +eE, —ermB, =0. ®)

The ion cyclotron freduency for the i-kind ion is
written:

Q=2B,/m,. (6)
Thus, the solution of equation becomes:
w =Q/2(1+/1-4E, /(1B,Q)), (M
where @, isan angular freguency of the i-kind ion.

The critical options of plasma rotation can be deter-
mined from the discriminant of the equation equal to
zero, that is, at 4E, /(rB,Q) =1, which corresponds to
E, =E/,B, =B;",r=R. Inturn, from the solution of

the Mathieu equation this state corresponds to the point
(a=0,8=0) (Fig. 2) at the boundary of the instability

interval (0) [3]:
day = -2° B°. (8)
At =0, separation of ions into heavy and light ions

occurs in the mode of operation of the Ohkawa (Archi-
medes) plasma mass filter [5]. Separation mass of M,

is determined by critical value of electric field E;""and
magnetic field B:":

M, =zeR(B{")? /(4E"), 9)
or

M., = 2eR*(B;")* /(8U ). (10)

where U, >0 is the positive potential of electric field

along the longitudinal axis, R is the radius of the cylin-
drical chamber.
In this case, the light ions with m, /z <M, have lo-

calized orbits, and the heavy ions m,/z>M_ have
non-localized orbits. The parameters E",BS",R deter-
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mine the conditions of separation process in the plasma
mass filter. For 4E_/(rB,Q) <1, that s, for

0<E, <E/", equation (5) has a real solution (7), and
ions with mass m, /z < M, have localized orbits.

To set the parameters for ion separation in a multi-
component collisionless plasma rotating in ELH fields,
it is necessary to consider the modified (vortex) cyclo-
tron frequency Q,, that determines the phase of decel-

eration and acceleration for i-kind singly charged ion

[6]:
Q=0-1.
MCF

At Q. =0 the value of @ is equal to the sub-
harmonic of the cyclotron frequency (o, = Q/2) [6]. In

this case, a system with rotating plasma appears on the
boundary of the instability interval (0) at the point
a =0, =0 (see Fig. 2).

At 4E, /(rB,Q) >1, expression (7) has imaginary
roots. In this case, the ions with m, /z > M, have non-

localized orbits in the instability interval (0), and the
forces in (5) are not balanced (see Fig. 2).

The instabilities in a plasma are associated with the
presence of oscillations. In particular, a harmonic analy-
sis of plasma oscillations in a rotating plasma at cyclo-
tron resonance instability conditions showed that there
was a humber of harmonics of the fundamental ion cy-
clotron frequency Q in the spectrum [7]. In addition, the
instability in a plasma due to the relative motion of
plasma components and nonlinear effects in the move-
ment of charged particles in the electric field under os-
cillations can lead to the appearence of a parametric
resonance, that may influence on an ion separation pro-
cess [8, 9].

The growth of the ac component of a radial electric
field (at growth B) for the critical parameters of plasma
rotation in the plasma mass filter (at o =0, see Fig. 2)
leads to the transition to the instability interval (1) cor-
responding to the main parametric resonance.

The resonant conditions for the instability interval
(1) in the frequency terms are given by [3]:

zeU
mR?
where @ is the frequency of ac voltage component.
If U, =0the oscillation frequency o in the gap of

frequency interval (1) is equal to the ion cyclotron fre-
quency, @ = . In this case, the acceleration of the
resonant ions occurs at the fundamental harmonic Q.
These conditions determine the separation regime for
isotope separation, similar to the ICR (ion cyclotron
resonance) method [3].

In the case of U, =0, under the conditions of par-

ametric resonance, another separation mode can be real-
ized, when in a plasma mass filter, together with ions of
m,/z>M,,, it is possible to allocate the target ions of

m/z<M,[3]

(11)

o’ =0%*-8 , (12)
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This separation mode is considered for ejection of
uranium dioxide ions to the longitudinal collector of the
plasma mass filter (Fig. 1).

Let's determine the radius R for the separation of
the molecular ions of the multicomponent oxides with
m/z>M, at initial conditions B, =0.1T,

E,=400 V/m and M =400. In accordance with ex-

pression (9) R =1.3m.
The oscillation frequency @ for the resonant condi-
tions (12) in mass terms [3] becomes:

w=0 [1-"T
M,

Thus, at paramatric resonance conditions the fre-
quency @ is equal to the modified ion cyclotron fre-
quency Q. (11). So, there is correlation between equa-

tions (2) and (5) in respect to ., that is, at parametric

resonance conditions, the oscillation frequency @ of
the resonant (i-kind) ion orbit is connected with the self-
oscillations of i-kind ion determined at critical plasma
rotation options.

Thus, for M, =400 and m, /z = 270, which corre-

sponds to to the molecular ions UO,*, from (13) we ob-
tain  =0.57 Q. It follows, that at superposition of ac
voltage component with o =0.57 Q and dc component
the uranium dioxide ions are filtered out to the collector
of the plasma mass filter (see Fig. 1). This is confirmed
in the calculation of the trajectories for the resonant
uranium dioxide ions at their ejection into the chamber
wall of R = 1.3 m (Fig. 3,a).

(13)
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Fig. 3. Trajectories of ions in the plasma mass filter [4]
at oscillation frequency w = 0.57 Q (UO,") of ac volt-
age component: UO,* (a); La,Os* for initial conditions
described in [10] (b)

From expression (6) the value of Q for Bz=0.1 T and
m, /z =270 is defined: Q(UO;") =3.56-10*rad/s, and,

correspondingly, f = 5.6 kHz (f=Q/2x).
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The width of the parametric resonance is determined

according [3]:
Am _ 4(2fw)w
m @ +Q?
where (28w ) — is the growth of the amplitude of oscil-
lations.

The transition to the interval of instability (1) at
E, =E’ is carried out at the boundary
(a =0, 8 =+1/8) (see Fig. 2).

The value of g was obtained from the boundary
equation:

(14)

40‘1¢(ﬂ) =1+8p4 (15)
Substituting the value of 4 in (14), m+ Am may be
written as:

Am @*
—= iﬁ. (16)
m o +Q
At ©=0.57Q the resonance width becomes
AM L 10,25,
m

Thus, in the resonant conditions, the ions with mass
numbers of 270+68, that is, the total spectrum of single-
charged actinide ions and their oxides can reach to the
longitudinal collector.

As can be seen (Fig. 3,b), in these conditions, the
mass corresponding to single-charged molecular ions of
lanthanide oxides are also filtered out to R =1.3m. In
order to exclude these ions from the resonant condi-
tions, the operating frequency for the tuner should be
®»<057Q (UOy%). The results of calculations [10]
showed that this problem can be solved at exact value of
o =0.5Q (UOy"), that is, a.c. voltage component must
be tuned to a radio frequency of 2.8 kHz at given initial
conditions.

CONCLUSIONS

1. The correlation between the ion orbit oscillation
frequency and the modified (vortex) ion-cyclotron fre-
guency in parametric cyclotron mass filter is shown.

2. For given conditions, it is shown that when ac
voltage component with  oscillation  frequency
® =0.57 Q (UOy") is superposed on the dc component,
the resonant uranium dioxide ions are ejected into the
wall of the plasma mass filter [4].

3. For given conditions, the resonance width has
been determined: m+ Am=270+68. Thus, to the longi-
tudinal collector, in addition to the uranium dioxide ions
it is possible to filter out the ions of actinides and their
oxides.

4. An analysis of the results showed that for the sep-
aration of the molecular ions of actinides and lantha-
nides oxides in the mass filter under consideration,
a.c.voltage  component must be tuned to
® =0.5Q (UOy")
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CEINIAPAIIMSI HOHOB B IIJIASMEHHOM ®WJIbTPE MACC C IIPUHIATIOM JEMCTBUSI
IHOJIOCOBOI'O ®HNJIBTPA

B.O. Hnvuuesa

PaccmoTpeHo paszeneHHe HMOHOB 1O MaccaM B MHOTOKOMIIOHEHTHOH OECCTOIKHOBHUTENBHOW IIIa3Me,
Bpalfarouieiics B 0CEBOM OAHOPOJHOM MAarHUTHOM II0JI€ U PaJHaIbHOM IEKTPHUUECKOM I10J€ C MOCTOSIHHOW U
HEPEMEHHON KOMIIOHEHTAMHU B YCIOBUSX MapaMeTpUdecKoro pe3oHaHca. sl 3aaHHBIX YCIIOBHHM IIOKa3aHO, YTO
IpU CYNEPHO3ULIHUH HEePEMEHHOW KOMIIOHEHTBI PaJHalbHOTO JJIEKTPUYECKOr0 MOJI € YacTOTOM KoseGaHuit
©=0,57 Q 1 MOCTOSHHOM KOMIOHEHTHI, PE30HAHCHBIC MOHBI JTHMOKCHA YpaHa BBIXOAAT Ha OOKOBYIO CTEHKY ILIa3-
MEHHOro (UIbTpa Macc, KOTOPBI B HAcTosIlee BpeMs pa3pabaTbiBaeTcs Ul pa3/elieHHs SIEPHOrO TOIUIMBA U
NpoayKTOB Jienenusi. [lokazaHa KOppEeJsIusl 4acToThl KolleObaHui ¢ MOAM(UIIMPOBAHHONW MOHHO-IIMKIOTPOHHOMN
JaCTOTOM.

CEITAPALIA IOHIB Y IIVIASMOBOMY ®LJIbTPI MAC 3 ITPUHIUATIOM AII TIOJIOCOBOI'O
PLIIBTPA

B.O. Inviuosa

PosrnsHyTO po3momin ioHIB 32 MacaMu B 0araTOKOMITOHEHTHiH 0€33iTKHEHiH mia3Mi, 0 00epTaeThCI B OCHOBO-
My OJHOPITHOMY MarHITHOMY TOJMI Ta pafiaJbHOMY EIeKTPHIHOMY TOMi 3 KOMIOHEHTaMH MOCTIHHOTO Ta 3MiHHOTO
CTpyMy B yMOBax MapaMeTPUYHOrO pe3oHaHcy. s 3aJaHMX YMOB NOKa3aHO, IO INPU CYNEpHO3ULii 3MiHHOI
KOMITOHEHTH PajiiajIbHOrO eEKTPUIHOTO IMOJIsl 3 4YaCcTOTO KonuBaHb ® = 0,57 Q) Ta MOCTiitHOI KOMIIOHEHTH, PE30-
HAHCHI 1OHM [BOOKHCY ypaHy BHXOIITh Ha OiuHy CTIHKY IUIa3MOBOTO (ilbTpa Mac, SKHii B JaHHWH dac
PO3pOOIIAETHCS T PO3AUICHHS SIEPHOTO MANKBa Ta MPOAYKTIB moaumy. [loka3ana KOpemsiist 94acTOTH KOJTHBAHD 3
MOIU(IKOBAHOIO 10HHO-IIMKIOTPOHHOIO YacTOTOHO.
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