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The excitation of LF electromagnetic fields by various antennas in a magnetized plasma with a minor fraction of
heavy ions is computed. The efficiency of heavy-ion acceleration owing to the parametric resonance in the ICR
frequency range is examined. The effect of heavy-ion collisions with lighter ions and atoms is estimated.
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1. INTRODUCTION

Plasma methods for separation of multi-component
substances by atomic mass, which use the ion cyclotron
resonance (ICR) heating of a selected ion fraction, are
being developed since the 1970th [1,2], in application to
the isotope separation for medical and nuclear fusion
technologies [2-5], to nuclear waste processing [6], etc.
The low-frequency (LF) electromagnetic fields in the ICR
frequency range can be excited by various antennas, such
as the solenoidal [2,4], helical [3,7], and spiral [7] ones.
Wave number spectra and impedances of some antennas
were compared in Ref. 7. In Ref. 8, it was shown that the
isotope separation selectivity can drop due to the
parametric instability arising in quite strong LF fields.

In Ref. 6, ion acceleration was assumed to arise from
both the electric force and the nonlinear Lorentz force.
This parametric mechanism is a sort of magnetic pumping
and differs from the usual ICR mechanism. However, it
was discussed in Ref. 6 with a simple model that does not
account for actual LF field patterns and ion collisions.

In this paper, the parametric mechanism is analyzed
with more realistic model. The excitation of LF field by
various antennas in a plasma, which is assumed to include
a small fraction of heavy ions, is computed with the full
electromagnetic code developed originally for helicon
plasmas [9]. The orbits and the rates of heating and radial
escape from the plasma of the heavy ions in these fields
are examined. Collisions of the heavy ions with lighter
ions and atoms are considered with a simple model.

2. THE MODEL AND LF FIELD PROFILES

A plasma mass separation facility is modeled as a
plasma column located inside a metal chamber and
immersed in a uniform magnetic field By (Fig. 1(a)). We
assume that the plasma column is produced somehow,
e.g., with a helicon discharge as in DEMO plant [10], and
is as large as in DEMO: ry=40 cm, L =200 cm, and
R=100cm. A LF driving antenna of radius r, =45 cm
contains an ac current of frequency w and strength /a.
Figure 1(a) shows the azimuthally symmetric double-loop
antenna (with loop spacing equal to d), whereas some
azimuthally asymmetric antennas are shown in Fig. 2(b).

Consider the double-loop antenna (Fig. 1(a)) and a
uniform plasma with the electron density and temperature
ne=1x10"" cm™ and 7. = 4 eV. The density of lighter ions
(atomic mass A4; =30 a.u.) much exceeds that of heavier
ions (4u = 30 a.u.), ni >> ny, and ion temperatures
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Fig. 1. Sketches of (a) the device, and of various driving
antennas: (b) the Nagoya type 11l (Kharkov),
(c) the helical, and (d) the phased Nagoya ones

are 7;= Ty = 0.2-0.8 V. The magnetic field ranges B, =
100—400 G, so that ions are magnetized: o < pu <4.3 cm.
The Helmbholtz-type antenna (d =ra) contains in each
loop the current ranging I, =0.5—4 kA, at a frequency
within the ICR range for the heavier ions, W= wu, i.e.,
within the Alfvénic range for the lighter ions.

The field amplitudes computed at /s =1kA are
considerable within axial antenna location only (Fig. 2).
The Egfield is the strongest and exists in the plasma bulk.
The E,-field arises at the edge, due to plasma polarization,
and the E.-field is small. The B.-field is well uniform in
the bulk, due to the Helmholtz antenna configuration, and
comparable in magnitude with B,. The B,-field is also
considerable, whereas the Bgfield is very small. Thus, the
plasma has a negligible influence on the LF fields whose
main components are practically the same as in the
vacuum case. The LF power absorption is very small: the
plasma loading resistance amounts to a few UQ only. The
reason is that the Alfvénic waves are too long in this
parameter range to fit into the plasma column: Ax = 277
/ka 1070 m where ka = @n/va (va: Alfvénic velocity).

3. ORBITING OF HEAVY IONS

The motion of heavy ions in the LF fields was first
examined with collisions neglected, using the equation

i = (e/My)E(r,0+ (e/ Mye)[ix By + tx B(r,0)|, (1)

that takes account of the nonlinear Lorentz force. The ion
orbits computed for driving frequencies ww, at the
antenna current /, =1kA and initial conditions 7(0) =
10cm, 2z(0)=100cm, v{(0)=v.(0)=0, vg(0)=vm=
(Tw/My)'"? (Tw=0.2¢eV), are shown in Fig. 3. As seen,
monotonic in time acceleration occurs not only at the ICR
frequency, but also within a finite resonance range near.
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Fig. 2. Profiles of the LF field components, at I, =1 kA

Orbiting of unconfined ions is pretty peculiar: along
with gyroradius growth, the guiding center moves to the
periphery until the ion escapes to the wall. This originates
from nonlinear (parametric) nature of acceleration under
magnetic pumping. Indeed, with neglect of the nonlinear
Lorentz force in Eq. (1) the ions are confined in plasma at
any frequency. Nonlinearity is also apparent from the fact
that the resonance, though much weaker, occurs near the
sub-harmonic of the ICR frequency (Fig. 4).

The effect of ion escape was found to depend only
slightly on orientation of the initial perpendicular ion
velocity. Also, at w= @ escaping are even the ions with
initially small velocities and near-axis positions.

It is suitable to characterize the resonance ion motion
by the escape rate, i.c., by the inverse time of ion escape
to the wall. The escape rate as function of the pump
frequency is shown in Fig. 5(a), for the above parameters.
As seen, the resonance near the ICR frequency is intense
and broad-band, whereas the resonance near the ICR sub-

w wy = 0.90 w wa = 0.95 w wy = 1.00

&

CL)/(AI;H: 1.15

Fig. 3. Heavy-ion orbits at pump frequencies near W
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Fig. 4. Heavy-ion orbits at frequencies near (1/2) n

harmonic is much weaker and narrow-band. Both the
resonance intensity and bandwidth grow, approximately
linearly, with the antenna current, as seen from Fig. 5(b).
Note that the bandwidth relates to the mass separation
selectivity, which is an important characteristic in the
isotope separation problem, by the relation

Aw w=AM/M. ©)

At a fixed antenna current, the resonance bandwidth
can be reduced, without substantial loss in the resonance
intensity, by increasing the magnetic field By (Fig. 6(a)).
The escape rates computed at B, =400 G and various Ia
show qualitative similarity to those at lower B, (cf. Figs.
5(a) and 6(b)). At a fixed antenna current, both the
resonance bandwidth and intensity decrease with the
magnetic field increase, the former approximately in the
inverse proportion whereas the latter by a weaker law.

4. MODELING HEAVY-ION COLLISIONS

The effect of heavy-ion collisions with lighter ions
and atoms was examined in a simple model, by adding the

friction force F; = = (V y; +V ,)T in the RHS of Eq. (1)

(Vi and Wy, are respective collision frequencies). This
model, however, neglects the angular particle scattering.
A typical ion orbit and the escape rates computed at
By =400 G and the above mentioned initial conditions are
shown in Fig. 7. As seen, the friction delays but does not
stop the ion escape to the wall. However, the resonance
intensity falls and the bandwidth spreads substantially.
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Fig. 5. (a) Escape rates at the fundamental harmonic and
the sub-harmonic of the ICR resonance, and (b) the effect
of the antenna current on the fundamental resonance
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Fig. 6. (a) The effect of magnetic field on the fundamental
resonance, and (b) the escape rates at By =400 G
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Fig. 7. (a) The ion orbit under influence of collisions, and
(b) comparison of escape rates with and w/o collisions, at
By =400 G and 0.5-mTorr neutral gas pressure

5. PUMPING WITH OTHER ANTENNAS

We have also examined the LF field excitation and ion
orbiting with the azimuthally asymmetric driving
antennas shown in Figs. 1(b)—(d). Obviously, the fields of
these antennas are well nonuniform azimuthally. As a
result, the ions with certain initial azimuthal positions, &,
are confined in plasma, i.e., are not escaping to the wall.
The phased antenna, in contrast to the Nagoya and helical
ones, provides some gain in the ion escape rate, as
compared with the double-loop antenna with the same /4,
but for ions with favorable values of &, only.

7. DISCUSSION AND CONCLUSIONS

The field excitation in the Alfvénic frequency range is
only slightly affected by plasma and results in a weak
power absorption. Thus, the magnetic pumping would not
be disturbing for the main, plasma-making discharge.

The magnetic pumping gives rise to the radial heavy-
ion escape to the wall at driving frequencies within a
resonance band near the ICR frequency and much
narrower band near the ICR sub-harmonic. Thus, the ion
separation tool may operate within either frequency band
and with the ion collector placed radially.

With increasing antenna current, both the resonance
intensity and bandwidth grow. For the isotope separation,
the former effect may enhance the process productivity,
whereas the latter one may worsen the mass selectivity.
For nuclear waste processing, which needs only rough
mass separation, both effects may be profitable.

With increasing magnetic field, the resonance band-
width decreases, approximately linearly, whereas the
resonance intensity drops only slightly.

The collisional friction delays but does not stop the
heavy-ion escape to the wall, provided that the plasma
density, neutral gas pressure and magnetic field are such
that the total collision frequency is kept well below .
Thus, the operation at higher magnetic fields is
preferential for increasing both the process productivity,
by increasing the plasma density, and the mass selectivity.
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SJEKTPOMATHUTHBIE MOJISI U OPBUTHI TSKEJIBIX HOHOB B HU3KOTEMITEPATYPHOM ITJTABME C
MATHUTHOI HAKAYKOH
K.IL Hlampan, E.H. Kyopaeuenko
Paccuntano Bo30yxxaenne HY- 31eKTpOMarHUTHBIX TOJEH pa3NWYHBIMH aHTEHHAMH B IUIa3Me ¢ Majiod J00aBKOW TSIKENBIX
noHoB. MccnenoBana 3¢ (GEeKTHBHOCTh YCKOPEHHUS TSDKEJIBIX MOHOB BCIIEACTBHE MapameTpuueckoro pe3onanca B MIIP anamasone
gacToT. OnieHeH 3(h()eKT CTOIKHOBEHHH TSDKEIBIX HOHOB C OoJiee JISTKUMH HOHAMHU M aTOMaMH.

EJEKTPOMATHITHI ITIOJISI TA OPBITH BAXKKHX IOHIB Y HU3bKOTEMIEPATYPHIM IJTA3MI 3
MATHITHOIO HAKAYKOIO
K.I1. Hlampaii, €.M. Kyopsaeuenko
PospaxoBano 30ymkeHHss HU- elekTpoMarHiTHUX MOJIB pi3HUMU aHTCHAMH B TUIA3Mi 3 MaJIol0 TOOABKOO BaKKUX 10HIB.
JocnipkeHo eeKTHBHICTh IPUCKOPEHHS B)KKUX 10HIB BHACHIIOK apaMeTpu4Horo pe3oHancy B ILIP miamaszoni wactot. OnineHO

e(eKT 3ITKHEHb BA)KKHX 10HIB 3 JICTKIITUMH i0HAMH Ta aTOMaMH.
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