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Solution of the dispersion equation for linear potential ion cyclotron oscillations with characteristic parameters used
for selective ion cyclotron resonance separation of gadolinium isotopes has revealed the presence of the short-
wavelength unstable oscillation in the ion cyclotron frequency range. Computer simulation of this instability by means
of macro particle technique has shown that thisinstability may be responsible for turbulent heating of both resonant and
nonresonant ions obtaining large transversal energy. It can decrease the efficiency of this method.

PACS: 52.35.-g; 52.35.Mw; 28.60.+s

1. INTRODUCTION

According to this method [1] in the plasma coming
with the therma velocity from an ion source into the
heating region under the antenna the resonant ions which
are to be separated obtain their transverse energy from the
RF field under the ion cyclotron resonance and are heated
up on the average. The nonresonant ions obtain lesser
energy due to Doppler effect and one can neglect their
heating if the generator frequency (more precisely the
magnetic field) is matched o) that

W, - Wy - Ky ‘ >>Ko Vy, Where V,, is the particle
velocity aong the magnetic field, V;; is its thermal
velocity, Kk, =2p/L, L is the antenna length.

Transverse RF field speeds up the resonant particles and
they are heated. For a nonresonant particle the cyclotron
frequency differs from one for a resonant particle by the
value Dw =w,(DA/A), where A is the atomic number of

the isotope, and the condition of resonant absorption is

not met for them, if
L>1L, = /8p (VTi /Wo)(A?/‘ DAO D

In the RF field during the time Dt ~1/k\V;; theresonant
ions obtain the current velocity of the order of

Ures »/P/2 eEo/(m KyoVr )v
where E, isthe complex amplitude of the field rotating

in the direction of cyclotron gyration of ions. Current
velocity of nonresonant ions will be of the order of
U ~ (€E,/B,){A/DA). The veocity u,.. can be, by

virtue of inequality (1), considerably greater than the
vel ocity of nonresonant ions.

If the relative veocity of resonant and nonresonant
ions will become of the order of initial thermal velocity of
ions, then in such plasma, due to the relative oscillations
of ions, parametric instabilities will arise associated with
potential ion cyclotron oscillations [2].

In the present work the linear growth rates of the
parametric ion cyclotron ingtability, conditioned by the
oscillations of different species ions, are found and
computer simulation, based on the macro particle model
(2D2V model [3]), of thisingability is carried out for the
gadolinium isotopes.

2.LINEAR THEORY OF PARAMETRIC ION
CYCLOTRON INSTABILITIES
Let us consider the particle motion in the pumping
field E =RelE, expli(k,oz- wot]) that is switched on at

the moment t =0. Because the particle displacement is
small in comparison with the antennaradius, then one can
consider the electric field to be uniform. Integrating the
equations of motion, neglecting small longitudinal electric
field E, and carrying out the averaging over initial
Maxwell distribution, we obtain the expression for the
average transversal velocity of particles
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where V,, =V, +iV, , is the transversal velocity in the

complex form, w,, is theion cyclotron frequency of the

ion of a -species, éo is the complex amplitude of the
pumping field, w, is the frequency of this field, that is

equal to the cyclotron frequency of the ion species under
separation. In expression (2)

ek z 0
W(z) = exp|- 22 )>¢—° pit*)dtT.
(e e 2 k)

In [4] the device was proposed for isotope

gadolinium-157 separation with the parameters: B,=3 T,
n,=10% cm? initid temperature of ions is 10eV,
L=2m, the frequency of dternating field is
w=w,,=240° s’ the plasma radius is 10 cm, the
electric field srength is E =3 V/cm.

u.~310° on/s, the nonresonant ions velocity is

approximately 2 times smaller; the initial thermal velocity
of ionsis V, ~2.5-10° cm/s,

In Fig. 1 the dependence against time t =w,t of the

velocities of the gadolinium isotopes G and G™® and
their relative velocity, divided by the initial thermal
velocity of ions, is shown for the conditions given above
[4]. Oscillations of the relative velocity of the isotopes
lead to the appearance of the amplitude beats with the pe-

riod t ¢=2p (A/DA) » 10°, that arise from “instantaneous’

switching on of the pumping field. At the initial stage the
velocity growth is aimost the same for the isotopes of
different species. At the stage, when the relative ve ocity

In this case
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of different isotopes is close to the maximum value,
oscillations of the components of the transversal veocity
take place in opposite phase. In this case the value of the
relative velocity achieves 20V, . If switching on of the

pumping field takes place at the moment t ® - ¥ , then
the oscillations with the frequency w, disappear. Only
the oscillations with the frequency w, remain. In this
case the relative amplitude u at t 3 400 is equal to 4V,
approximately.
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Fig. 1. Time dependence of the vel ocities of the gadoli-
niumisotopes G’ (V,), G (V,) and their relative
velocity u divided by theinitial thermal velocity of Gd™’
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Fig. 2. Dependence of frequencies and growth rates of the

unstable oscillations against wave number (k;r,= 0.01).

For oscillationswith larger k; growth rateis 1.5, 3 times
less than maximal one

The dispersion equation for unstable oscillations has a
form of the infinite determinant that is equal to zero

det | A, 50, ©)
1 o & .

Arm = m * 1+de, (k,w +mw,) aa‘ E}J ’”m(aa)J ’””(aa) ;

’ dea (W + pWO)

where a, isthe displacement of ions of a -speciesin the
pumping field, multiplied by the wave vector of the
ungtable oscillations, J,(a,) is the Bessel functions of
the first kind, de, is the contribution to the longitudinal

plasma permittivity of the particles of a -species in the
presence of the oscillations with the average velacity (2).

The solution of the dispersion equation (3) for the
parameters [4] in the case of the rest plasma, <V”> =0, is
presented in Fig. 2 (it is assumed in computations, that
nonresonant ions have a mass of the gadolinium-158 and
concentration 0.843, and concentration of gadolinium-157
is equal to its concentration in the natural mixture, 0.157).
In Fig. 2 there are two branches of the unstable
oscillations, the frequencies of which join the ion
cyclotron frequencies (because heavy ions are considered
the difference of their cyclotron frequenciesis negligible).
One can see, that in the region kr; »1 (r, - is the
Larmor radius of the ions) the difference between
undable oscillations frequencies and the freguency
W, =w, is Dw»0.05w,. The growth rates have a
maximum at kr, ~1. The growth rate of the branch with
lesser frequency achieves the value 0.06w,, and the
growth rate of the branch with larger frequency achieves
the value 0.025w,. The longitudinal wave number is
small, k,r;=0.01, but it exceeds the longitudinal wave
number of the pumping field k;,=0.03 cm® three times,

that allows to neglect the pumping field nonuniformity .
3. COMPUTER SIMULATION RESULTS

Two-dimensiona numerical simulation of nonlinear
evolution of the parametric ion cyclotron instability by
macro particle technique was carried out for the ions of
gadolinium isotopes with the parameters [4]. As distinct
from the previous section we will assume, that the
oscillations of the ions of different species are defined by
formulae (2) with k, ® 0. In this case the velocity of

the resonant isotopes, for which w,. =w, will grow
linearly with time, V, =c(E, /B, )%, and the simulation
results obtained can be used up to the time lesser than
Dt = (kjoVi ) 1. W XDX » 300,

In Fig. 3 the time dependence of the averaged energy
density of unstable oscillations of the electric field is

shown with theinitial vaue W (0)= n,T, 3402,
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Fig. 3. Time dependence of energy density of the self
consistent electric field W, = E?/8p divided by the
initial thermal energy density
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The frequencies of these oscillations are of the order of
nw, . The characteristic wave numbers at w,t £20 are
large, kr, >1. At the large time the oscillations are
excited with kr; < 1. Note, the dependence of the value
W./n,T, against time is nonlinear. It relates to the

variation of the current velocities of the particles in time
and nonlinear effectsin the particles motion in the electric
field of unstable oscillations.
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Fig. 4. Time dependence of the averaged chaotic energy
of ions of the isotope Gd™’ divided by itsinitial value

Development of the parametric ingability is
accompanied by heating the particles. It is illustrated by
Fig. 4. In Fig. 4 the time dependence of the relation of
transversal chaotic energy of the resonant isotope G™’ to
the initial temperature is shown. At wt =180 this value
exceeds the initia value seven times. The heating is
conditioned by nonlinearity of the equations of the
particles motion and by the dynamic chaos that can arise.
InFig. 4 a wyt >50 one can see the oscillations with the

frequency 2w, and with the amplitude growing in time.
It is related to high energy ions generation. Transversa
chaotic energy of the nonresonant isotope G*® grows in
time too and it has the value of the order of that is
obtained for the G''isotope.

4. CONCLUSIONS

On the ground of computer simulation by means of
macro particle technique it is shown, that for the typical
parameter values of plasma, magnetic field and
aternating dectric filed under condition of the ion
cyclotron resonance for the gadolinium isotopes mixture,
the small-scale potential ion cyclotron oscillations with
transversal wave number of the order of the inverse
Larmor radius of ions arise in plasma as a result of the
parametric instability after the relative velocity of the
different isotopes achieves the value of the order of their
thermal velocity. This ingability results in the turbulent
heating of both resonant and nonresonant ions and it can
reduce the efficiency of the isotope separation method
given.
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BJIMSTHUE TAPAMETPUYECKOM HEYCTOMYNUBOCTH IIJIA3MBI HA D®PDPEKTUBHOCTD
PA3JEJIEHUSA N30TOINOB METOJIOM MOHHOT' O MUKJIOTPOHHOTI'O PE3OHAHCA

B.B. Onvwmanckuit, K.H. Cmenanoeg

Pemenne nucnepcHOHHOrO YpaBHEHHS UL JMHEHHBIX MOTEHIMAJBHBIX HOHHBIX LUKJIOTPOHHBIX KONEOAHWH C
napaMeTpamMH, XapaKTepHBIMH IPU HCIOJIb30BAHUH CEJICKTHBHOTO HMOHHOIO IMKJIOTPOHHOTO pe30HaHca Ui
pasneneHuss M30TOIOB TaJOJNUHUS, IOKA3all0 HalWdde KOPOTKOBOJHOBBIX HEYCTOMYMBBIX KOJeOaHWi B obnmactu
WOHHBIX IUKIOTPOHHBIX YacTOT. MozelMpoBaHUe TOH HEYCTOWYMBOCTH METOJOM MaKpOYacTHIl IOKa3allo, YTO ITH
HEYCTOMYMBOCTH MOTYT OBITH OTBETCTBEHHBIMH 33 TYpPOYJICHTHBIH HarpeB Kak Pe30HAHCHBIX, TAK M HEPE30HAHCHBIX
HOHOB, MPHOOPETAIONINX OOJBIIYIO MMOTIEPEIHYIO YHEPTHIO, YTO MOKET CHU3UTH d()h(HEKTUBHOCTH 3TOTO METO/A.

BILJIUB TAPAMETPAYHOI HECTIMKOCTI IIJIA3SMH HA EOEKTUBHICTH PO3IIJIEHHSA I30TOIIIB
METOJIOM IOHHOT'O HUKJIOTPOHHOI'O PE3OHAHCY

B.B. Onvwmancoxkuii, KM. Cmenanos

Po3B’s13aHHs  gucniepcifHOrO pIBHSHHA IS JHHIMHMX TOTEHIIHHUX 1OHHHX [UKIOTPOHHUX KONMBAHb 3
napameTpamu, XapakTepHUMH [PU BUKOPUCTAHHI CENICKTHMBHOIO 10HHOTO IUKJIOTPOHHOTO PE30HAHCY Ul PO3ALICHHS
130TOMIB TaOMiHIIO0, TIOKA3aJI0 HASBHICTh KOPOTKOXBMIIBOBHUX HECTIMKHX KOJHMBAaHB B 00JACTi i10HHUX HUKIOTPOHHUX
gacToT. MozenroBaHHA i€l HECTIKOCTI METOAOM MaKPOYaCTHHOK ITOKAa3aJjio, [0 BOHK MOXKYTh OYTH BiAIIOBiTaT-HUMHA
3a TypOyJIieHTHE HarpiBaHHSI SK PE30HAHCHUX, TaK 1 HEPE30HAHCHUX 10HIB, SIKi OTPUMYIOTH BEJIHKY HOMEPEYHY SHEPTIIO,
10 MOYKE 3HU3UTH e(DEeKTUBHICTH I[HOTO METO/Y.
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