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The production of highly charged ions is very efficient in highly ionized microwave heated plasma in an electron
cyclotron resonance ion source (ECRIS). Recent experimental results have revealed that better production of highly
charged ions is connected with appearance of weak ion sound turbulence arising due to decay instability of pumping
wave in an ECRIS. In some theoretical papers different ions heating due to ion sound turbulence in an ECRIS was
studied. Under appropriate conditions due to ion sound turbulence in mixture of two different gases light ions could
be heated faster than heavy ions. Since confinement of ions will be the better the lower ion temperature, the differ-
ential ion heating enhances losses of preferentially heated light ion component, reducing at the same time losses of
the less effectively heated heavy ions. This mechanism appears to be able to explain most of phenomena observed in
experiments with “gas mixing effect”. The present article considers the “isotope effect” in an ECRIS plasmas within

the model of ion turbulent heating.
PACS: 52.35.-g

1. INTRODUCTION

The ECRIS discharge plasma is confined in an open
magnetic trap (magnetic mirror trap with magnetic
hexapole for achieving a minimum B structure and sus-
tained by a high frequency electromagnetic wave, usual-
ly injected along the magnetic field from the high field
side (Fig.1) [1]. The production of highly charged ions
in the ECRIS essentially occurs in a sequence of ioniza-
tion steps caused by electron impact. In order to make
the production efficient, it is necessary to provide elec-
trons with wide range energies due to effective rf elec-
tron heating that occurs at the condition of electron cy-
clotron resonance. Usually the physics of heating in
ECRIS systems is considered in the simple mirror (SM)
geometry without taking into account effects of mini-
mum B structure [2].

The physics of plasma heating in systems similar
to ECRIS is mainly controlled by the interaction of the
incoming (pumping) wave with the electrons, the role of
ions being more passive [2]. However for the various
regimes of ECRIS plasma transport depends strongly on
the ion temperature [3]. Therefore the ion heating is an
important process and influences strongly on the ion
source performance.

The ion temperature 7, qZ of a ion species with

charge state ¢ is determined by the ion energy balance
equation, which reads in a simplified form [4, 5]
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On the right hand side of this equation the first term
is the power taken by the ions due to collisions with the

(M

electron population, ({ eli )_] is the electron-ion energy

equipartition rate for ions of the charge state 4, n, is
the electron density, T, — electron temperature; the sec-
ond term stands for the ion energy diffusion loss rate,

7z . . . .
T, is the ion confinement time. Since an energy ex-

change between ions is much faster than between elec-
trons and ions all ions are expected to have the same
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Fig.1. Scheme of an ECR ion source: 1, 2 — electromag-

netic coils, 3 — hexapole (permanent magnets),
4 — plasma cavity
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mp ions

The beneficial effect of mixing a lighter gas in the
plasma for the production of highly charged heavy ions
(so - called “gas-mixing effect”) was discovered fifteen
years ago (see [6] and references therein). The reasons
of this phenomenon are still under discussion. Antaya
was probably the first who supposed that in the mixture
of heavy and light ions the latter may take away the en-
ergy from the heavy ions in elastic collisions thus cool-
ing them (“ion cooling” model) [7]: by elastic collisions
the electrons heat the light ions not as effective as the
highly charged heavy ions. Elastic ion-ion collisions
equalize the various ion temperatures. The lowly
charged ions have a short life time; they are lost from
the source taking away the energy also of the heavy
ions. Thus the life time of the heavy ions is increased
and their mean charge should increase in the source.

Studying the mixture of nitrogen isotopes > N/"*N in
ECRIS 2 the authors of Ref. [8] concluded that the mod-
el of “ion cooling” is not sufficient for explanation of
the “isotope effect” observed at the same time as “gas
mixing effect” [6]. They obtained an especially simple
form for the low density case, where one gets immedi-
ately the ratio of the extraction currents for a mixture of
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two isotopes characterized by their nuclear mass num-
bers A:

q-1
4
g = aH - . (2)

B\ S
Here we have replaced the indices A by 1, 2, the A,
are the respective mass numbers. From (2) the current
ratio for singly charged ions is expected to be almost
equal to the gas mixture ratio 0 in the discharge cham-

ber, so the value of X =14 /N1+ can be compared with

the value given by (2). The latter is only 1.15 for N¥ ,
which is too small compared to the observed X that is
as high as 1.5 for the mixing of nitrogen isotopes
15 N /14N .

The authors of Ref. [8] also remark that the exclusive
dependence of the ion confinement times on the square
root of the masses is not sufficient to explain the anoma-
ly. They proposed to explain the isotope anomaly via dif-
ferent ion temperatures, or more precisely with a different
mass dependent heating mechanism (predominantly for
the lighter component) caused by ion Landau damping.
The confirmation of the occurrence of this mechanism is
the observation of low-frequency noises in correlation
with the anomaly corresponding to well-known ion
sound. They suggested that due to linear Landau damping
the ion sound noises heats light ions more effectively than
heavy ones and thus could influence essentially the heavy
ions resident time in the plasma and consequently better
output of higher charged heavy ions. Therefore a small
deviation in the temperatures of various ions could result
in an essential difference in the extracted currents.

As it was mentioned above the authors of Ref. [§8]
explain the “isotope effect” via the linear Landau damp-
ing of ion sound on ions that is however exponentially
low at the observed velocities of ion sound. Therefore
we proposed to consider a non-linear Landau damping
of ion sound (non-linear ion sound scattering) on ions as
a mechanism of ion heating and developed the model of
ion turbulent heating of ions having different relation of
a charge to mass [3,9,10].

It should be pointed out that peculiarities of ion tur-
bulent heating due to non-linear Landau damping of ion
sound in two-ion components plasma (plasma with two
sorts of ions) have been investigated during the latest
decade (see [11] and the references therein) for the case
of the electron current driven instability. Using the re-
sults of general theory of non-linear wave-particle inter-
action for one component plasma (plasma with one sort
of ions) [12, 13] the authors of Ref. [11] for the first
time obtained the expression of ion sound spectrum in
two component plasma taking into account self-consis-
tent modification of electron and ion distribution func-
tion. At the consideration of ion turbulent heating they
have shown that the turbulent heating rate is different
for different ions. It should be pointed out that the spe-
cific feature of the ECRIS is that we could regard the

with frequencies close to the electron cyclotron frequen-
cy in plasma is a consequence of the decay instability
[15,16]. The decay of the pumping electromagnetic
wave launched along the magnetic field lines occurs in
such a way that the wave vectors of the generated elec-
trostatic waves are almost opposite to each other and the
waves propagate under the small angle 6 to the direc-
tion of the magnetic field lines This is the consequence
of the conservation law for the total wave momentum
and the fact that the electrostatic wavelengths are much
shorter than those of the electromagnetic pumping
wave. The condition of decay is

Q=0,+0, k= k+k, 3)
Here Q € @, is the pumping wave frequency, which

must be close to the local electron cyclotron frequency
2
pe
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3 Sinza)is the hybrid fre-
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e
quency, @ p. is the electron plasma frequency, and @,

the ion sound frequency, the latter being much lower
than @, .The condition of the decay (3) can be satisfied

only for a wave vector k, directed almost parallel to

magnetic field, since the hybrid frequency is close to the
electron cyclotron frequency only in this case. Thus
sinf is very small.

The value of minimum unstable external electric
field E.;, in one component plasma was obtained in
the paper [17] where for the first time the parametric ex-
citation of potential waves in a completely ionized plas-
ma near electron cyclotron resonance by high frequency
electric field was studied. The author of Ref. [15,16]
shown that this process is equivalent to the two potential
wave non-linear decay of pumping wave. The maximum
growth rate of the decay instability } ; corresponds to a

frequency shift 4 =Q-0,=w and is given by
[15,16,17]
“4)
®)

It means that the electrostatic waves are unstable inside
a small cone around the direction of the magnetic field
lines with 8 < 8,, 8, =1 /6. This non-linear interac-
tion of three waves namely the pumping electromagnet-
ic wave, the hybrid wave and an ion sound wave broad-
ens the wave spectra and randomizes the phases of the
waves [16].

According to the paper [17] it’s possible to get the
minimum threshold of decay instability for the case of
multi components plasma at the condition cosf = 1,

electron distribution function as unchangeable and study W= 0pi
the behavior of ions separately from electrons. EIZn =4 W, 20 2 gy o
The appearance of low frequency noises in accom- wn T 0. 0l 2 (6)
panying the electron heating by electromagnetic waves e pe = pe
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Here V ; is the electron—ion collision frequency, @ ,; is

the ion plasma frequency. It can be seen that the thresh-
old appears to be rather small for standard experimental
parameters of ECR both in one component plasma [15]
and two component plasma [18].

The form of ion sound turbulence spectrum was first
given by Kadomtsev and Petviashvili [14] for the case
of a current driven instability and studied by Tsitovich
for the case when weak ion sound turbulence is driven
by the high frequency electromagnetic wave [13]. In
both cases the results are similar: the ion sound spec-
trum expands to waves with very long wavelengths, the
steady state is provided by non-linear scattering of the
ion sound wave towards small frequencies.

Using the results of the papers [11,12,13,14] we got
the expression for ion sound spectrum for one and two
components ECRIS plasmas [3,9,10]. According to Ref.
[13] we had to consider two regions in k& — space: the
first is the region of generation, where the growth of ion
sound waves is balanced by nonlinear Landau damping
and the second one, the region of inertia, where energy
flow into the lower ion sound frequencies is balanced by
linear Landau damping on electrons (Fig.2).
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Fig.2. Schematic shape of ion sound spectrum: I — re-
gion of generation, Il — region of inertia, IIl — region of
adsorption

The density of ion sound energy is given by a classi-
cal form [13]

W dk y 1odo o] ,f];

k 3 -
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Here € (@) is the plasma permittivity. The dimension
of the spectral energy W, coincides with the dimension
of energy. According to Planck the number of waves
could be introduced as N, = W, /lw (k), where the
Planck constant [is set equal 1. Thus the product of
N ,: @ (k) has the dimension of energy and the number of
waves is not dimensionless anymore. Usually the num-
ber of waves depends on the absolute value of the wave
=N, (cosf)
[11,12,13,14]. Since the growth rate has its maximum
close to the small angle 0, we follow the idea of
Kadomtsev and Petviashvili [14] and express the angu-
lar dependence of the ion sound spectrum by

vector kand of the anglef , ie. N,
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N, (cosf )= N,0 (cosf - cosl ), ®)

It turned out that the ion sound spectrum in kK —

space has a saw-tooth form and depends considerably

on microwave generator power and the characteristic
parameter of the magnetic field lines (Fig.3).

Wk
K, Kk, k k K
Fig.3. Shape of ion sound spectrum for the case
kg~ ko << kg

The appearance of additional areas of ion sound genera-
tion in K — space could be explained as follows: the
phases of the ion sound waves are randomized in the

Lo
area between k, = 1, and kq. Here kg corresponds to

the case then N, = 0, 7p, — thermal electron Debye
length. Therefore the growth rate here will be much less
than the growth rate for fixed phases. In the region
k < ky ion sound noise develops. The situation here cor-

responds to the decay instability with fixed phases,
where the growth rate is determined by (4) with

W, = W,(ky). Thus additional stages of the instability
starts from new kg, ¢ ko and will cause a spectral broad-

ening from kg, t kg, up to kg, . It should be pointed
out that in the area of long wave lengths where the rate of
ion sound damping on electrons (};) becomes smaller

than the ion sound damping due to ion-ion collision (} ;)

the spectrum is cut off due to efficient ion sound absorp-
tion by ion-ion collisions. The ion sound damping due to
ion-ion collisions turns out different for one component
and two component plasma [19,20].

From the collisionless part of quasilinear equation for
the ion distribution function which includes the induced
(non-linear) scattering of ion sound waves on different
ions we obtained the equations of ion turbulent heating.
It should be pointed out that the same technique was ap-
plied to investigate the ion turbulent heating both in
case then ion sound turbulence was driven by current in-
stability [11] and in case of ion-sound kinetic parametric
instability in helicon plasma source [21]. The simple
calculation shown that under appropriate conditions due
to ion sound turbulence in mixture of two different gas-
es light ions could be heated faster than heavy ions
[3,9,10]. Since confinement of ions will be the better the
lower ion temperature, the differential ion heating en-
hances losses of preferentially heated light ion compo-
nent, reducing at the same time losses of the less effec-
tively heated heavy ions. This mechanism appears to be
able to explain most of phenomena observed in experi-
ments with “gas mixing effect”. In this paper we calcu-

82

Cepus: I1na3smMeHHas 31€KTPOHUKA U HOBBIE METO/IbI YCKopeHus (5), ¢.81-86.



lated the probability of induced ion sound scattering on

ions for isotope case. Further we’ll study the ion turbu-

lent heating for isotope case as for mixture of two dif-

ferent gases.

2. INDUCED ION SOUND SCATTERING ON
IONS IN TWO COMPONENTS PLASMA

2.1. THE CASE OF GAS MIXTURE

As discussed before we describe ECRIS plasma in a
gas mixture as a two-ion-components plasma, i.e. plas-
ma with two sorts of ions ¢ and B considerably. Then
the ion sound frequency @ will be expressed via the
ion plasma frequencies of both ions @ ,;; and @ p;

0, L b
2
D(J) pia tw pip [
s 0 1 ad

ﬁ g kzrDe ﬁ

gy ng t qpng = n,.
Here 1, and g denote the densities of ions of kind

¢ and B, respectively. The dispersion properties of
plasma as well as non-linear plasma processes are deter-
mined by the thermal electrons in the bulk of the plas-
ma.

The kinetic equation describing the induced scattering
of ion sound waves on ions 1s given as

W ’w,:(w,

pt

-

at = N’J‘Nkvkkadkl+ NkJ' kkﬁdk (10)
where
. CTnif, . 0dp
= (w, (kk)I~20(k - k)i ——. (11
Vk,kla pr( I)H ap ( I)H(2ﬂ)6 ( )

Here f; (p) is distribution function of ions of sort @

supposed to be Maxwellian, w,, (k,k,) is the probabil-
ity of induced ion sound scattering on ions [11]
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Here ey

is the amplitude of induced ion sound scat-
tering on ions, ¢ ;’{ & 1s the contribution of ions of sort
B in plasma permitivity. Replacing index ¢ for f in

the expressions (11), (12) one can get V;;;:/; . After some
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2
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Here k"= k-kj, k=ki, 0"=w(k)-0(k), Vr -V

are the thermal ions velocities, 7p, is the Debye length
of ions of kind @ . Neglecting the second term in the
formula (13) finally we can get

vty oty s —ez Hkﬂkl
Wy T kK Kep = 4
1 iU i priH Jek, E

2 2
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If the density of light ions B is less than the density
of heavy ions @ then under the following condition

2 2 2 2
w pit V1o > W pip VTP >

HqﬂA" H rDE 5> wfz”“ (15)
an Ay H ba "’;iﬁ

taking into account (14) finally we can write the kinetic
equation (10) as follows: _

2
IN, 2
=N B R RCRVEE
t T (7 kk,
(16)

) 2 2
an _ 4 H Vg 'pg t VI Top
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According to a general lemma of the non-linear plas-
ma theory [13] one can get the spectrum of low frequen-
cy noises from the ion sound energy balance equation.
In the region of generation this equation is as follows:
-0 (k) (k))e? Hk Ok, Hz N

N,
= 2r N + N J’N
0t k 4nw 2,— kk,

dk, .

(17)

2.2 2 2 .2 -
. Vg "pg T V1 7
calculations we find that 0'(w ”)k”zH % 95 H fbi T 2Dﬂ dk,.
M, M 2 2
H B H (T"Da t rDﬂ )
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Assuming in the region of generation a stationary state
of the spectrum we get from equation (17) [3,9,10]

0leter a0 AL
G ooMi T4 4]

2,2
'og * 1y

k* 2 2, .2 2 6
vE rDa+vTﬁ g kg

(18)

1, 1, 2
H = H- —P5 (cosfl )+ =P (cosfl)+ —H
ere &y -3 5 ( 0) 5 5 ( 0) 150°

P, (0089 ) are Legendre polynomials;
= Vg =Gy = Gy glkg,cosy),

d is the extension of the region where decay instability
occurs, L is the length of the magnetic trap.
The spectrum in the inertial region is given as [3,9,10]

M is proton

mass, G=d,/L,

6 -2
w10 la o]
' k“w 525MD 14 4 ¢
‘ (rDa +’”D5) | k
2.2 22 nk_.
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(19)
- mw, o, ~
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Here T =11 \/gwpecos%’f2 £a00s8 .

Matching the expressions of spectrum in these two
regions at k= k, (k, is the point in k -space where
generation of ion sound occurs) we can find the relation
between k, and the unknown parameter K,

h%"s’%; 8H GIy HbkeWpe By
kod WmHo (k) H ky 0, kg

2.2. THE ISOTOPE CASE

It should be pointed out that the condition (15) is not
observed for isotope case. Thus the case of isotope
should be studied separately because all terms in the ex-
pression (14) should be taken into account.

Actually for the case of two isotopes we can rewrite
the condition (15) as follows:

(20)

1.5 el @Y
D’“ETE 0
0 1 ]

Here subscripts 1 and 2 denote first and second isotopes

n
responsibly, 1 = n—z, A = A4 -

1
In most cases the temperatures of isotopes are al-
= T, . Then the sat-

isfaction of the condition (21) is determined by the val-

Ay = DA

most equal to each other, i.e. T; = T}

—L and the value of 1 . It is seen

T

e

that for all isotopes the contrary condition is valid

ue of small parameter
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To find the probability of induced ion sound scatter-
ing on ions for isotope case one should take into account

pap
the smallness HjH in the second term of (14). Thus
0410

expanding expression (14) by the smallness ng we

can get the kinetic equation (10) for isotope case.

- [
dﬂ: N'U T”]TZ ’ | ! Mdkl
it H4n 2MA(14 ) ki

s n1M1<1+n>(Tln+Tz)2 My 1 i

(23)
CONCLUSIONS

From the collisionless part of quasilinear equation
for the ion distribution function using the expressions of
ion sound spectrum and the probability of induced ion
sound scattering obtained from equation (23) as for gas
mixture case (see part 2.1) one could get the difference
in the rates of isotope heating. It should be pointed out
that as it was shown in Ref. [8] even a small difference
between isotope temperature (in order of 3%) could pro-
vide the increase of light isotope extraction current and
consequently better confinement of heavy ions in an
ECRIS plasmas.
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CJIABASI HIOHHO-3BYKOBAS TYPBYJIEHTHOCTHb U AHOMAJIMA N30TOIIOB B IVIABMEH-
HOM NOHHOM NCTOYHMUKE HA 3JIEKTPOHHOM IIMKJIOTPOHHOM PE3OHAHCE

A.A. Heanos, K.C. Cepeopennuxos, E.A. Bocmpuxoea, K. Buzeman

[Tomy4eHne BBICOKO 3apsAHBIX HOHOB O4€Hb 3()(EKTHBHO B BEICOKO HOHH3WPOBAHHON HArpeTOH MHUKPOBOJIHAMHA
IUIa3Me B HOHHOM HCTOYHHKE Ha JJIEKTPOHHOM IUKIOTpoHHOM pe3oHaHce (MUDIIP). Ilocnenane sKcriepuMeHTaNb-
HBIE PE3YJIBTATHI TIOKa3allH, YTO JIyYIlee MMOIydYeHHE BHICOKO 3apsAHBIX HOHOB CBS3aHO C BOSHUKHOBEHHEM Cllaboi
HMOHHO-3BYKOBOH TypOYJIEHTHOCTH, BO3HHUKAlOLeW Onaromaps pacrnafHoOd HEYCTONYMBOCTH BOJIHBI HAaKaykH B
HNUDLIP. B HEKOTOPBIX TEOpETHYECKUX pabOTax ObUIM M3Yy4EHBI HArPEB PAa3IMYHBIX HOHOB 32 CYET HOHHO-3BYKOBOU
typOynenTHoctu B MUILIP. Ilpu noaxoasummx yclioBusix, 06jarogaps HOHHO-3BYKOBOI HEYCTOHYMBOCTH B CMECH
JIBYX Pa3IHUYHBIX T'a30B, JIETKHE MOHBI MOTYT OBITH HArpPeThl ObICTpEe, YeM TsKENbIe HOHBI. Y IepKaHue MOHOB JIyd-
IIe TIPY HU3KHUX MOHHBIX TEMIepaTypax, pa3iddre B HarpeBe MOHOB yCUJIMBAET IMOTEPH MPEUMYIIECTBEHHO Harpe-
TOW KOMITOHEHTHI JIETKHX MOHOB, YMCHBINAs B TO K€ BpPeMs MOTepH MeHee 3()(PEKTHBHO HArPEBAEMbIX TSHKEIBIX
noHoB. IlosiBICHNE 3TOr0 MEXaHW3Ma CIIOCOOHO OOBSICHUTH OONBIIMHCTBO SIBICHNH, HAOIIOAAIOMNXCS B 9KCIIEPH-
MeHTax ¢ «3(pQeKToM razoBoit cMecu». Hactosmas ctathsi paccMaTpuBaeT «u3oTon-3¢gdexr» B mrazme UUOIIP B
MO/JIETT HOHHOTO TYpOYJIEHTHOTO Harpena.

CJIABKA IOHHO-3BYKOBA TYPBYJEHTHICTbh TA AHOMAJIII I30TOIIIB Y IJIASMOBOMY
IOHHOMY JKEPEJII HA EJIEKTPOHHOMY IHIUKJIOTPOHHOMY PE3OHAHCI

A.A. Ieanos, K.C. Cepedpennuxog, 0.0. Bocmpuxosa, K. Bizeman

OpeprkaHHS BHCOKO 3apsIHUX i0HIB OyXe e()eKTUBHE Yy BHCOKO 10HiI30BaHii HArpiTiii MiKpOXBWIIAMH TIIa3Mi B
10HHOMY JDKepesii Ha eleKTpOHHOMY HukiIoTpoHHOMY pe3oHaHci (IAELIP). OcranHi ekciepuMeHTalbHI pe3yIbTaTH
MOKa3aJM, [0 Kpalle OTPUMAHHS BHCOKO 3apsAHUX 10HIB IOB’si3aHE 3 BHHUKHEHHSM CJIA0KOI 10HHO-3BYKOBOI
TypOYJIEHTHOCTI, SIKa BHHHUKA€E 3aBISKU PO3MaaHIN HecTidkocTi xBwin Hakadku B IJIELIP. B meskux TeopeTmuHUX
poboTtax Oynu BHUBUYEHI HarpiB pI3HHUX IOHIB 3a paxyHOK 10HHO-3ByKoBoi TypOysnentHocti B IJIELIP. Ilpm
MAXOAAIIMX YMOBAX, 3aB/ASKH 10HHO-3BYKOBIH HECTIHKOCTI y CyMillli IBOX Pi3HMX Ia3iB, JIETKi 10HK MOXYTb OyTH
HarpiTi MBUALIC, HK BaXKKI 10HU. Y TPUMaHHS 10HIB Kpalle NPy HU3bKUX 10HHUX TEMIIepaTypax, Pi3HUIs Y HarpiBi
1OHIB MiJICHJIFOE BTPATH MEPEBAKHO HAIPITOI KOMIIOHEHTH JIETKHX 10HIB, 3MEHIIYIOYH B TOH e 4ac BTPAaTH MEHII
e(eKTHBHO HarpiBaeMUX BaKKWX i0HIB. [losBa IBHOro MeXaHi3My 34aTHa MOSACHUTH OUTBIIICTH SIBHII, IO
CIIOCTEPITaloThCS B EKCIIEPUMEHTAX 3 «e(PEeKTOM ra3oBoi cyMimri». L[ ctaTTs po3risinae «i30Tom-epexT» y Iia3mi
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