


1 Introduction

The gas mixing effect has been widely used in many Elec-
tron Cyclotron Resonance (ECR) multicharged ion sources over
the last few years because of its obvious advantage. The gas
mixing effect consists in a substantial increase of the currents
of high charge state ions when a second lighter gas, so-called
support gas, is mixed into the plasma, meanwhile, the currents
of low charge state ions are depressed by the gas mixing. The
first observations of the beneficial effect of the gas mixing were
reported by KVI and IKP-Julich groups[l]. Since then, the
gas mixing has been rapidly applied in most of ECR sources.
It is well known that the performances of ECR ion sources
have been greatly improved by the use of the gas mixing ,
while there has been no satisfactory qualitative and quantita-
tive explanation of its mechanism. Various explanations have
been proposed in the past years by Geller{2], Antaya(3], and
Delaunay[4]. They were reviewed by Drentje(1]. In previous
explanations, they only used one single mechanism to explain
the gas mixing effect, such as reduced average charge state[2],
or ion cooling(3], and so on. Several attempts have been made
to calculate the ion charge state distribution in the gas mixing
situation. The pioneer work is due to Antaya[3] and Shirkov[5],
and then followed by the others [6,7). In previnus calculatjon,
they didn’t consider the effect of thermal electrons, which is
supposed to be very important in ECRIS plasma. Moreover,
the previous ion confinement time was determined by the am-
bipolar diffusion of the ions and the ion mobility in the electric
field established by the plasma potential, i.e. Jongen’s mod-
el[8]. But the experiments have indicated that the plasma po-
tential dip model for the ion confinement in ECRIS is more
reasonable[9,10]. In order to understand the n.echanism of
the gas mixing cifect, following the pioneer work of Antaya,
Shirkov, Jongen, and West[11}, we did a numerical calculation
on the gas mixing effect. The basic code is due to West[11].
Particular emphases have been put on the effect of support gas
upon the ion charge state distribution, the electron density, the
average charge state, the plasma potential dip and the electron
scattering rates.



2 Jon Confinement

We basically consider the ECR ion source as a mirror ma-
chine with hot electrons (a few kev), thermal electrons (a few
tens ev), and cold ions (a few ev). Ion parallel confinement
is dependent on the magnetic field configuration and poten-
tial. The effect of radial particle transport is neglected. The
central plasma in an ECR ion source should dip because of a
relatively high density and relatively long confinement time of
hot electrons in the central region. So ions are electrostatically
confined in the space-charge electric field of the hot electrons,
i.e., confined by a small negative potential dip A¢, and most of
them likely remain cold owing to the large radio of the electron-
ion energy equipartition time to the ion confinement time. We
have assumed that all ion species are in thermal equilibrium at
a same temperature. The ion confinement time is calculated
by taking into account the ion diffusion time, the scattering
time and the time for the ions to overcome the potential dip
Ad, i.ef11],
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7, is ion confinement time. R is mirror ratio. G(R) is a factor,
here approximately equal to 2. L is effective plasma length.
T.on is ion temperature. 7,; is the ion scattering time. z, is ion
charge state.

In view of the ion scattering time, we only consider the
collisions between the ions since the mean free paths for the
collisions of ion-electron and ion-neutral are much larger than
that of ion-ion collisions, as large as five to seven orders of
magnitude. We have
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where v;5; is the collision rate of ion : with all the other ions
of same species. vz is the collision rate of ion i with all the
other ions of different species, i.e. collisions between the ions
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of main gas and the ions of support gas. These collision rates
were quoted from Ref.[11,12].

3 Hot Electrons and Thermal Electrons

Hot electrons are created by ECR heating and confined mag-
netically in the minimum-B geometry of ECRIS. They move
back and forth along the magnetic fleld lines and when cross-
ing the resonance zone, they receive kicks of transverse energy
from the rf electric fleld that helps trap them in the B, mirror
magnetic field, and eventually reach higher energies[9]. The
hot electrons might escape from the magnetic confinement and
be lost, either because they hit on the wall of the plasma cham-
ber, or because they diffuse into the loss-cone by a large angle
scattering. The scattering time of hot electrons is much larger
than the bounce period between the two mirror peaks. We sup-
pose the hot electron lifetime is basically determined by large
angle scattering with the other electrons, the ions and the neu-
trals in the plasma, here including the ions and the neutrals of
support gas, i.e.,

(3)
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where 7! is the lifetime of the hot electrons, 1., v.si, vec. are
collision rates of electron-electron, electron-ion, and electron-
neutral, which were got from Ref.[11,12].

Thermal electrons are produced mainly by the hot electron
impact ionization. They are generally considered to be confined
by a positive plasma potential. Collisions are very important
for thermal electrons, and the effective lifetime for thermal
electrons can be calculated by 90° Spitzer collisions and the
plasma potential[11,12}.

We assume that the hot electron density and the thermal
electron density are uniformly distributed in the plasma. The
quasineutrality for all ions and electrons throughout the plasma

is required,
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Where n'* and n" are the densities of thermal electrons and
hot electrons. Z! and Z® are the ion charge state of main gas
and support gas. n} and n” are the ion densities of main gas
and support gas with charge state ..

The thermal electron density in the confined plasma is re-

lated to the thermal electron density in the mirror throat by[11]
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where n!" is the thermal electran density in the mirror
throat. It is determined by the ionization rate and the ion
flow time. T'" is the thermal electror temperature.

In present work, the hot electron density is an input param-
eter. The thermal electron density and the potential dip are
calculated through a self-consistent between eq.(4) and eq.(5),

which are realized by means of Newton-Raphson Method[11].

4 The neutrals in the plasma

In the plasma of an ECR source, there is a continuous burn
up of neutrals through electron impact ionization, as well as
through charge exchange with ions. There is also a continu-
ous neutral flux entering and leaving the plasma. Due to the
imperfect nature of the plasma confinement, ions escape from
the plasma and get neutralization when they hit the wall. A
large part of the neutrals generated at the wall are reionized
by the plasma or are pumped by the system vacuum pumps.
The distribution of the neutral density in the plasma of a real
ECR ion source is quite inhomogenous. The neutral density
outside the confined plasma, especially near the wall, is much
higher than that inside the confined plasma. The neutral den-
sity from the wall to the plasma center might decrease ex-
ponentially. However, considering calculation simplicity, we
assumed the neutrals inside and outside the plasraa are kept
in uniform distribution respectively. It is zlso assumed that



a dynamic equilibrium exists between the neutral density out-
side the plasma and the neutral density inside the plasma. We
note that the mean free paths for neutral-ion collisions are large
compared with the chamber dimensions, and for this reason we
expect the neutrals to take on the temperature of the wall and
not equilibrate with the much hotter ions. In the calculation
of neutral density inside the plasma, we only consider single
step ionization, single step charge exchange, and the neutral
flux entering into and leaving out of the plasma. It should be
underlined here that the charge exchange between the ions of
main gas and the neutrals of support gas, the ions of support
gas and the neutrals of main gas play an immportant role in
determining the ion charge state distribution and the neutral
density inside the plasma.

The change rate of neutral density inside the plasma for
main gas A4 can be written as
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Where 1! is the rate of the neutral flux entering into (leaving
out of) the plasma. 13 is the neutral density outside the plasma
for main gas A. »/, and n" are the neutral densities inside the
plasma for main gas A and support gas B. 37, 534 784 are
the charge exchange cross sections between the ions of main
gas 4 and the neutrals of support gas I, the ions of main gas
and the neutrals of main gas, the ions of support gas and the
neutrals of main gas respectively. ' and ©” are the thermal
velocities for main ions and the ions of support gas. " and v
are the thermal velocities for the hot electrons and the thermal
electrons.

At an equilibrium of stationary state, -2 = (.

Interchanging the symbol 4 and B in eq. (6), we can get an
equation of the neutral density inside the plasma for support
gas B.



5 Balance Equations for the Ion Charge
State Distribution

Positive fons in ECR ion source are produced mainly by suc-
cessive electron impact ionization from neutral to maximum
charge state. In Present model, all the multiple processes,
such as multiple ionization and charge exchange, are negligible,
although the importance of single-step multiple ionization pro-
cesses and auto-ionizing metastable states, particularly for low
and intermediate charge ions. is beroming more apparent{13].
The most isportant and effective contribution to the reduc-
tioun of o given charge state is charge exchange between ions and
neutrals. However, at the higher charge states, we have to take
into account radiative recombination resulting from the ther-
mal elertrons. The importance of dielectronic recombination
for reducing charge state has become recognized. Fortunately,
this effect is usually sinall compared with charge exchange, and
then neglected here. The fons and the neutrals of support gas
take part in all the same processes as those of the main gas.
The interaction between them is nothing more but elastic colli-
sions and charge exchange. The balance equations for the ions
of support gas and main gas are treated separately.

For the ions of main gas 4 with charge state : ( 2 < 1 <
tmas — 1), the equilibrium equation that we wish to solve is
described by
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Where RZ,,, the rate of radiative recombination from charge

ﬂA . .
state i + 1 to i, which can be calculated from [11]. 3~ indicates

A » -
the ion flux out of the plasma. %-n{4 the input ion flux from
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the first stage. 11 is the density of main ions from the first

stage. The other symbols in Eq.(7) have the same meaning as
those in Eq.(6).
The eq.(7) is only strictly valid for the ions 2 < ¢ < imiar — 2,
The single charged ions in ECR ion source are involved in
a different processes. The resulting equation for the single
charged ions of the main gas A is given by
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Radiative recombination is negligible for those low charge
state.

e . dn? dnft

At equilibrium, S-=7-=0.

For the ions of support gas, we only need interchange the
symbol A and B.

Eq.(4),(6),(7) and (8) are the main equations in present
work, which are solved as a set of nonlinear algebraic equations
by an iterative numerical method. The iterative numerical pro-
cedure is dependent on the self-consistent determination of the
thermal electron density and the plasma potential dip by means
of Newton-Raphson method[11]. We take a Maxwell-Boltzman
distribution for the electron energy, and Lotz formula{14] for
the electron impact ionization cross section. The ionization po-
tential and subshell binding energies are taken from Ref.[15].
The approximated formulas for charge exchange cross sections
which involve the same and different species are used from
Ref.[16].



6 Extraction Ion Current and Average Charge

State

The extraction current of the main ions from an ECR ion source
can be expressed as

L =nen?ZrLS)r8 (9)

Where 7 is the percentage that the ions with charge state
Z# could be really extracted from the source. ¢ is the electric
charge. L is the effective plasma length. 5 is the extraction
area. In order to make a reasonable comparison of ion currents
got under different conditions (in fact, we also don’t know how
much 1 is), in our work we use an ion current normalized to a
current of certain charge state (here A"t) with no gas mixing,.
This normalized ion current is e¢xactly proportional to the real
current extracted frocm an ECR source.

The average charge state used iu this work is expressed by

4 ot
trmarA A tmarH _H
Z' [ZH + Zl:l Ty

(104)

< g >=

7 Calculation Result

We present the main calculation results in the equilibrium state
of Argon plasma mixed with Oxygen. The code was written
such that it can bee run with and without gas mixing. The
code input parameters are neutral densities of main gas A, and
support gas O, outside the plasma (1., 25}, hot electron density
n!" and temperature 7", thermal electron temperature T‘*, ion
temperature 7., mirror ratio R, source dimensions, and atomic
physics data for main gas and support gas. The typical range of
input parameters is from the operation experiences of present
ECR ion sources: n! = 10" ~ 1.5 x 10%am=3 , Th = 1 ~ 20ken,
T, =3 ~ 20ev, T = 20 ~ 100ev, nf + nf = 10 ~ 10""em™, R = 2,
mirror to mirror length L = 20 ~ 45cn, diameter of the plasma
chamber D = 7.crn. The running of the code is quite dependent
on a good match among those input plasma parameters, other-
wise the code would fail to reach a self-consistent convergence




in the calculation of thermal electron density and the plasma
potential dip. The iterative numerical procedure starts with
an initial evaluation of the charge state distributions (CSD)
for the ions of the main gas and the support gas, and then
calculates the ion confinement time and the neutral densities
inside the plasma. Finally the new CSD are calculated. If the
criterion for convergence is not satisfied, the code enters the
next iteration.

First, keeping the total neutral density (1]} + nf) outside
the plasma and the other parameters constant, we only change
the mixture ratio between the neutral densities of the main gas
and the support gas outside the plasma. Fig.1 shows the charge
state distributions with different mixture ratio between main
gas 4, and support gas (J,. We can see from Fig.1 that support
gas (2, does shift the CSD to the higher charge state, mean-
while, the currents of lower charge state are depressed. With
increasing the support gas (J, percentage (decreasing the main
gas A, percentage), this effect is more obvious. But when sup-
port gas (), is dominant up to 98%, only very high charge states
benefit from the presence of the support gas (J,. When the ion
currents are normalized to the total currents, the charge state
distributions in this case (same as Fig.1) are demonstrated in
Fig.2 . Fig.2 means nothing but the percentage of certain ion
charge state in the total currents. The ion confinement time
corresponding to Fig.1 is shown in Fig.3. It seems that the
ion confinement time is very sensitive to the mixture ratio be-
tween the main gas and the support gas. That is because the
multicharged ions are confined by a small negative potential
dip A¢ which is sensitive to the gas pressure and the mixture
ratio. Cur calculation indicates that the potential dip increases
with increase of the support gas percentage, as shown in Fig.4.
The plasma potential, the electron scattering rate, and the av-
erage charge state decrease with increase of the support gas
percentage, as shown in Fig.5,6,7.

Making the neutral density of the main gas A, constant, and
varying the neutral density of the support gas O, step by step,
we find that the thermal electron Jdensity keeps rising with
increase of the support gas density, as shown in Fig.8. The
dependence of the electron scattering rate on the support gas



density in this case is illustrated in Fig.9. The increase of the
support gas density brings down the electron scattering rate,
But when the density of the support gas is raised up to certain
value, the collisions between electrons and neutrals might be
dominant, and hence the electron scattering rate rises rapidly.
It is obvious that the average charge state decreases with in-
crease of the support gas 'ensity (Fig.10). As an example,
the dependences of 4!¢* currents upon the support gas density
and the main gas density are indicated in Fig.ll and Fig.12
respectively. The varying tendency is cousistent with that of
experimental results.

The effect of ion temperature on the charge state distribu-
tion is also studied numerically, as shown in Fig.13. The lower
ion temperature is really beneficial to the higher charge states.
As previous calculations, the ion charge state distribution is
very scusitive to the density and temperature of the hot elec-
trons, as shown in Fig.14, 15.

In order to check our calculation results, we inake a compar-
ison with the experimental results from Grenoble CAPRICE
source {17] and LBL. AECRIS (18], as shown in Fig.16,17. We
can see the calcnlation CSD and the experimental results are in
a good agreement. Of course, such comparison is very rough,
which can only be regarded as a test to the code.

8 Conclusion and Discussion

There are so many parameters involved in the ECRIS plasina.
They are related and interacted one another. When the light
support gas is mixed into the ECRIS plasma, by ion-ion colli-
sions, part of energy will be transforined from the ions of main
gas to the ions of support gas. The reduction of kinetic energy
of the main ions results in a better confinement. Meanwhile,
lower ion temperature causes an increase of jon-ion collision fre-
quencies and a decrease of ion-neutral charge exchange rates.
All of these are beneficial to the formation of more ions with
high charge state. On the other hand, because of mixing large
amounts of light support gas into the ECRIS plasmaz, the aver-
age charge state in the plasma will decrease and therefore the
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energy lifetime will increase allowing to reduce the RF power
losses on the wall through ambipolar diffusion, which leads to
a decrease of the turbulence level and improvement to ion con-
finement[2]. The lower average charge state sets a less elec-
tron scattering rates with ions and neutrals in the plasma, and
thus improves the lifetime of the electrons. This brings about
rise of the electron density and temperature, which results in
higher ionization efficiency , decrease of the plasma potential
and increase of the potential dip, hence an enhancement of ion
confinement and more high charge state ions. In addition, the
charge exchange processes between the ions of support gas and
the neutrals of main gas give more ions with charge state 1
and 2, which increases the densities of high charge state ions
by step-wise ionization.

It might be difficult to explain the gas mixing effect by only
one single mechanism since it is involved in so many plasma
parameters and they are related one another. Qur preliminary
calculations seem to indicate that it might be the combina-
tion of several factors that results in the gas mixing effect in
ECR ion sources. Probably support gas causes these factors
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simultaneously, such as ion cooling; increase of the electron
density and the potential dip; decrease of the average charge
state , the clectron scattering rate and the plasma potential;
and the charge exchange between the ions of support gas and
the neutrals of main gas. Anyway, the further investigations
are necessary before the mechanism can be clarified.
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