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A method is described for determining ion cyclotron resonance (ICR) heating effects on
multiply charged-ion energy distributions using a Monte Carlo fit to experimental time-of-
flight spectrometer data. The method is general but is used here specifically to separate the
effects of plasma ambipolar potential spread and ion temperature in an electron cyclotron
resonance (ECR) heated magnetic mirror ion source (MIMI) [Phys. Fluids 28, 3116
(1985)]. A steady-state equilibrium model is also developed that models the relevant atomic
processes occurring in MIMI plasmas. This model and the Monte Carlo analysis are used to
relate the effect of midplane ICR heating on end loss ion charge state distributions to its effect
on the confined ion distributions. The model allows for collisional, moderately collisional, and
collisionless confinement, specific to each charge state in the distribution. Both experiment and
modeling show that increased ion temperature causes a shift to lower-Z ion populations in both
the confined and end loss charge-state distributions.

I. INTRODUCTION

Recently, interest has developed in electron cyclotron
resonance (ECR) heated minimum-B mirrors as a source
for multiply charged ions. These ions are needed for a wide
variety of applications ranging from high-Z ion injection
into cyclotrons to fusion ion impurity studies to ion beam
lithography and implantation. The ECR ion source has been
proven the most versatile and reliable of the available
sources that produce these ions. Many of these sources,
though, are designed, built, and operated based on empirical
knowledge acquired from past or existing machines. A few
authors have attempted to understand the parametric de-
pendences of the operation of these sources. !

The investigation presented here attempts to determine
the effects of ion heating on the charge-state distributions
(CSD’s) of a minimum-B magnetic mirror, MIMI,? operat-
ed at the University of Michigan. A low-power ICR heating
system has been installed to directly heat the plasma ions.
The effect of this heating on ion energy distributions and ion
loss processes is determined by time-of-flight spectrometer
measurements made of the plasma end loss. A method is
presented that separates the effect of ambipolar plasma po-
tential spread and ion temperature. This method can be gen-
eralized to include added effects that may be important in
other devices. The spectrometer is also used to measure end
loss ion CSD changes with ion temperature. The ion tem-
perature effects on the measured end loss CSD’s are related
to ion temperature effects on the confined CSD’s through
modeling of the confined plasma system and end loss. The
approach uses steady-state rate equations to model the
atomic processes relevant to MIMI plasmas. Charge-state-
specific confinement regimes are allowed that include colli-
sional, moderately collisional, and collisionless confine-
ment. Experimental and computational results are shown
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for neon and oxygen plasmas and effects similar to those
shown have been observed for argon plasmas as well.

In Sec. II we develop the method by which charge-state-
specific ion temperature increases, which are directly attrib-
uted to ICR heating (ICRH), can be determined. This
method is applied to the experimental results of Sec. IV,
which show a resonant species temperature increase of typi-
cally 25 eV. Collisions and large resonance widths resultin a
“bulk” temperature increase of typically 10 eV for nonreso-
nant species. In Sec. III the plasma model is developed that
predicts changes in the CSD’s as a result of the temperature
increases measured using the methods of Sec. II. The experi-
mental results, shown in Sec. IV, then employ the methods
of Secs. IT and III to determine ion temperature increases
resulting from ICRH and relate the measured end loss CSD
changes to confined CSD changes taking place at the mirror
midplane. These results show the average Z of both the end
loss and confined CSD’s are decreased dramatically with
ICRH.

Much of the work described in this paper is specifically
developed for processes important to the MIMI experiment.
However, the conditions under which MIMI is operated are
typical of ECR ion sources and the results shown are be-
lieved to be applicable to most of these sources.

Il. ICR HEATING AND ION TEMPERATURE
DETERMINATION

The ICR heating system installed in MIMI uses a Na-
goya III antenna and is fully described in Ref. 4. The match-
ing and resonant circuit is shown in Fig. 1 and is used to drive
peak-to-peak antenna currents of 0.2 kA at ~ 1 MHz. These
currents create the rf antenna near fields that couple to the
ions. Calculations by Howard® have shown that cyclotron
heating at low frequencies in small systems can result in a
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FIG. 1. Resonant and matching circuit used to drive Nagoya III ICRH
antenna. Antenna losses are modeled with the parallel resistance R, valid
for Q2. > 1. The parameters shown in the figure are chosen for a resonant
frequency of w, = 27(1 MHz). At this frequency, the wide band rf power
amplifier can drive an antenna current of 7, , = 0.2 kA.

large ion resonance widths. Assuming midplane heating and
a parabolic magnetic field profile, the phase slip in radians
experienced in one-half bounce period (¢,/2) between the
left-hand circularly polarized (LCP) component of the an-
tenna near electric field and a mirroring ion can be expressed
for MIMI parameters as

tb) 0 T\ (eV) )
2)=340 , 1
¢(2 M2 (Tisz(eV) M

with M in atomic mass units and Q in units of proton charge.
Here T}, and T, are the midplane parallel and perpendicu-
lar ion temperatures, respectively. This is a somewhat sur-
prising result since, for example, a singly ionized argon ion
witha 5 eV parallel temperature need only be heated to 30 eV
to experience resonance throughout its transit of the mirror.
Even for ions where ¢(¢,/2) <7/2 does not hold true, reso-
nance widths are still typically large. This loss of sensitivity
to the location of resonance allows for ion energy absorption
for a wide range of frequencies, even frequencies that place
the “resonance” location outside the particle path. This
near-field, large resonance width coupling, though, is gener-
ally much less efficient than coupling with a LCP traveling
wave in a large system.

The effects of the ion heating are measured with a time-
of-flight (TOF) spectrometer that monitors end loss ions
flowing from the plasma midplane region. The spectrometer
is located ~2 m from the plasma on a field line that maps to
the magnetic axis at midplane. The method for determining
ion energy distributions from TOF measurements is de-
scribed in Ref. 6. Briefly, an ion packet is sampled by the
TOF from the continuous plasma stream by pulsing a nor-
mally positively biased blocking electrode to ground poten-
tial. This blocking electrode is located at the entrance to the
TOF spectrometer and admits ions only during the 50-300
nsec wide fast pulse. The different ion species in this ion
packet are then measured using TOF techniques. If instead
of pulsing the blocking electrode to ground potential, it is
pulsed to an intermediate voltage V, the current measured
by the spectrometer for a given charge state is expressed as

L,=8| f(EdE, (2)

Vi

where I, = collected current of mass species A of charge g;
(9, = Z,e,where Z, = ifori=1,2,..,Z,,, isthe ion charge
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number and e is the electron charge) and 8 = proportionality
constant. Note that the distribution functions of ions, f; (E),
measured with this technique are charge-state specific.

The problem then arises of isolating the effects that de-
termine the shape of the end loss energy distributions f; (E)
measured by the TOF spectrometer and of determining how
ion heating alters these measured distributions. It has been
shown® that the shape of the end loss ion energy distributions
in MIMI is determined primarily by the ambipolar plasma
potential spread in the ionizing region of the plasma. Ion
temperature is a second-order effect that must be separated
from the effect caused by potential spread. A Monte Carlo
approach is used to accomplish this. Assuming a one-dimen-
sional Maxwellian distribution of ions of species 4, charge
g;» and temperature T,, and a plasma potential spread
between ¢,, = E,/q; and ¢,, = E,/q;, the two distributions
that contribute to the total energy distribution measured by
the TOF are

Jr(E) = (Z/J;r_)[l/(kTAi)yz] El/ze_—E/kTAi’
0<E< o, 3)
f(E)=1/(E,—E)), E<E<E, 4)

The above distribution, f,(E), assumes plasma: potential
(¢,) and ion density profiles such that an ion has an equal
probability of finding itself with any given energy between £,
and E,. If the ion density profile is flat near the midplane,
this would require that the potential profile be linear
between the locations where ¢, = E,/q; and ¢,, = E,/q;.
This assumption is corroborated by the close fits to experi-
mental data shown in Sec. IV A. Small changes in the as-
sumed shape of either the potential or density profile do not
have a discernable effect on the Monte Carlo solutions for
the ion energy distributions.

The two distributions described by Egs. (3) and (4) are
combined by following individual particles from the plasma
and assigning them energies from each of the distributions
based on Egs. (3) and (4) and standard Monte Carlo tech-
niques.” The total energy of a particle when it reaches the
spectrometer will be the sum of energies gained from each of
the distributions. If a sufficient number of particles are fol-
lowed ( ~ 5000 particles/energy bin), a frequency plot of the
total particle energies will approximate the combined distri-
bution. The advantage of this method is that it is general and
can be used, without added mathematical complexity, for
any number of distributions that may be important in a given
plasma device. It can also account for other important pro-
cesses such as energy losses resulting from the scattering of
ions in their flight path. Another advantage is that the meth-
od does not require analytical distributions, but can use, for
example, a distribution determined from an experimentally
measured plasma potential profile.

The sample results of Fig. 2 show the effect of increasing
ion temperature on an ion energy distribution. For these sim-
ulations, the ambipolar potential is spread between 0 and
150 V. The ion temperature T, of Eq. (3) is increased from
(a) 10eV to (b) 30eV to (c) 50 eV. The data points on the
plots are the Monte Carlo solutions for f, (E;), where the
E}’s are specific energy ranges along the energy axis. Since
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FIG. 2. Monte Carlo solutions for combined ion energy distributions for
(a) T,=10eV, 0 V<¢,<150 V; (b) T, =30eV, 0 V<4,<150V; (c)
T, =50V, 0 V<¢,<150 V. The points in the figure are the Monte Carlo
solutions for the energy distributions, f (E), and the solid curves are the
integrated distributions, g(E) [after Eq. (5)], used to fit to experimental
data. Plots show the ion heating effect on the ion energy distributions.

the experimental data take the form of an integral over a
given energy range, after Eq. (2), this integral of the Monte
Carlo solutions is performed numerically and appears in
each of the plots of Fig. 2. The integral takes the form

g.(E) =J fAE)E. (5)
E

The curves generated by Eq. (5) are the curves to which the
experimental data of Sec. IV A are matched to determine ion
heating effects.

Several assumptions have been made that simplify the
calculations previously described. Future work might in-
clude incorporating more complex processes into the model.
For example, ions are assumed to carry all their energy from
the midplane region to the TOF without losing any energy,
via collisions with other ions or neutrals. These collisionj

would have the effect of “filling in” the lower energies of the
distribution and could be included using the Monte Carlo
technique. Also, the form of f, (E) is chosen as an approxi-
mation that fits experimental data well. A more accurate
form could involve modeling the ion density and plasma po-
tential axial profiles and determining the resulting £, (E) in
this way. This might more closely model the actual system,
however, the flat-profile approximation appears to be ade-
quate.

lll. EQUILIBRIUM PLASMA MODEL AND COMPUTER
SIMULATION CODE

A. Model development

Many processes occur in the plasma of an ECR ion
source that affect the achievable charge-state distributions.
These processes are strongly dependent on plasma param-
eters such as electron and ion densities and temperatures, ion
mass, neutral density, average Z, etc. as well as reaction
cross sections for single-impact ionization, multiple-impact
ionization, charge exchange, and radiative recombination.
The processes that dominate vary from source to source and
depend upon individual operating parameters. An attempt is
made here to model the MIMI plasma and the dominant
processes that most strongly affect MIMI stready-state dis-
tributions. The modeling involved in a steady-state, equilib-
rium computer code used to compute ion confinement times
and equilibrium charge state distributions is presented. Sam-
ple results are presented in this section and comparisons
with experimental data are included in Sec. IV B.

The ion charge-state distribution (ICSD) computer
code is the embodiment of a steady-state plasma model uti-
lizing a rate equation approach to compute equilibrium
charge-state distributions and charge-state-specific ion con-
finement times. This fluid approach is zero dimensional and
uses spatially averaged quantities in its formulation. This
formulation is chosen for simplicity and applicability as
magnetic mirror geometry produces collisional plasmas that
do not possess strong parameter gradients. The 1CSD model
and computer code include the following pertinent plasma
processes: single-step ionization to high charge states (Au-
ger ionization); multiple-step ionization to high charge
states; transport loss; radiative recombination; and charge
exchange. The steady-state rate equations, including charge
quasineutrality, can be written for a specific mass species
and multiply charged ion system as

% =0=n,n,_, (o7 ., —n.n{oV)= (multiple step)
+ n.np{ovys., (single step)
— /T trans (transport)
+n.n; (o7 _; —n.n{ov),,_, (radiative recombination)

+ non; 1 oV L — noni{ov)EL

ZI'MX
for 1<i<Z,., and Y n,Z;=n, (chargeneutrality).
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(charge exchange)

(6)
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Note that the system described by Egs. (6) allows for multi-
ple impact of ions created through the single-step process. It
does not include, however, further Auger ionization of ions
created by either the single-step or multiple-step processes.
The above system of equations can be simplified by con-
sidering relative magnitudes of the loss terms for typical
MIMI plasmas. These plasmas have been shown to produce

moderately stripped ions that never become highly stripped

or fully stripped ions. Therefore the above processes need
only be considered for low-Z ions.

The loss processes include transport, radiative reconibi-
nation, and charge exchange. The transport term in Egs. (6)
represents a dominant loss process and is therefore ad-
dressed first. The type of confinement an ion experiences is
dependent on its collisionality. Ions in an ECR ion source
are much more collisional than in fusion devices because of
the lower ion temperatures and higher ion charges involved
(Voon < Z%/T?'?). The degree of collisionality is determined
by the ratio 77, ; of the bounce time of a charge-Z, ion in the
mirror to its scattering time, or equivalently, the number of
scatters that an ion will experience during each bounce. Ion
confinement is divided into three distinct confinement re-
gimes dependent on the collisionality of the specific charge
state in the plasma. These regimes are noncollisional con-
finement (Pastukhov) for which 7., ; € 1, moderately colli-
sional confinement (flow) for which 7.,,; ~ 1, and highly
collisional confinement (spatial diffusion) for which
Teon,; > 1. Rognlien and Cutler® have shown that the flow
and Pastukhov confinement times may be combined in a
single expression valid for 7, ; < 1. The final expressions for
confinement times of mirror trapped ions in a potential well
of depth ¢ and their regimes of validity may be written as
follows:®1°

flow and Pastukhov confinement, 7., <1,
172
TfPl—RL( ) [1 Tii g(R) 1

Zep (kT'i )"2] it
X e € 7)
( kT, ) m (
collisional confinement, 7,,;; > 1,
2 2 1
Teolli = L - L—('—) ; (8)
D, (kT,/m)\7;

where 7, = confinement time valid for charge-Z, ions in
the flow—Pastukhov regime (7.q;<1), T.on; = confine-
ment time valid for charge-Z; ions in the collisional regime
(Weon,s 1), R = mirror ratio, g(R) = [(R + 1)/R]In(2R
+2), ¢ = potential dip, L = characteristic length of plas-
ma, m = ion mass, 7; = ion temperature for charge-Z, ion,
and € = base of natural logarithm.

The ion-ion scattering time, 7, is the Spitzer 90° scat-
tering time!! given by the equation

0.174Z?

'“—Z 1/29372
jT‘J M/T

ZNZ2 usec™?, 9

where i denotes scattered particle quantities, j denotes scat-
tering particle quantities, 7, is in electron volts, Z;, Z; = ion
charge-state numbers, M =mass in amu, and

1198 Phys. Fluids B, Vol. 2, No. 6, June 1990

n; = N;x 10" cm~>. The Coulomb logarithms have been
assumed to be 10 for all species and are incorporated into the
constant in Eq. (9).

It should be noted that Eq. (8) includes only effects of
free diffusion. Ambipolar potential effects are not included
but can be incorporated into the diffusion coefficient shown
in Eq. (8). Also note that some ions in the distribution will
be governed by 7 ; and some will be governed by 7., ;. For
collisional plasmas, confinement times vary as Z?2 and the
higher charge states become very well confined. For moder-
ately collisional and noncollisional plasmas, confinement
time 7 ; variesas (1 + a/Z;) exp(Z,e¢/kT;), whereais a
constant that is not a function of Z;. Therefore if e¢/kT, €1
then an increase in Z; will result in a drop in 7 ; and if the
ion temperature is not significantly greater than the poten-
tial dip, the confinement time will begin to increase again for
larger Z,. A low ion temperature will result in an increase in
Ty, With Z, for all Z,.

Transport losses are generally the largest of the loss pro-
cesses with a  typical limiting value of
/T ieans ~1:/1077 cm™> sec™!, where 7,,,,, is an average
ion confinement time. Radiative recombination losses can be
calculated using the model of Ref. 12. Here, the radiative
recombination loss for an argon plasma is considered for the
worst case that would be found in a MIMI plasma. From
Ref. 12,

(ov)T.,_, =520X107“Z X,V (X))

cm’sec™!,
(10)
where

ionization potential of ith electron

Xi= ’

electron temperature

—t

W(X)=F“Tdt.

Assuming Z, =5 and T, = 5 keV, then ¥(0.0182) = 3.4.
The relative losses become

loss due to radiative recombination
loss due to transport
_ ne (W) :\rr 5-4

1/ Ti,trans

~1.6X107*. (11)
Therefore, it is evident that for charge states of interest, ra-
diative recombination can be neglected relative to transport.

Next consider charge exchange losses for the same ions
and plasma conditions. An empirical charge exchange cross
section fit from Mueller and Salzborn can be expressed as'?

0y = A, (Z)M % em? (12)
where k=number of captured electrons =1,
A, =143X10"", a,=1.17, B, = —2.76, Z, = charge
state = 5, and I, = ionization potential = 91 eV. Using the
above expression for o, _,, assuming 10 eV ions, and assum-

ing a neutral background pressure of P=3X107°¢ 7, the
relative losses for Ar°* are found to be

loss due to charge exchange NoOrs—a¥ =0.027
loss due to transport 1/, crans o
(13)
D. R. Whaley and W. D. Getty 1198



Although charge exchange losses are much larger than ra-
diative recombination losses, they are still relatively small
compared to typical transport losses. Since charge exchange
becomes more prevalent for higher charge states, losses for
charge states much higher than five would then become an
appreciable fraction of n,/7,,,,,. and would then need to be
included in the model. Equations (11) and (13) show that
MIMI plasma losses are transport dominated and therefore
the transport term will be the only loss term remaining in
Eqgs. (6).

The ionization terms of Egs. (6) must now be consid-
ered. Following the formulation of Ref. 14, the ionization
coefficients for single- and multiple-step ionization can be
expressed as

(b (EYW)S.; =f gy (E)v f(E)dE
(1]

_ow [B Eai\ll( ) (14)
Tm kT, kT,

(GHEW)™,, | = ) o(E)vf(E)dE

- 0
2 E..
() 5ol )
am kT, \E,, kT,
(15)

The term ¥(x) is defined in Eqgs. (10). Equations (14) and
(15) assume the electron distribution function f(E) is
Maxwellian and kT, > E_;, E,,. Here E , is the threshold en-
ergy for the Auger process to remove i electrons, or equiv-
alently, the binding energy of the subshell where one va-
cancy is capable of creating / vacancies via Auger transitions;
E,, is the threshold energy for removing the outermost elec-
tron from an i times ionized ion (i.e., the ionization poten-
tial); E, is the ionization potential of the neutral atom. The
proportionality constants o™ and o} * are determined by ex-
periment. These values are not well known, particularly for
high charge states, and discrepancies of factors of 2 are not
uncommon. Cross section data for the noble gases can be
found in Refs. 15-17, from which ¢#* and o}* and can be
computed.

and

= 0‘!*

B. Method of solution and sample results

All terms for the set of equations describing the buildup
of a steady-state charge-state distribution in a typical MIMI
plasma have been addressed. The solution of Egs. (6) may
now be approached.

Explicit forms for 7, ( = 7; for simplicity), the con-
finement time for an ion of charge Z,, are given by Eqgs. (7)
and (8). There are some problems with using these expres-
sions precisely as they appear. First, the confinement times
will be discontinuous as Z, moves from one collision regime
to the next. This is a nonphysical result. Second, there is
ambiguity in the constants preceding the expressions for
Teon, and 7¢p ;. For example, the form of the characteristic
distance L used in the expressions is uncertain. For colli-
sional diffusion, L should be near 7, the distance to the walls
along the direction of the steepest density gradient. For colli-
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sionless loss, L should be much closer to the mirroring
length since radial particle diffusion is limited by the mag-
netic field. Also, typically, discrepancies of factors of at least
2 are found in the constants published in the literature since
these expressions are merely approximations for more exact
forms. For these reasons, all dependence on n;, T;, R, m,
Z,, and 7, is retained in the expressions of Egs. (7) and
(8); however, the constants RL(m/kT;)"/? of 7, and
L*(kT,/m) of 7, ;, which are not functions of charge state,
are assigned arbitrary values and computed self-consistently
with Eqgs. (6).

An additional requirement of continuity is imposed at
the boundary of the collisional and flow—Pastukhov regimes,
which relates the arbitrary constants assigned to each of the
two collisional regimes mentioned above. This condition
takes the form

l/Tcoll,i(Zi = Zc) = l/TfP,i(Zi = Zc) * (16)
where
Zc = %(zicollmin + Zimeax) ’ (17)

Z, conmin = smallest Z; for which an ion is found in the colli-
sional regime, and Z,, ... = largest Z, for which an ion is
found in the flow-Pastukhov regime. Defined in this way, Z,
is a fictitious charge state lying halfway between the highest
charge state in the flow—Pastukhov regime and the lowest
charge state in the collisional regime. The regime for each
charge state is assigned on the following basis:

Neoni = L5/ Ti: <10=> flow—Pastukhov, (18)

Beoni = tpi/Ti; > 10=> collisional, (19)
where 7, is given in Eq. (9) and

t,; = ion bounce time = 7L, /v, , (20)
assuming a  parabolic magnetic field profile

B=B,(1+2/L2%).
With the above definitions, confinement times for the
entire distribution may be derived:

/7, = apX,; , (21)
where
T7:(Z;) , Z>Z,,
" {ri,.(zc> [A(Z)/H(Z)]e 2D, 7, <7,
with
g(R) 1 (Ziep\ (KT, \"?

The number of unknowns for the system of (Z,,,, + 1) cou-
pled equations, Egs. (6), is now reduced to (Z,,,, + 1). The
unknowns are {n, } for 1<i<Z,,,, and a,. The symbol { }
represents a vector quantity. The form of the confinement
times precludes an analytical solution since 7, is a complicat-
ed function of {, } and Z,. It can be shown, though, that the
system of equations is unconditionally convergent for all
physical values of densities, temperatures, masses, etc. The
system is solved using the computational iterative scheme
described by the following: (1) Input values for {oi*},
{0',!*}, {Eai}9 {Ebi}’ ZousM, L, ,R, ¢, T,, T, n,, and n,
(2) compute (ov)’s for input T, (separate code); (3) assign

D. R. Whaiey and W. D. Getty 1199



aninitial estimate for {», } for 1<i<Z_,,, . Since the system is
so strongly convergent, this estimate does not change for
varying input parameters; (4) assign confinement regimes
for each charge state based on {#,}; (5) solve the system of
equations for @, given {»;} and Z_; (6) compute anew {», }
given the new @, and Z,; (7) compute a new Z_ for {n, }, 2o,
(8)IfZ,,., #Z, 4 then repeat steps (4)—(8) until Z, does
not change. When Z_ remains the same for two consecutive
iterations, the solutions for {n, }, a,, and Z, are self-consis-
tent; (9) compute {7, } = f ({n; },@x,Z.); and (10) output
results: {n, },{7.}.

A set of sample results is shown in Fig. 3. Figure 3(a)
shows the computed normalized ion densities as a function
of charge state for several neutral background densities. As
the neutral background pressure is decreased, a gradual shift
to higher charge states occurs. This is a result of large
no{ov),_., reaction rates for large neutral pressures. If n, is
large, the reaction rate, n,{(ov),_.,, will dominate and a
large Ar'* population will develop. As n, is decreased, reac-
tion rates of other processes become comparable to the
no{ov}),_.,, rate, and, since charge neutrality must be main-
tained, higher charge states gradually become populated.

The computed confinement times for case 3 of Fig. 3(a)
(lowest ny and highest (Z ) ) are shown in Fig. 3(b). For this
case, only the first two charge states in the distribution lie in
the flow—Pastukhov regime. All charge states with Z; >3 are
collisionally confined. The curves plotted are computed con-
finement times assuming either an entirely collisional or an
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FIG. 3. Sample solutions from 1csD simulations for an argon plasma. The
plasma parameters are n, =2X10"cm™>, T,=5keV, ¢=2 V,
T, = 5eV. (a) Normalized ion densities for case (1), n, = 1X 10" em™3;
case (2), 1y =0.1x 10" cm~% and case (3) n, = 0.01X10" cm~>. (b)
Computed confinement times for case (3). Tons with Z, = 1,2, lie in the
flow-Pastukhov confinement regime, governed by Eq. (7), and ions with
Z,>3 lie in the collisional confinement regime, governed by Eq. (8). The
curves show the smooth transition of the solution between the two confine-
ment regimes at Z, = Z, = 2.5.
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entirely collisionless plasma. The 1CSD solution for the con-
finement times are plotted as data points and show a smooth
transition between the two regimes at Z, = Z, = 2.5.

Figure 3 is a sample result from the 1csD code. Modeling
of the actual system using this code and comparison to ex-
perimental data will be presented in Sec. IV B.

C. icsD model limitations

Several simplifying assumptions have been made in the
1csD model that may or may not be important in plasma
devices other than MIMI. These can be incorporated in revi-
sions of the model and are mentioned here for completeness.
Radiative recombination has been shown to be negligible
relative to transport. Radiative recombination rates are so
small that they may be neglected for all but the highest
charge states. Charge exchange losses become comparable to
transport losses for either high neutral pressures or high-Z
ions. For systems where medium-to-high-Z ions are pro-
duced, charge exchange becomes an important process. The
form of the diffusion coefficient D, of Eq. (8) may be altered
to include ambipolar diffusion effects. This is not expected to
change D, by more than a factor of 2-3. Last, the 1cSD model
assumes a one-temperature electron population. Measure-
ments indicate that the system is more closely modeled by
two electron populations characterized by “hot” and “cold”
electron temperatures. Cold electrons are not expected to
contribute significantly to ionization but may be important
in charge exchange and radiative recombination (shown to
be negligible for MIMI ). Therefore a model allowing for two
electron populations may more closely model an actual ECR
ion source system.

IV. ICR HEATING EXPERIMENTAL RESULTS
A. lon energy distribution measurements

The time-of-flight spectrometer is capable of measuring
ion energy distributions as described in Sec. I1. The data take
the form described by Eq. (2) and are fitted to the output of
the Monte Carlo simulations similar to those shown in Fig.
2. These fits determine the individual contributions of ion
temperature and ambipolar plasma potential spread to the
total measured integrated distribution of Eq. (2). In this
way, ion temperature changes with ICRH can be deduced.

Figure 4 illustrates the effect of ion cyclotron heating on
the measured distributions of O?*. The heating frequency
chosen is that which corresponds to the cyclotron frequency
of the third charge state of oxygen at B = 2700 G, the mag-
netic field at the ECR resonance zones. It is assumed that the
energy distribution from the plasma potential spread has the
form of Eq. (4) with E; = 0. The effect of the ICRH is deter-
mined from plots, such as those of Fig. 2, as follows. End loss
ion charge-state distributions are measured with the TOF
spectrometer with and without ICRH as functions of gating-
grid voltage. This will generate the data points shown in Fig.
4. For the case without ICRH, the midplane ion temperature
is assumed small (10 eV) relative to the energy gained from
the ambipolar potential. A best fit of the Monte Carlo code
output, g;(E), determines the midplane plasma potential
spread assuming a flat ion density profile near midplane.
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FIG. 4. Determination of plasma potential spread and ICRH ion tempera-
ture increase of O?* using a Monte Carlo fit to TOF data. (a) O?* peak
area versus gating-grid voltage for I, =0 A and Monte Carlo fits for
T;,=10eVand0V <4, <120V,0V <, <135V,0V< g, <150V. The
fits show a sensitivity of <15 eV. (b) O** peak area versus gating-grid
voltage for I, = 100 A and Monte Carlo fits for 0 V<@, <135 V and
T, =10 eV, T, = 25 eV, T, =40 ¢V. This fit assumes no change in the
plasma density or ambipolar potential profiles with ICRH. The figure
shows an ion temperature increase of ~ 15 eV with ICRH. The peak area is
the integrated area under each ion species peak in the TOF output and is
proportional to the collected current for that species.

This is illustrated in Fig. 4(a). This spread is assumed to

remain constant with the application of ICRH. This as-
sumption is corroborated by the observation of little or no
change in the plasma conditions when ICRH is applied.
Therefore, the change in the shape of the peak area versus
Vouise curve is assumed to be a direct result of increased ion
temperature. The best fit to these data then determines the
increase in T; with ICRH. Figure 4(a) shows three fits to the
data for O V<g¢,<120V, 0 V<4, <135V, and
0 V<¢, <150 V. The best fit shows that this method has a
resolution of < 15 eV for determining the plasma potential
spread. Assuming the best fit of £, = 135 V, T; is increased
in Fig. 4(b) until a good match to the data is achieved.
Again, three cases are shown for T; = 10eV, T; =25 ¢V,
and T; = 40 eV. Clearly, the T; = 25 eV case is the best fit,
which shows a 15 eV increase in the O** ion temperature
with ICRH. Figure 4(b) also shows the sensitivity of this
measurement to be ~5 eV.

Figure 5 shows the same fits to the O** ion for the same
shots of Fig. 4. The fit for the case of 7, =0 A must be the
same as for the O®* ion since the plasma potential profile
affects both distributions in the same manner. They are in-
deed identical. The fit for the case of I; = 100 A, though,
shows an ion temperature of 40 eV. This is 15 eV higher than
the O?* case. This is consistent with the concept of heating
the 3 + charge state and transferring, through collisions,
the absorbed energy to the remainder of the distribution.
Calculations show ion energy exchange times small com-
pared to typical confinement times. Also, the possibility of
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FIG.S. Determination of plasma potential spread and ICRH ion tempera-
ture increase of O** using a Monte Carlo fit to TOF data. (a) O** peak
area versus gating-grid voltage for I, =0 A and Monte Carlo fit for
T,=10eVand 0 V<¢, <135 V. (b) O** peak area versus gating-grid
voltage for I, =100 A and Monte Carlo fit for 0 V<¢,<135 V and
T; = 40 eV. The resonant O** ions have gained 15 eV more than the non-
resonant O** ions of Fig. 4.

direct heating of nearby charge states exists as the resonance
zones of high charge states often overlap. Similar ion heating
effects have been observed in both neon and argon.

B. lon charge-state distribution measurements

Ion cyclotron resonance heating has been implemented
in MIMI to effect direct energy transfer to the plasma ions.
This section deals with the effect of this energy transfer on
the steady-state ion charge-state distributions. Measured ef-
fects are reported for neon, as are correlations with the mod-
eling code 1csD discussed in Sec. III. Confinement-time sen-
sitivity to ion temperature and its resultant effect on the TOF
signal is accounted for in comparing the measured effect
with the model. A “mapping” is performed to relate the
measured end loss charge-state distribution changes to the
changes occurring in the confined midplane plasma.

Data for the measured ion signals of neon as a function
of antenna rf current are shown in Fig. 6. A scattering of data
points taken for identical plasma conditions is used instead
of error bars to indicate confidence in the measured quanti-
ties. The data are normalized to negate the spectrometer’s
sensitivity to mass-to-charge ratio. The most obvious effect
of ion heating is the precipitous decrease, with rf current, in
the current densities of the highest charge states. The current
densities of the lowest charge states remain constant or even
increase with the highest rf currents. For neon, the overall
effect of the ion heating is therefore to decrease the average Z
of the extracted ions.

The results of Sec. V A show that with the rf currents of
Fig. 6, ion temperatures are markedly affected. This increase
in ion temperature will affect the ion confinement times in
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FIG. 6. Measured (data points) and computed (curves) neon ion end loss
charge state distribution changes with ion temperature. Values are plotted
as a function of antenna rf current that is related to ion temperature after
Eq. (24). For this simulation, ion temperature is assumed to vary from
T,=5eVatl,=0AtoT,=30eVatl,=150A, and ¢ = 15eV. The
1csD code input has been corrected for slight measured changes in electron
density with antenna current. Both modeling and measurement show a shift
to lower average Z with increased ion temperature.

the plasma after Egs. (7) and (8). These equations show for
flow-Pastukhov confinement, 7., ; <1,

T (1 + BT,) €0 (22)
for collisional confinement, 7., > 1,
Teoni < VT3 (23)

where T; =ion temperature, ¢ = potential dip, and
B = const—not a function of 7. This ion confinement
change with temperature can be accounted for by the 1csD
code. By matching the predicted loss rates from the code to
the measured loss rates and then imposing the conditions
required for this match on the system, the confined densities
of each of the charge states can be computed. The I1CSD code
computes confinement times and densities of each of the
charge states present in the mirror. The loss rates of a given
charge state Z, vary as n,/7;. Since 7, < f{T;), the change in
7, with rf heating must be included in the match to the mea-
sured data. The ion temperature is assumed to vary with the
rf antenna current as

T, =Ty +yI%, (24)
where ¥ = proportionality constant (eV/A?). For each case,
the ion temperature increase, ¥I 2%, with rf heating is held
consistent with the temperature increase found using the
Monte Carlo fits to neon time-of-flight plots similar to the
plots of Figs. 4 and 5. The initial ion temperature T, and ¢,
the confining potential dip, are adjusted to yield the best fit
to the data. These best fit values, though, are consistent with
values expected from other independent measurements.
The best 1CSD loss-rate fit is shown as the curves in Fig.
6. The main parameters are given in the figure. The electron
density is monitored during the runs of Fig. 6 and the code
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FIG. 7. Computed neon confinement-time changes with ion temperature
for conditions of Fig. 6. Values are plotted as a function of antenna rf cur-
rent, which is related to ion temperature after Eq. (24). Shows decreased
confinement times for high charge states with ion temperature.

inputs are corrected for slightly varying densities. For these
runs, the neutral background is considered to be 99% ion-
ized. The code predicts the general measured trends of each
of the charge states with increasing ion temperature. Again
the computed signal of the high-charge-state end loss is seen
to decrease with temperature, though not as quickly as mea-
sured by the TOF spectrometer. Both the Ne'* and Ne2*

. end loss rates are predicted to increase with ion temperature,

as they must to remain charge neutral. The spectrometer
effectively measures »,/7; so that if confinement times vary
strongly with ion temperature, the measured signals can be
markedly affected even if the confined density remains rela-
tively unchanged. Figure 7 shows that this is indeed the case.
The confinement time for singly ionized neon is seen to rise
with ion temperature, consistent with the flow confinement
mode of Eq. (22). As the ion charge increases, the confine-
ment times are seen to fall quickly with temperature. This is
aresult of the fact that the ions become more collisional with
increased Z; and move into the collisional confinement re-
gime where 7, « 1/T 2. Also, for those ions that do remain
flow confined, with increasing Z, the magnitude of the
exp (Z,e¢/kT;) term of Eq. (22) becomes a strong function

~ of T,, decreasing rapidly with increasing 7. This rapid de-

crease in confinement time has the effect of increasing the
measured signals above that which would be expected from
mere confined densities alone. Alternatively, the increasing
confinement time of the single ionized state of Fig. 7, de-
creases the measured signal of Ne'*.

The conditions are now determined for the best fit
between the measured and computed end loss current densi-
ties. The confined charge-state distributions may now be
computed. Results for these confined densities for the condi-
tions of Fig. 6 are shown in Fig. 8 for the first four charge
states of neon. As with the end loss densities, the confined
densities of the high charge states decrease rapidly with ion
temperature. This is a consequence of the rapid decrease in
confinement with temperature prescribed by Egs. (22) and
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FIG. 8. Computed neon confined density changes with ion temperature for
conditions of Fig. 6. Values are plotted as a function of antenna rf current,
which is related to ion temperature after Eq. (24). As in the case of end loss
densities, confined densities of high charge states decrease rapidly with ion
temperature.

(23) and shown in Fig. 7. Charge neutrality must still be
maintained, though, which accounts for the increase in the
confined densities of the low charge states whose confine-
ment is not negatively affected by temperature changes.
With increased ICRH, a marked shift to lower charge
states occurs as a result of the decreasing confinement times
of high charge states with temperature. At large rf powers,
results of both measurement and modeling show almost
complete loss of all charge states above the first three.

V. DISCUSSION

Low-power ICRH effects in the ECR-heated ion source,
MIMI, have been described. Ion energy distribution mea-
surements determine typical resonant species temperature
increases to be 30 eV and nonresonant species temperature
increases to be 15 eV. Ion temperatures with no direct ion
heating are typically below 10 eV. A method has been pre-
sented that separates the effect of ion temperature and plas-
ma potential spread on the ion end loss energy distributions.
This method is used to determine the ion heating effects. The
measured ion temperature increases and measured ion
charge state distributions are used in a steady-state, equilib-
rium code to determine the ion heating effects on the con-
fined ion charge-state distributions. This code was devel-
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oped to model atomic processes relevant to MIMI and
similar ECR ion sources. It allows for single-step and multi-
ple-step ionization to high charge states. It also allows for
collisional confinement, moderately collisional confinement
and collisionless confinement specific to each charge state in
the distribution. Results show that for many operating con-
ditions most of the charge-state distribution is governed by
collisional confinement. The code allows for a smooth tran-
sition between the confinement regimes. Both measurement
and modeling results show a rapid decrease in the density of
high charge-state ions with ion temperature. This is a result
of loss of high-Z ion confinement with large T',. The densities
of the lowest charge-state ions increase with temperature
causing an overall shift to lower average Z.
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