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Experimental studies of a 10-cm Duopigatron as a source of argon, krypton, and
xenon ion beams are reported. Source plasma instabilities are examined, and the
mass dependence of oscillation frequencies and instability onset conditions are
determined. Arc current and density oscillations are found to be associated with ion
acoustic fluctuations with frequencies scaling as 1/M /2. Langmuir probe measure-
ments within the source plasma double layer are used to indicate the physical
mechanism responsible for the observed large-amplitude arc current shifts. Ion beams
have been extracted at energies up to 18 kV, and drain currents up to 540 mA for
argon, 440 mA for krypton, and 520 mA for xenon have been achieved with source
plasma densities in the range 10''-10'% cm ™. Excellent agreement with existing
theoretical models has been obtained in the mass and density dependence of the
extraction current, as well as the voltage at which transition from space-charge

limited to ion saturation emission occurs.
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tic; sheath model; noble gas.

1. INTRODUCTION

In recent years a great deal of research has concerned the generation
of dense ion source plasmas for high-current beam extraction. The
duopigatron is an important ion source which has been extensively
developed for neutral beam heating systems in plasma fusion experiments.
A series of increasingly larger and more powerful duopigatron sources has
been developed in the U.S. (at Oak Ridge National Laboratory!') and in
Japan,™ to provide hydrogen and deuterium beams of up to tens of amperes
at energies greater than 100 keV. Such sources have been used for heating

many of the large magnetic confinement plasma devices.
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In parallel with the development of these high-power sources, work
has been performed in France® " and the Federal Republic of Germany®
to develop and study the duoplasmatron and small-area duopigatron as
sources of both hydrogen and noble gas ions. Beam currents of tens of
milliamperes at up to 30 kV have been reported for duoplasmatron designs
and a multiple-discharge duopigatron design.

The purpose of the experimental study reported here is to examine the
performance of a large-area (ORNL type) duopigatron as a source of
intermediate and high-mass ion beams including argon (A = 40), krypton
(A =84), and xenon (A = 131). There exist a number of important processing
applications for large-current, high-mass beams including dry etching of
semiconductors® and surface modification of materials."” Other potential
uses for such beams include plasma diagnostics, heavy-ion plasma heating,
and preinjection into high-energy ion accelerators such as the RF quad-
rupole.

2. EXPERIMENTAL CONFIGURATION

The ion source used in the present study is a 10-cm duopigatron of
the type developed at Oak Ridge National Laboratory. Figure la depicts
this duopigatron as configured for the present study. The discharge is
initiated by thermionic emission from an oxide-coated, tungsten-wound,
tantalum cathode. Feed gas enters the cathode region near the base of the
filament. The formation of a double layer of electrons and ions between
the cathode plasma and the anode (Fig. 1b) accelerates electrons into the
anode volume, following the field lines of the source magnet. These primary
electrons, with energies of 30-90 eV, ionize the gas in the anode region to
form the source plasma. The first extraction grid is maintained at a negative
potential with respect to the source plasma, by means of a 350-Q load
resistor between the grid and second anode. The resulting potential profile
reflects primary electrons, thus establishing a reflex (Penning Jon Gauge
type) discharge between the double layer and the grid. This increases the
path length and ionization efficiency of the primary electrons. Ions escape
from the source plasma either by crossing the double layer toward the
cathode plasma (necessary to maintain stability of the double layer) or by
crossing the first grid sheath boundary to be accelerated by the extraction
grids.

A triode extraction grid arrangement was used, with the second grid
biased negatively at 10% of the primary accelerating voltage. The grids
were approximately 52% transparent with 369 apertures of 3.75 mm
diameter in a 10-cm-diameter hole pattern.
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Fig. 1. (a) 10-cm diameter Duopigatron ion source, showing location of plasma probes; (b)

potential profile through Duopigatron, showing double layer, and plasma grid sheath (see
Ref. 3).

The entire experiment is shown schematically in Fig. 2. Downstream
of the ion source is a 38-cm-long, 30-cm-diameter neutralization tank in
which a neutral gas background density is maintained by excess feed gas
from the source. A gate valve, 15-cm-diameter drift tube, and target tank
complete the beamline. Overall length from the extraction grids to the end
of the target tank is approximately 163 cm.

The high-voltage beam extraction circuit utilized an ignitron switched
and crowbarred capacitive discharge system. A current-limiting resistor of
80 () was used in series with the source, while a parallel resistor to ground
was used to stabilize the current through the firing ignitron.
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Fig. 2. lon source and beamline experimental configuration.

3. SOURCE PLASMA EXPERIMENTS

For argon, krypton, and xenon, reproducible source plasma discharges
were obtained with total arc currents up to approximately 40 A (limited by
power supplies). In this study, arc current was controlled primarily by
adjusting gas feed, rather than applied arc voltage. Lower gas feed rates
and anode-region pressures were needed to sustain arcs in krypton and
xenon than in argon. At an arc voltage of 100 V and a source magnet current
of 7.1 A (corresponding to a peak magnetic field of 115 G), arc currents of
approximately 22 A were obtained for argon at a gas feed rate of 0.14 Torr-
liter/sec and a pressure of 3 mTorr, for krypton at 0.1 Torr-liter/sec and
I mTorr, and for xenon at 0.05 Torr-liter/sec and 0.5 mTorr. This trend
toward lower required pressures for the higher-mass gases can be explained
to a large extent by observing that the ionization cross sections for 30-eV
electrons are approximately 27aj, 3maj, and 4.3maj for argon, krypton,
and xenon, respectively'” (where a, is the first Bohr radius).

A source plasma instability has been observed for argon, krypton and
xenon which is more pronounced than that observed for hydrogen under
similar conditions. Because of the sensitivity of this instability to gas feed
rate and its dual-mode character, it is believed to be an arc starvation
instability of the type previously observed in studies of duoplasmatron
sources by Lejeune'? and by Winter and Wolf."'* The instability is evidenced
by a rapid shift between a “normal” (high-current) mode, and an “arc
starvation” (low-current) mode. The arc-starvation mode is characterized
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by a low neutral gas density, with a resulting ionization density insufficient
to provide the required ion flux to maintain a stable intermediate electrode
double layer in accordance with the Langmuir'® sheath criterion j,/j; =
y(M,;/m,)'"?, where vy is a constant or order unity. In the experiments
reported here, the parametric behavior of this instability has been studied.

To monitor the effects of this instability on the double-layer potential
profile, a double probe was devised to measure within the double layer.
The two probes, spaced 6 mm apart axially, did not necessarily bound the
entire double layer, but did provide a relative measurement of the slope of
the potential profile in this region.

Figures 3a and 4a show the current (lower traces) and double-layer
potential difference (upper traces) for low-current-mode operation in argon
and krypton, respectively. At a discharge current of approximately 1 A,
probe potential differences of 20 and 35V are measured. Figures 3b and
4b show the high-current mode (during which current was ramped from
approximately 3-12 A during 500-600 msec pulses). In this case, the probe
potential difference is only 10 V. Further, the overall arc voltage drops with
increasing current. Thus, the high-current mode is characterized by a flatter
and lower double-layer potential profile, and correspondingly lower
primary-electron energy.

Figures 3¢ and 4c show the argon and krypton discharges during mode
shifts between the low- and high-current cases. This mode shift can be
explained by examining the behavior of the ionization cross sections in the
range 30-100 eV. The cross sections peak at about 100 eV and begin to drop
rapidly below about 40eV."'" For the low-current discharge most of the arc
voltage drop of 100-110 V occurs across the double layer, producing high-
energy primary electrons with high ionization efficiency. The ions thus
produced diffuse to the double layer to contribute to an increased ion flux
toward the cathode. This permits (according to the sheath criterion) an
increased electron flux and higher arc current. Now, however, the lowered
double-layer accelerating potential produces lower-energy primary electrons
with decreased ionization efficiency. A drop in ion production reduces the
double-layer ion flux, forcing a drop in arc current. When the gas density
is sufficient to sustain an adequate ion generation rate, with the lower-energy
primary electrons, the mode shifting ceases and the arc enters a relatively
stable high-current mode.

In this mode, however, the arc current displays a lower-amplitude
sinusoidal oscillation as plotted in Fig. 5. It should be noted that these
observed fluctuation frequencies (at 6 A magnet current) follow an ion
acoustic mass scaling to within better than 10%. Ion density fluctuations
occur with negligible delay throughout the anode plasma volume, suggesting
that these are transmitted by streaming electrons. It should also be noted
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Fig. 3. Double-layer floating potential difference (upper trace, 10 V/div) and arc current (lower
trace, 4 A/div) for argon in (a) low current mode, (b) high current mode, and (¢) mode-shifting
condition. Time scale is 100 msec/div.
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Fig. 4. Double-layer floating potential difference (upper trace, 10 V/div) and arc current (lower
trace, 4 A/div) for krypton in (a) low current mode, (b) high current mode, and (¢) mode-
shifting condition. Time scale is 100 msec/div.
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Fig. 5. Arc oscillation frequency as a function of source magnet current.

that the insensitivity of the oscillation frequency to magnetic field rules out
any EXB rotational oscillation as the cause.

Unlike the duoplasmatron used in the studies cited above,'*'® the
duopigatron is characterized by a reflexing electron discharge in the anode
region. To determine the effect of these electrons on the mode shift instabil-
ity, discharges were run with and without the load resistor between the
plasma grid and the anodes. Without the resistor (grid shorted to anodes)
the reflexing electrons will be suppressed. In this case, the discharge remains
in the low-current mode for a longer period, and becomes destabilized in
the high-current mode. Two possible mechanisms may be responsible for
this behavior. The reflexing electrons normally help to neutralize the space
charge on the anode side of the double layer. Without these electrons the
potential profile could be steepened, and the double layer would resist the
transition to the smoother potential profile characteristic of the high-current
mode. Also, the reflexing electrons contribute to the ionization density, and
their absence would have the same effect as a lowered gas density. Probe
measurements of the anode-region ion density and the potential slope in
the double-layer region indicated a slight decrease in ion density without
the reflexing electrons, but no measurable change in the double layer near
the snout. The reflexing electrons apparently influence the mode shift
instability through their effect on ionization density, rather than space
charge.
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Fig. 6. Mode shift onset current as a function of source magnet current for (a) argon and (b)
krypton.

Figures 6a and b show the mode-shift onset current as a function of
source magnet current for argon and krypton. At higher field strengths a
lower total arc current is required to initiate the instability. Studies by
Jacobsen and Eubank!'® have shown that the double-layer potential differ-
ence is proportional to the temperature of the double-layer electrons. Elec-
tron loss will be controlled by Bohm diffusion where D, 5,5 ¢ T/ B. Thus
for a given steady-state density condition, with constant electron generation
and loss, the double-layer electron temperature (and potential difference)
will be proportional to the magnetic field strength. As the field strength is
increased, the double-layer voltage difference increases. Thus (for a fixed
power-supply voltage), the maximum current attainable, before forcing a
change in the double-layer configuration to the high-current mode, will
decrease. The difference in instability onset current between argon and
krypton is believed to be due to a difference in arc power-supply voltage.
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4. BEAM EXTRACTION

4.1. Review of Extraction Theory

The ion current which can be extracted from a source plasma is limited
by the density and mobility of the source ions. The theory developed by
Lejeune'® to predict saturation ion extraction currents utilizes a sheath
boundary model to determine the potential profile and ion density near a
biased electrode. The region between the bulk source plasma and the
electrode (in this case an extraction grid) is considered to consist of two
regions; a presheath region in which n,=n, but E #0, and the sheath
region in which n, <n; and E # 0. The axial energy of ions crossing from
the presheath to the sheath regions is found to be!"”

W, =3kT. (D

By assuming the ion energy in the bulk plasma region to be small relative
to the electron energy, the potential difference across the presheath is found
to be

Vos=kT,/2e )

Thus the electron (and ion) density at the sheath—presheath boundary is
ey = Mg = Neo exp(_evps/ kTe) (3)

Substituting for V,, we find
ni = 0.61ng @

The ion saturation current then becomes’®

ji:0-61neoe(kTe/Mi)l/2 Q)

This derivation assumed a Maxwellian distribution of electron velocities
in the presheath region. However, the duopigatron is characterized by a
large number of primary electrons reflexing between the plasma grid and
the double layer at the intermediate electrode. These electrons, which
determine the potential of the plasma grid, will enter the presheath region
with energies of approximately 30-90 eV (compared to a bulk electron
temperature of 1-2 eV). To more accurately characterize the sheath and the
resulting ion saturation current, modifications to the Bohm theory have
been proposed by Prewett and Allen”® and Uehara et al’'” These theories
include the effects of a second, higher-energy, group of electrons in the
Poisson equation. According to Prewett and Allen, the boundary between
the sheath and presheath is characterized by a potential V,, where

_ 3(io/ Neo)

Vo/ kT. =
Vol K Te= (17

(6)
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where j, is the current density of beam electrons and
Je= neoe(kT./m.)"*(2eVo/ kT.)** (7)

Note that for n. = n;, and j, = 0 this model reduces to the Bohm prediction.
Typical parameters of this experiment have been measured by Langmuir
probe:

j»=0.5A/cm’
kT.=2eV
Heo=Np=1%10" ecm™
Solving Egs. (6) and (7) iteratively we find
Vo=0.72kT,/ e (8)
Then we obtain the ion density from
n; = ngexp (—eVy/kT,)=0.49n,, C)]
and the ion velocity becomes ’
IMvi= eV, (10)
Substituting for V, from Eq. (8) we have
v = (1.44kT./ M;)'? (1)
The ion current can then be written
Jji=0.58n.e(kT./ M)'? (12)

Thus, for the parameters of this experiment, the ion saturation current
reaching the plasma grid should not vary significantly from the Bohm
criterion prediction of Eq. (5).

4.2. Beam Extraction Experiments

Argon, krypton, and xenon ion beams have been generated at varying
extraction voltages and source plasma densities to determine the scaling of
extracted current with these parameters (Figs. 7a, b, and c). For argon, the
high-voltage drain current appears to approach a plateau for each arc current
value, as predicted by the Lejeune theory. However, for krypton and
particularly xenon, drain current does not saturate for the high arc current
cases. The argon drain current scales approximately as ;.. Since ion density
scales approximately as the arc current, and electron temperature increases
slightly with higher current, this scaling is reasonable and in good agreement
with extraction theories [Eq. (5)]. It appears, however, that for the higher-
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mass ions a somewhat different dependence is involved. Lejeune!'® provides
a prediction of the accelerating voltage at which the extracted current should
undergo the transition from space-charge limited emission to the ion satur-
ation regime:

V*=[9j.d"/4eq(2e)"* T M (13)

where j, is the ion current density of Eq. (5) and d is the grid spacing
(14 mm). This equation gives the voltage at which the space-charge limited
(Child-Langmuir) current equals the ion saturation current of Eq. (12).
Applying this prediction to the experimental case, for a drain current of
400 mA, V* is 18 kV for argon, 23 kV for krypton, and 27 kV for xenon. At
160 mA drain current, V* is 11 kV for argon, 14 kV for krypton, and 15kV
for xenon (see Figs. 7a, b, and ¢). Thus, for argon we operated in the region
of V= V*; for krypton, in general, V= V*; and for xenon V< V*,

For xenon, at the higher arc currents, the extraction current is
apparently not limited by ion density and mobility, as the sheath extraction
theory assumes, but rather by normal space-charge limited emission. The
xenon extraction currents, for the dense-source plasmas, in the range 10—
17kV, follow a I oc V¥/? dependence as predicted by the Child-Langmuir
law for space-charge limited emission at V« V*. In this regime, the ion
density is well above that required to provide the measured extraction
current, and thus the source plasma is acting as an emissive surface with
an excess supply of ions.

At the other extreme, the argon extraction closely follows the Lejeune
sheath model extraction theory, both in terms of extraction current scaling
with ion density, and in its approach to saturation with increasing acceler-
ation voltage. Between these extremes, the krypton-extracted currents follow
an almost linear dependence indicating a transition from space-charge
limited current to a saturable current as V approaches V¥,

For the argon extraction currents, which appear to follow the sheath
extraction theory, excellent quantitative agreement exists between theory
and experiment. For example, at an arc current of 32 A, Langmuir probe
measurements indicate a peak plasma density of 6x10' cm™, a radial
average density of 4.9 x10'' cm™, and an electron temperature of approxi-
mately 2 eV. Equation (12) would then predict an average ion saturation
current density reaching the plasma grid of 9.9 X 107> A/cm”. Since the grid
apertures cover 79 cm” with a transparency of 52%, the saturation extraction
current should be 407 mA. This in excellent agreement with the experi-
mentally determined value of 390 mA. Further, from Eq. (13), saturation
should occur at approximately 17kV, which is also supported by the
data.
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