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The electron densities in the argon plasmas of the ORNL 6 GHz electron cyclotron resonance �ECR�
ion source with a flat central magnetic field have been deduced from the ion branches of the electric
probe current-voltage curves measured in the edge region of the plasmas. To overcome the
difficulties due to unknown velocities of multiply charged ions at the sheath edge, a modified
generalized Bohm criterion for the ion sheath velocity is introduced and the mean velocity of all
ionic charge states at the sheath edge is assumed to be equal to the sound velocity of the system of
particles. The calculated electron densities and temperatures for different plasmas optimized for four
charge state distributions are discussed. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2816911�

I. INTRODUCTION

Despite long history and wide usage of electron cyclo-
tron resonance ion source �ECRIS�, measurement of spatial
and temporal behaviors of plasma parameters within the
source has rarely been performed, even if it is very impor-
tant, yet difficult.1 Although Langmuir probes �LPs� have
been used to measure these parameters reliably in fusion,
space, and processing plasmas, their application to ECRIS
would be very difficult due to the following reasons:2 �1�
perturbation of plasma by an inserted LP, �2� distortion of the
current-voltage �I-V� curves of LP due to the heating and/or
the self-emission of probe tip by plasma flux, �3� magnetized
and/or non-Maxwellian electrons, and �4� multiply charged
ions. The first and second difficulties can be mitigated by
proper design and positioning of the probe into the edge
region of the plasma,3 and limiting the microwave power.
However, the third one remains unsolved because of the
complexity of the theory of electron collection in magnetized
plasmas.4 Moreover, the non-Maxwellian characteristics of
electrons make the interpretation more complicated, which
should be kinetically accessed. In this paper, a theoretical
model concerning ion collection of LP is introduced to take
into account the sheath formation with multiply charged
ions.

II. EXPERIMENTS

The ORNL flat-field volume ECR ion source is a com-
pact, all permanent magnet, 6 GHz source with a flat central
axial magnetic field and N=12 multicusp field. Such mag-
netic field configurations result in a large, uniformly distrib-
uted ECR volume.5,6 For this study, the source was operated
in the “cavity rf injection” configuration.7 Ions were ex-
tracted from the source at a voltage of 20 kV and mass ana-
lyzed with a 90° dipole magnet. As shown in a schematic
diagram of the source in Fig. 1, the probe holder is inserted
through a small slot on the aluminum end cap into the
plasma chamber, and is located very close to the chamber
wall. To avoid the self-emission from the probe due to the

a�
Contributed paper, published as part of the Proceedings of the 12th
International Conference on Ion Sources, Jeju, Korea, August 2007.

b�FAX: �82-2-2299-1908. Electronic mail: kschung@hanyang.ac.kr.
c�FAX: �82-2-2295-2704. Electronic mail: mjlee@hanyang.ac.kr.

FIG. 1. �Color online� The side view of ORNL flat-field, volumetric source
which in edge plasma region a Langmuir probe is installed.
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high heat flux of the plasma and to minimize the direct per-
turbation of the plasma due to the presence of the probe, the
probe tip, 0.4 mm in diameter and 4.7 mm long, is posi-
tioned 10 mm from the chamber wall and approximately
40 mm away from the midplane of the plasma chamber in
axial direction.

The electron and ion Larmor radii at the position of
probe are estimated about 0.02 and 1 mm, respectively.
Hence, the electrons are magnetized while the ions are
unmagnetized. Furthermore, for the low pressure
��10−6 Torr� plasmas in the ECRIS, the probe is used in the
collisionless regime for ions �ion-ion mean free path/Debye
length �104�.

The ECRIS is operated at various source conditions op-
timized for different charge state distributions �CSDs�. The
experimental conditions for generating maximum charge
states of 2+, 5+, 6+, and 8+ ions are given in Table I and the
corresponding CSDs are shown in Fig. 2. LP and x-ray mea-
surements were made for each source condition in order to
study the variation of the plasma parameters with different
CSDs. The current-voltage �I-V� curves of the LP measure-
ments are shown in Fig. 3. Plasma and floating potentials
deduced from these curves are also given in Table I.

III. ANALYSES AND RESULTS

If a plasma with multiply charged ions is collisionless,
each charge state of ion might reach the sheath edge with its
own Bohm velocity Csj = �jkTe0 /mj�1/2, where j is the charge
state of the ions, Te0 the effective electron temperature de-
fined as the inverse of logarithmic slope of the Boltzmann
electrons at the sheath edge,8 and mj the ion mass, as each
ion might be able to get the same kinetic energy in falling
through the presheath potential for collisionless, instability-
free one-dimensional motions.9,10 However, in real plasmas,
there may be other physical mechanisms that determine the
flux of ions reaching the sheath edge such as the friction due

to ion-ion Coulomb collisions, different ionization rates, and
streaming instabilities which can affect the speed of its own
Bohm velocity. Recently, the mean velocities of all different
ionic elements at the sheath edge was found to be very close
to the ion sound speed of the system of all particles by using
the laser-induced fluorescence method.11,12 Based on these
new results, a generalized Bohm criterion8 for plasmas con-
taining different charge-state ions can be modified as
nes /Te0�� j j

2njs /m� js
2 , where nes, njs, and � js are the electron

and j-charged ion densities, and the sheath velocity of the
j-charged ion, respectively, at the sheath edge. Then � js are
assumed to be equal to the sound speed ��s� of the multiion
system at the sheath edge, �s

2�� j�jnjs /nes�Csj
2 , which can be

used for the ion velocities at the sheath boundary. For our
analysis, we assume that the ions are unmagnetized, colli-
sionless, and cold; the electron energy distributions are
Maxwellian �Te0=Te� or bi-Maxwellian �ne0 /Te0=nec /Tec

+neh /Teh, where nec,eh and Tec,eh are the densities and tem-
peratures of cold and the hot electrons, respectively�; Al-
though it is unknown whether the sheath is thin or thick
without knowing the plasma density and electron tempera-
ture, which are to be deduced, orbital-motion-limited �OML�
regime, i.e., thick sheath, is also assumed for the low density
edge plasmas. From the laws of conservation of energy and
of angular momentum,

E0 + j̄eVs = 1
2m�c

2 + j̄eVp, �1�

TABLE I. The ECRIS operating conditions and potentials for the plasmas
optimized to four different charged state ions.

Ar �2+ � Ar �5+ � Ar �6+ � Ar �8+ �

Pressure ��10−7 Torr� 10.0 4.1 2.1 1.3
�-wave power �W� 54.5 66.7 87.7 90.6
Plasma potential �V� 5.1 2.4 1.0 0.7
Floating potential �V� 2.6 −0.7 −7.4 −10.7

FIG. 2. The observed charge state dis-
tributions of the extracted ion currents
for the argon plasmas optimized to �a�
2+ and �b� 8+ charge states.

FIG. 3. The measured LP I-V curves for the argon plasmas optimized for �a�
2+, �b� 5+, �c� 6+, and �d� 8+ charge states.
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ms�s = mrp�c, �2�

where E0, Vs, Vp, s, �c, and �s are ion thermal energy
�= 1

2m��8kTi /�m�2�, plasma potential, probe potential, sheath
thickness, velocity at closest approach to the probe surface,
and the velocity at the sheath edge, respectively. j̄ is the
effective mean charge state, which is expressed as j̄=� j� j j
with � j = �Ij / j� /� j�Ij / j�, where Ij is j-charged ion current. By
applying the Bohm criterion to Eqs. �1� and �2� and by taking
the approximation Ti /Te0→0, the effective collection radius
s can be written as s=rp�2e�Vs−Vp� /kTe0�1/2, where rp is the
probe radius. Then ion current is given by

Ii = e�
j

�jnjs�s��2�sl�

= Ae
	ne0

j̄1/2
� kTe0

m
�1/2	2e�Vs − Vp�

kTe0

1/2��

j

� j j
2�1/2

, �3�

where A�=2�rpl�, n̄i, and 	 are the probe area, the mean
ion density, and the normalized ion sheath density, respec-
tively. Here, the relation njs=� jn̄i and the quasineutrality
condition j̄n̄ie=nese are used. Consequently, the electron
density can be written as

ne0 =
j̄3/2Ii

Ae	
	2e�Vs − Vp�

m

−1/2��

j

� j j
2�−1/2

. �4�

To deduce ne0, one has to know the normalized ion sheath
density 	, which is complicated constant depending upon the
sheath type, collisionality, drift velocity, magnetic field, and
the ratio of ion to electron temperatures.13 However, for
Maxwellian ions in OML region, 	�1 /�.14

It is noted in Fig. 4 that the plasma density decreases,
while the electron temperature increases, as the plasma is
optimized for higher charge states. The decrease of the
plasma density is observed in both ion and electron satura-
tions of the I-V curves, and the increase of the electron tem-
perature can be predicted from the difference between the
plasma potential �Vs� and floating potential �Vf� given in
Table I. The electron temperatures �Tec ,Teh� can be deduced

by linearly fitting the semilogarithmic I-V curves around the
floating potentials, where Maxwellian characteristics of the
electrons are expected, which can be found from the �1 / I�
��dI /dV� curves. Although not shown here, the correspond-
ing x-ray spectra measured also show that the electrons be-
come hotter as the optimized charge state is increased:
RTe,hot

�=Te,hot�j+ � /Te,hot�2+ �� increased from 1 �j=2� to 1.4
�j=8�. It is also observed that the electron currents are
largely suppressed: R�=Ise / Isi� decreased from 2 to 0.9 with
j, where Ise and Iis are the electron and ion saturation cur-
rents, respectively.

For each optimized charge state, the ion current does not
show the proportionality to the square root of �Vs−Vp�,
which is the characteristic of the OML current, as given by
Eq. �3�. Instead, the ion current seems to become more linear
as the plasma is optimized to higher charge state. In the case
when 6+ and 8+ are the optimized charge states, respec-
tively, the slope of the ion current become larger around the
probe potential of −40 V. This sudden increase of ion cur-
rents might happen to balance the additional increase of elec-
trons by the secondary electron emission from either the
probe tip or the probe holder15 due to highly charged ions,16

energetic electrons,17 and the plasma heat flux,3 or magneti-
zation of highly charged ions, all of which might cause the
ion current to deviate from the OML characteristics. Al-
though there may be possible errors due to the self-
emissions, the electron densities are deduced using the
method described in Sec. III, with the following assump-
tions: �1� The effect of non-Maxwellian electrons on the
Bohm criterion is small and �2� the charge state distribution
of the ions in the plasma is strongly correlated with that of
the extracted ions, so that j, j̄, and � j can be evaluated from
the CSDs of the extracted ions. Here, the choice of the probe
bias voltage is very important for the deduction of ne0. In
order to minimize the possible errors from the phenomena
mentioned above, we have chosen the bias voltage �V1� at
where the ion current starts to deviate from the OML current
�i.e., square root of Vs−Vp� and the bias voltage �V2� at
where the slope of the ion current suddenly becomes larger.

The deduced electron densities �ne0� calculated by Eq.
�4� are shown in Fig. 4. Further, the electron densities �ne1

and ne2� deduced by the two bias voltages �V1 and V2� are
compared with the electron density �ne3� by Vp=−100 V. As
shown in Fig. 4, ne3 seems to be overestimated. Cold �Tec�
and hot �Teh� electron temperatures are shown in Fig. 4 by
fitting the electron current for a certain range of the bias
voltage �Vp� around the floating potential �Vf� by using the
following relation:

Ie �
1

4
Apene0��8kTec

�me
�1/2

�1 − ��exp�e�Vp − Vs�/kTec�

+ �8kTeh

�me
�1/2

� exp�e�Vp − Vs�/kTeh� , �5�

where � is the ratio of hot electrons to the total electron
density �=neh /ne0 and subscripts c and h indicate the cold
and hot electrons. The effective electron temperatures are
also calculated by using ne0 /Te0=nec /Tec+neh /Teh, and ��,
Tec �eV�, Te0 �eV�� are obtained as �0.03, 1.16, 1.18�, �0.12,

FIG. 4. The deduced plasma densities �ne1, ne2, and ne3� for different bias
voltages �V1=bias voltage where square root dependence is broken, V2

=bias voltage where the slope of ion current suddenly becomes larger, V3

=−�Vmax� �−100 V��, and electron temperatures of cold and hot electrons and
effective electron temperature with the argon plasmas optimized for 2+,
5+, 6+, and 8+ charge states.

02A319-3 Electron density of ORNL ECRIS plasma Rev. Sci. Instrum. 79, 02A319 �2008�
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1.18, 1.99�, �0.33, 4.27, 5.57�, and �0.59, 5.50, 7.83� for Ar2+,
Ar5+, Ar6+, and Ar8+, respectively. So with about 10% error
of electron temperature deduction, electrons are almost ther-
malized for lower charge state-optimized plasma, say, up to
5+ optimized plasma in our case, but effect of hot electrons
appeared for the higher charge state-optimized plasmas.

Although present experiment shows low plasma density
�108–109 cm–3� at the edge, one-temperature Maxwellian
electrons are dominant for the lower charge state, which
seems to be contracting to most common cases. This could
be due to the fact that energetic electrons consume their en-
ergies to ionize the argon gas or argon ions to the higher state
of ions. The ionization energy �for maximum cross section�
is �60 eV for Ar2+ from Ar1+ and is �90 eV for Ar3+ from
Ar2+.18

IV. SUMMARY

A theoretical model employing a modified Bohm-sheath
criterion for plasmas with multiply charged ions is intro-
duced to deduce the electron densities in the edge plasmas of
the ORNL 6 GHz volume ECRIS under different operation
conditions. As expected the electron density decreases while
the evaluated electron temperature increases, as the plasma is
optimized for higher charge state ions. The local electron
densities of the edge plasma are estimated to be in the range
of �0.5–7��108 cm−3, cold electron temperatures are
1.2–5.5 eV, and effective electron temperatures are
1.2–7.8 eV, indicating the increase of energetic electrons
with the charge state �from 2+ to 8+�, while the plasma
�floating� potential is decreased from 5.1 �2.6� to 0.7
�−10.7� V. To avoid the excessive heat flux from the plasma
leading to the possible emission of the secondary electrons
from the probe material, it would be better either to use a
scanning probe system or to limit the exposure time of probe
to the plasma.3
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