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Abstract
The edge plasma of the ORNL CAPRICE ECR ion source is studied by directly measuring,
with electrical probes, its local plasma parameters such as plasma density, temperature and
electron energy distribution characteristics at different rf power levels, at various pressures, at
various axial magnetic field strengths and different distances from the resonant zone. It is
found that the edge plasma can be approximated to be bi-Maxwellian, whose characteristics
become more pronounced at the more distant positions from the ECR zone, at lower source
pressures and at increased magnetic field strengths. These trends are consistently explained in
terms of long-range electron–electron and electron–ion Coulomb scattering collisions that
occur during the transport of hot electrons from the ECR plasma to the probe and their
frequency dependence on electron temperature and density.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Electron cyclotron resonance (ECR) ion sources are devices
designed for intense highly charged ion (HCI) beam
production. They are mirror machines in which the plasma
is heated by high frequency waves, usually having frequencies
between 10 and 28 GHz. A resonant coupling between the
wave and the electrons occurs whenever electrons cross a
particular magnetic surface where the cyclotron frequency is
equal to the wave frequency. This leads to an increase in the
velocity component perpendicular to the magnetic flux lines,
and the heated electrons are trapped in a minimum-B structure.
The resulting hot electrons are essential for the production of
HCIs. It is generally accepted that sequential electron impact
ionization is the main production mechanism. Since the energy
thresholds in the ionization cross sections steadily increase
with increasing charge state, progressively higher electron
energies are required as the extracted-beam charge state of
interest increases. The produced HCIs are then extracted

and can be further accelerated for nuclear physics or atomic
physics studies. Since their invention about thirty years ago
[1–4], the HCI performances of ECR ion sources have steadily
improved, e.g. by implementation of the afterglow mode,
stronger magnetic fields, higher radio frequencies, biased
discs, mix gases [1, 5] and, most recently, volume ECR zones
[6, 7]. However, despite these improvements, ECR ion sources
still cannot be considered to be fully optimized, since key ECR
physics areas such as rf power coupling, particle transport and
confinement in internal ECR plasma, all of which are closely
related to the intensities and charge states of extracted ions,
are still not well understood. More systematic studies of the
internal ECR plasma properties are thus required to improve
understanding in these critical areas. This need provided the
motivation to make the independent determinations of local
ECR plasma parameters and dynamics described in this paper.

Some of the parameters critical to the understanding of
ECR heating and plasma transport and thereby for improving
HCI production are local plasma parameters such as the plasma
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Figure 1. The axial magnetic field profile tunings B0, B4 and B8, obtained using axial field coil currents of 952/1010 A, 992/1050 A and
1032/1090 A in the injection(right)/extraction(left) coils, respectively. The axial extent of the ECR zone is indicated by the two vertical
lines at ± ∼30 mm intercepting the axial field profile at the ECR value of ∼3.7 kG (horizontal line). The axial field profile is superimposed
on a schematic of the ECR source to indicate component location in relation to the magnetic field profile. Source axis coincides with
horizontal line at 3.7 kG (see figure 2(a)).

density, temperature and, more importantly, the electron
energy distribution function (EEDF) of the internal plasma.
In the past, some experiments have been performed on the
Minimafio and Quadromafio source to measure the energy
distribution function [8, 9]. In the former device, the study was
focused only on the hottest electron components, using global
diagnostics: bremsstrahlung and electron cyclotron emission.
In the latter device, the measurements focused not on the
internal plasma electrons but on the unconfined (loss) electrons
flowing out of the plasma and deducing from them an EEDF,
which, by definition, could not be the actual electron energy
distribution of the internal plasma. Even though the authors of
the latter study assumed that electrons diffuse into the loss cone
mainly through electron–ion collisions, and thereby derived
the electron temperature of the internal plasma, the correlation
between the internal plasma electrons and the lost (unconfined)
electrons was not proven by the measurement of their transport
properties. Nevertheless, these authors later concluded that the
ECR plasma transport process in high power operation was a
mixture of collisional (at low velocity) and high frequency
(at higher velocity) transport; the high frequency transport
is now believed to be responsible for the limitation of the
plasma energy content (i.e. the product of electron density and
temperature), which determines the ultimate performances of
the ECR ion source HCI production [10].

In this paper, we describe experimental results concerning
the characteristics of the local electron energy distributions
(populations and temperatures of cold and hot electrons) of
an ECR edge plasma, which were directly measured using
electrical probes placed into the periphery of the ORNL
CAPRICE ECR source plasma. To our knowledge, these
are the first reported probe measurements of local electron

energy distributions in a HCI ECR ion source edge plasma.
We are aware of only one other such measurement [11],
which, however, focused exclusively on characterization of
total electron density. In the following section, the general
specifications of the CAPRICE ion source are summarized,
and the experimental setup for probe installation, in situ
probe measurement and analysis is shown. In section 3 the
experimental results are presented. They indicate that the
ECR edge plasma can be approximated by a bi-Maxwellian
energy distribution, whose characteristics are more evident at
probe positions more distant from the ECR plasma, at lower
source pressures, at increased rf power levels and at higher
axial magnetic field strengths. We conclude in the last section
that the observed trends are consistent with the existence
of plasma pressure gradients and electron loss and energy
equilibration mechanisms arising from long-range Coulomb
electron–ion and electron–electron scattering collisions during
electron transport from the ECR zone to the probe.

2. Experiments

2.1. General description of the source

The experiments have been performed with an argon plasma
in the ORNL CAPRICE ECR ion source [12, 13], which has
a minimum-B structure with a peak axial mirror field of
∼1.05 T and a maximum radial sextupole confinement field
of 0.9 T at the plasma chamber wall. The axial magnetic
field profiles investigated in this work are shown in figure 1.
The argon plasma was created by launching a 10.6 GHz rf
wave equal to the cyclotron frequency at 0.37 T, providing
an ellipsoidally shaped resonant surface with axial and radial
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extents of 4.5–5.5 cm and 2.5–3.0 cm, respectively, depending
on the axial field tuning employed. The stainless steel plasma
chamber is 16.5 cm in length, as measured from the plasma
electrode to the end of the coaxial wave launcher, and has
a diameter of 6.6 cm. Ion beams are extracted at a source
potential of 10 kV, and analysed by a stigmatic magnetic
analyzer. It was found in earlier measurements [14, 15]
studying the influence of gas mixing on the ECR source plasma
potential that the extracted beam and probe characteristics
were very dependent on plasma chamber surface condition:
generally the extracted-beam charge state distribution (CSD)
and intensity were reduced, and measured plasma potentials
increased by 10–15 V for contaminated surface conditions.
Therefore, the plasma chamber was carefully cleaned and
maintained between different probe position measurements
in order to minimize dependence on plasma chamber surface
condition.

2.2. Electrical probe and its installation

In order to operate an electrical probe successfully, the probe
must be small in comparison with the plasma length scale so
as not to perturb the global state of the plasma, and at the
same time be able to withstand the heat load from the plasma
without damage. In the case of an ECR plasma, it is difficult to
satisfy both requirements simultaneously because of its small
plasma length scale and the high heat flux from its hot electron
population.

In the present measurements, both requirements were
satisfied by judicious placement of the probe holder into
the edge region of the ECR plasma and by limitation of
the injected microwave power to values sufficiently low to
avoid self-emission of the probe. It is noted that even at the
relatively low power levels source operation was consequently
restricted to, significant HCI production occurred, so that
correlations could be made for different source conditions
between extracted-beam CSDs and intensities on the one hand
and probe-determined edge-plasma parameters on the other,
as described in our earlier publications [14, 15]. The use of
fast reciprocating or scanning probes to characterize the ECR
core plasma was beyond the scope of this investigation due
to the lack of required access and clearances and the greatly
increased mechanical complexity this would have required.

The probe was inserted in one of four locations where
the flux tube intercepted by the probe has no direct connection
either to the ECR zone, where the electrons are heated, or to the
extraction region where high-energy backstreaming electrons
may be present (see figure 2). Table 1 summarizes the magnetic
field environment at each of the four probe positions. The
radial distance from the probe tip to the wall was 11 mm, and
axial distances to the mid-plane of the resonant zone were
30 mm, 36 mm, 44 mm, 52 mm, respectively, for positions 1–4.
During the present measurements, careful shielding of the
probe leads in the extraction vacuum chamber with a Ta sheet
assured that operation of the in situ probe when the source was
operated at high voltage resulted in no detectable perturbation
of the extracted-beam currents.

The probe could be operated in both Langmuir probe (LP)
and emissive probe (EP) modes, and was formed from tungsten

wire having radius, rp, of 0.058 mm , which extended toward
the source axis from two small alumina tubes, forming a small
loop approximately 3 mm in exposed length lying in the plasma
chamber transverse cross sectional plane. The electron and ion
Larmor radii, re and ri, at the probe positions were estimated
to be of the order of 0.01 mm and 0.5 mm, respectively.
Consequently, the plasma is weakly magnetized, such that
the electrons are magnetized while the ions are unmagnetized
[16]. Further, due to the large sheath thickness, s, arising
from the low plasma density and high electron temperature
environment, the probe operates in the collisionless regime for
both electrons and ions.

2.3. Probe circuits and high voltage isolation via a wireless
connection

ECR ion source operation at high voltages from 5 to
30 kV presents an additional technical difficulty in operating
electrical probes. As has already been described [14, 15],
in the present measurements, the probe electronics (bipolar
operational amplifier, oscilloscope, etc) were floated at the
ion source potential, requiring HV isolation between the
measuring devices and the data acquisition and control PC.
In this experiment wireless Ethernet connections were used
for the isolation. Figure 3 shows the schematic diagram of the
probe operation on the CAPRICE ECR ion source using the
wireless connection. As shown in figure 3, both the Labjack
UE9 multifunction data acquisition and control device and the
TDS3034B oscilloscope were controlled by a laptop computer
through the wireless connection: the USB/Ethernet based
Labjack UE9 is used for providing the probe current power
supply with analog input signals (DAC1) and an HP function
generator with digital signals (FIO0), while the TDS3034B
oscilloscope was used for measuring the probe bias and current
signals (Vp and I ). Each device had an Ethernet 10Base-T
compatible wireless interface and was linked to an appropriate
Ethernet bridge or wireless LAN card. The filament heating
power supply could be controlled by an analog signal (0– 5 V)
provided by the Labjack UE9. An AD210 isolation amplifier
was used to isolate the filament heating power supply from the
Labjack UE9 analog signal. Digital signals from the Labjack
UE9 were used to trigger the function generator saw-tooth
signal output, which was then fed into a Kepco BOP 100-1M
amplifier for sweeping the probe bias, Vp. The digital signal
goes to the oscilloscope and simultaneously triggers it. An
additional AD210 isolation amplifier was used to measure the
voltage drop across the measuring resistor as in conventional
probe circuits. Two additional switches (S1, S2) were installed
to permit convenient changing between LP and EP operating
modes.

2.4. Automatic data processing

All control and data acquisition functions were interfaced using
a virtual Labview instrument installed on a laptop computer.
Because all control and analysis functions could be completed
within a second, the data could be simultaneously acquired,
processed and analysed in real time. The acquired data were
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Figure 2. (a) Schematic showing the salient features of the CAPRICE ECR ion source, including coax rf injection, (b) Axial probe position
details, including schematic magnetic topology of the ECR plasma at probe position 1 in two projections and (c) triangle plasma star shapes
at the four different probe positions. Fields lines enclosed within the star connect the ECR resonance zone and the extraction electrode and
must be avoided by the probe. The axial distances to the mid-plane of the resonant zone for probe positions 1–4 were 30 mm, 36 mm,
44 mm, 52 mm, respectively.

Table 1. The magnetic field (in Gauss) and inclination angle
(in degrees), φ ≈ tan−1(Bz/Br), arising from the superposition of
axial mirror and radial hexapole fields at probe tip positions 1–4, for
axial field tuning B0 (see figure 1).

Position |B| Bz Br(r, z) φ

1 5836 3603 4591 38
2 6064 3898 4645 40
3 6451 4404 4714 43
4 6787 4864 4734 46

first digitally processed through the use of modified Savitzky–
Golay smoothing filter [17]. The smoothing method was
able to provide a smoothed first derivative of the probe I–V

characteristic. The voltage at which the maximum of the
derivative curve occurred was taken as the plasma potential,
VS. This maximum is directly related to the apparatus function
of the experiment and to the number of points used for the

smoothing [18]. The resolution of the measurement, Rm, could
be estimated from the product of the number of smoothing
points, n, and the voltage range of the sweep, dV , divided
by the total number of data points, N : Rm = n dV/N .
During the measurement, Rm was minimized by adjusting the
sweep voltage range and the number of smoothing points, and
then maintained to make the value always less than 3/2 Te,
an accepted standard for assuring a reasonable accuracy in
the deduced plasma parameters [19]. The value of Rm was
typically 1.6 V.

3. Results, analysis, and discussion

3.1. Results and analysis

Using the above setup, plasma potentials, electron densities
and temperatures and electron energy distributions were
measured under various discharge conditions, i.e. for various
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Figure 3. The probe circuits and their isolated operation via a wireless connection on the ORNL CAPRICE ECR ion source.

rf power levels, source pressures, axial magnetic field profile
tunings and probe positions. The LP mode was used for
plasma potential, plasma density, temperature and EEDF
determinations, while the EP mode was used for confirming
the LP plasma potential.

In the following figures, typical dependences of the
measured I–V curves on the above source parameters are
shown. Figure 4(a) shows LP I–V curves at a source pressure
of 8 × 10−7 Torr for four different rf power levels: 10, 20,
30 and 40 W. Figure 4(b) shows the corresponding electron
current (Ie) curves obtained by subtracting the ion currents
from the total currents of figure 4(a). For low rf power
levels the ion currents were determined by assuming that
they dominate the probe current at all (negative) probe biases,
and taking a linear dependence on probe bias in the interval
−Vmax � Vp � VS, where VS is the plasma potential. This
linear dependence on probe bias, Vp, is illustrated in the inset
of figure 4(a) showing an expanded view of the probe current
at negative probe biases for the 10 W rf power level case.
For the higher rf power levels (30 and 40 W), where the hot
electron current contribution at negative probe biases is not
negligible, the ion current contribution was estimated from the
relation Ii = IiS + ς(VS − Vp), where IiS is the ion current
at the plasma potential and ς is the sheath expansion factor
determined from a low rf power case. IiS can be obtained from
the electron current at the plasma potential, IeS, via the relation
IeS/IiS ≈ k(mi/me)

1/2 with the factor k again determined from
a low rf power case. The effect of the ion current subtraction
for the higher rf power cases is expected to be small since
the hot electron contribution already dominated in the fitting
region (Vp ≈ Vf) at these power levels.

As can be seen in figures 4(a) and (b), as the rf power
is increased, the floating potentials, Vf , steadily decrease
(Vf = 2.0 V, −6.3 V, −22.7 V and −48.6 V for 10 W, 20 W,

30 W, 40 W, respectively) and the plasma becomes increasingly
non-Maxwellian. This trend may come from the increase in
the hot electron population as evidenced by the increasingly
more prominent exponential tails at negative probe potentials
(see straight lines in the inset to figure 4(b)) as the rf power is
increased. As shown by Stangeby [20], even small fractions
of high-energy electrons can make the floating potential go to
more negative values.

From inspection of the inset of figure 4(b), where the
electron currents are plotted semi-logarithmically with respect
to the probe bias (Vp), two distinct exponential tails are evident
for probe voltages below about 10 V. This suggests that the
electron energy distribution has bi-Maxwellian characteristics.

The bi-Maxwellian electron current (Ie) to the probe
versus probe voltage, Vp, is written [21] as a sum of cold and
hot electron components, Iec and Ieh:

Ie = Iec + Ieh = 1
4eAPnecv̄ecrc(β, φ) exp[−(VS − VP)/kTec]

+ 1
4eAPnehv̄ehrh(β, φ) exp[−(VS − Vp)/kTeh], (1)

where e is the electronic charge, AP is the probe area projected
along the magnetic field, VS is the plasma potential, nec and neh

are the cold and hot electron densities from the plasma, rc(β, φ)

and rh(β, φ) are correction factors for cold and hot electron
current suppression due to the ambient magnetic field [22, 23]
and v̄ec, v̄eh = √

8kTec/πme,
√

8kTeh/πme are the cold and
hot thermal velocities, corresponding to temperatures Tec and
Teh, respectively. The electron suppression correction factors
rc(β, φ) and rh(β, φ) were determined in [22, 23] as a function
of magnetic field, expressed as the electron Larmor to probe
radius ratio, β = re/rp, and the inclination angle (φ) of the
probe relative to the ambient magnetic field. In evaluating
the plasma parameters, the following procedure was used:
first, VS was determined from the maximum value of the first
derivative of each I–V curve, and Teh was obtained from the
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Figure 4. (a) Measured I–V curves at a source pressure of
8 × 10−7 Torr for four different rf power levels with axial magnetic
field profile tuning B0 (see figure 1) and using probe position 3 (see
table 1 and figure 2). The inset figure is an expanded view of the
probe current for the 10 W rf power level case, illustrating the linear
dependence on probe bias when the ion current dominates. (b)
Linear and semi-logarithmic (inset) electron currents (see text)
determined from the I–V curves shown in (a).

fitted slope of the hot electron component plotted on a semi-
logarithmic scale. Then, Tec was obtained from the fitted
slope of the cold-electron current on a semi-logarithmic scale,
obtained by subtracting the hot electron current (the second
term in equation (1)) from the total electron current. The
linear fittings for the hot electron components were performed
in the vicinity of the floating potentials (Vp ≈ Vf ), the precise
range depending on the particular data set being considered,
and adjacent to the plasma potentials (VS − Tec � Vp � VS)
for the cold-electron components. These two fitting intervals
were sufficiently well-separated in voltage that the cold (hot)
electron currents did not significantly affect the hot (cold)
electron temperature determinations. After these steps, using
the results of Laframboise and Parker, rc(β, φ) and rh(β, φ)

were obtained for each curve from the fit values to Tec and
Teh and the known magnetic field strength and angle at the
probe tip (see table 1). Finally, from the separated hot and

cold electron currents, nec and neh were determined from the
two terms comprising equation (1).

In view of the clear exponential dependence displayed
by the electron current data, the contribution of electron
suppression mechanisms related to collisional transport across
magnetic field lines, which can, in general, also contribute to
the probe current characteristics [24, 25], is estimated to be
small. As discussed in greater detail elsewhere [26], if there
were significant electron suppression by collisional transport,
the exponential dependence would be expected to be, if not
completely gone, then at least somewhat blurred [16]. Since
this does not appear to be the case for our investigated plasma
conditions, use of the above method is expected to provide
at least a rough estimate of the plasma parameters from the
measured probe signals, and, more importantly, should reflect
closely the changes in these parameters in response to the
variations of source conditions, magnetic field settings and
probe positions investigated in this paper. The relative error in
the determination of plasma potentials, electron temperatures
and electron density introduced from the use of the above
approach in correcting for magnetic field related electron
suppression is estimated to be about 30%.

Table 2 shows the plasma parameters evaluated from the
curves in figure 4, obtained by the use of the above procedure.
From table 2 one can see that both Tec and Teh increase with
the rf power level, and that nec decreases while neh increases,
leading to an increase in the density ratio fn = neh/nec with
increasing rf power level. Since Tec increases more steeply
with increased rf power than Teh, the ratio of hot-electron
and cold-electron temperatures, fT = Th/Tc, decreases.
Also, in the last column it is seen that the electron energy
density, He = necTec + nehTeh, increases in proportion to the
power level, giving confidence that the above estimation of
the plasma parameters is reasonable. For later use, we also
define the effective (density weighted) electron temperature,
Teff = [nec/Tecne + neh/Tehne]−1, where ne = nec + neh, i.e.
the total electron density.

The variations of the plasma parameters with source
chamber pressure were also measured and evaluated. Figure 5
shows the logarithmic electron current curves for source
pressures of 10, 8 and 6 × 10−7 Torr, and table 3 summarizes
the corresponding evaluated plasma parameters. As expected,
the plasma parameters are seen to be very sensitive to the
pressure variation: Teh, nec and neh show great variations
with source pressure while the cold-electron temperature only
slowly decreases with source pressure. The ratios fn and fT

clearly show the extent to which cold and hot electrons are
populated and take the input energy (rf power): at a pressure of
6 × 10−7 Torr, the relative energy density of the hot electrons
is about 85% of the total edge-plasma energy density (see the
last column of table 3).

Since the magnetic configuration is also very important
in getting a desirable CSD from an ECR ion source, probe
measurements were performed for a number of different
magnetic field settings. Figure 6 shows the resulting measured
electron probe current curves. Examination of figure 6,
together with table 4, clearly shows that higher coil currents
cause Teh (or fT ) to become higher while decreasing Tec
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Table 2. The plasma parameters for 4 different rf power levels, determined from the data shown in figure 4; fn and fT below are the density
and temperature ratios for cold and hot electrons. Relative uncertainty in the derived plasma parameters is estimated to be ±30% (see text).

rf power VS Tec Teh nec neh He

(W) (V) (eV) (eV) (×108 cm−3) (×108 cm−3) fn fT (×108 cm−3 eV)

10 10.0 2.5 11.8 4.3 0.07 0.02 4.66 11.7
20 10.6 4.4 13.4 3.2 0.33 0.10 3.06 18.3
30 12.8 8.2 17.6 2.2 0.90 0.41 2.15 33.9
40 12.6 10.8 27.8 1.4 0.93 0.67 2.57 40.9

-60 -40 -20 0 20 40 50
0.1

1

10

100

6E-7 Torr
8E-7 Torr

I (
µA

)

VP (V)

10E-7 Torr

Figure 5. The electron current curves for source pressures of 10, 8
and 6 × 10−7 Torr; 30 W rf power level, and axial field tuning B0
(see figure 1), measured at probe position 3 (see table 1 and figure 2).

somewhat. In addition, neh (or fn) decreases with increasing
coil currents, which is in contrast to the variation with pressure
shown earlier. These variations may be explained by the
different ECR surface sizes and distances from the probe
tip and the ECR resonant zone resulting from the different
magnetic configurations. As can be seen in figure 1, the mirror
ratio is increased and the ECR resonant surface is reduced
in size as the coil currents are increased. The higher Teh or
the temperature ratio fT might come from both the increased
mirror ratio and the smaller ECR zone, that is, the increased
power density in the ECR region. However, the increased
coil currents also increase the distance between the probe and
the ECR surface, resulting in fewer hot electrons from the
ECR zone reaching the probe than for the case of smaller coil
currents. This could be the reason why neh (or fn) decreases
while Teh increases with the coil currents.

Finally, in order to see how the plasma parameters vary
with position, probe measurements were done at different
probe locations. In figure 7 the measured LP electron
currents are shown for probe positions 1, 2, 3 and 4. The
measurements were all performed for the same discharge
parameters: injection pressure of 8×10−7 Torr, 30 W rf power
and axial magnetic field profile tuning B0 (see figure 1).
Table 5 shows the evaluated plasma parameters.

As can be seen in figure 7, it is evident that the
bi-Maxwellian characteristics appear to vary with probe
position: it is most clearly defined at position 4 and weakens
and is smeared out as the probe is moved closer to the ECR
surface (i.e. is moved from position 4 to 1). Table 5 shows the

characteristics in more detail: VS and Tec both decrease as the
probe moves away from the ECR surface; more interestingly,
Teh (or fT ) increases while fn decreases with increasing
probe-midplane distance. As is to be expected, the total
electron energy density, He, as well as the effective electron
temperature, Teff , decreases as the probe moves away from the
ECR surface as shown in the last two columns of table 5.

3.2. Discussion

From the analyses of figures 4–7 we saw that the edge plasma
has the characteristics of a bi-Maxwellian and that these
characteristics are more noticeable at the more distant probe
positions. It has been shown by numerical studies [27, 28]
and confirmed experimentally [29] that the well-known ‘star’
or ‘triangle’ shape of the ECR plasma is mainly determined
by the highly inhomogeneous magnetic field line topology.
Since the plasma isobars follow magnetic isobars, there is a
strong inhomogeneity in the gap plasma as well, evidenced
by strong electron temperature and density gradients As the
probe is moved toward position 4, the plasma pressure gradient
becomes stronger. This is because, as shown in figure 2, the
triangle star shape becomes more slender and sharp due to the
increased axial and radial confinement fields (see table 1).

The energetic electrons from the star region will undergo
many bounce motions along the field lines between the
magnetic poles in order to reach the probe. For this reason,
and compounded by the gyromotion of the electrons about their
guiding centers, the path length the electrons travel to reach the
probe is thus a significantly longer distance than the straight
line distance from the star plasma seen in figure 2. As the
probe moves away from the star region (i.e. from position 1
to 4), electrons will require even more bounce motions as
the distance from the star region becomes longer, and as the
magnetic flux density increases.

In their transit from the star region to the probe, the hot
electrons produced in the ECR plasma will undergo numerous
small-angle deflections due to electron–electron and electron–
ion long-range Coulomb collisions. If scattering occurs into
the axial or radial loss cones the hot electron is lost. The
electron–electron collisions result in energy exchange between
hot and cold electrons and thus act in the direction of restoring
a single Maxwellian energy distribution. For the low-pressure
(of the order of 10−7 Torr) and low rf power (less than
100 W) source operating conditions investigated in the present
measurements, electron–ion and electron–electron collisions
are the main mechanisms for electron loss and electron energy
equilibration, respectively. Their collision frequencies, νei and
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Table 3. The evaluated plasma parameters for three different source pressures of 10, 8, 6 × 10−7 Torr, determined from the data shown in
figure 5. Relative uncertainty in the derived plasma parameters is estimated to be ±30% (see text).

Source pressure VS Tec Teh nec neh

(×10−7 Torr) (V) (eV) (eV) (×108 cm−3) (×108 cm−3) fn fT nehTeh/He

10 14.5 5.3 22.2 7.4 0.37 0.05 4.2 0.17
8 11.9 7.3 32.0 1.8 0.59 0.32 4.4 0.59
6 9.2 10.0 84.4 0.7 0.49 0.67 8.4 0.85
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)
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Figure 6. LP electron current curves for three different axial
magnetic field profile tunings, B0, B4 and B8 (see figure 1), all for
an rf power level of 40 W and source pressure of 8 × 10−7 Torr, at
probe position 3 (see table 1 and figure 2).

νee, can be written as follows [4, 30]:

νei ≈ 2 × 10−6niq
2(ln �)/T 3/2

e ≈ 2 × 10−6neq(ln �)/T 3/2
e ,

vee ≈ 5 × 10−6ne(ln �)/T 3/2
e ≈ νei, (2)

where ne is the electron density in cm−3, q is the (mean)
ionic charge, ni is the ion density (assumed to be equal to
qne for plasma neutrality), Te is the electron temperature in
eV and ln � is the Coulomb logarithm. As can be seen from
equation (2), both collision frequencies increase with increased
density and decreased temperature and are of the same order of
magnitude for our Ar plasma which produced extracted beams
with mean charge state in the range 2–7.

During the transport of hot electrons from the ECR
plasma (i.e. star region) to the probe, according to (2) the
most energetic electrons are most likely to survive, leading
to a skewing of the electron temperature of the hot electrons
toward higher values as the probe distance is increased (i.e.
when going from probe position 1 to 4). The less energetic
electrons are more likely to be lost, resulting in an overall
decrease of the hot electron density with probe distance.
Both trends of the hot electron population are confirmed
in table 5. It should be noted that for probe position 1,
because of the shorter path length, electrons experience fewer
collisions with ions in traveling from the star region to the
probe. As a result, electrons of all energies have a higher
likelihood to reach the probe. Moreover, the electron density
is highest at this probe position, increasing the electron–
electron collision frequency. For this reason, the electron

distribution tends toward a single Maxwellian distribution
there. Energy transfer from hot to cold electrons is most
efficient at this probe position, which may explain the higher
cold-electron temperatures observed there, and the progressive
decrease in the cold-electron temperatures with increasing
probe distance where the total electron density is progressively
smaller. It should be recalled that the temperature gradient
becomes weaker as the probe positions approach the ECR zone,
so that the initial temperature difference would be smaller.
This may be an additional reason why the bi-Maxwellian
characteristics become less pronounced at position 1. Implicit
in the above arguments is the assumption that the cold
electrons in the gap plasma arise mainly from cooling of the
hot electron population there, and that their population by
direct transport from the ECR plasma is largely suppressed
because of their large collisional losses as described by
equation (2).

The pressure and magnetic field dependences of the
electron energy functions in figures 5 and 6 can be
understood by the same collision mechanisms. In the pressure
dependence shown in figure 5, high-temperature electrons
are seen to be more prominent with decreasing pressure,
since the electron temperature in the star region increases
with lowering pressure. This temperature increase might
lead to increased hot electron density (neh) for the higher-
energy electrons. At a source pressure of 6 × 10−7 Torr,
due to their sufficiently high temperature, the density (neh)
of hot electrons becomes comparable to that of the cold
electrons (nec). The probe sheath expansion could further
increase the collection of fast electrons, due to the decreased
electron population and the increased electron temperature.
The dependence on the magnetic field can be similarly
explained: increasing the magnetic field gives higher mirror
ratios and increased power densities in the ECR region, which
provide longer electron confinement times and therefore more
electron heating, which, as a consequence, leads to higher
temperatures (Tehs).

4. Summary and conclusions

The edge plasma of the ORNL CAPRICE ECR ion source
was characterized by measuring electron densities and
temperatures via electrical probes under various discharge
conditions. It was found that the edge plasma can be
approximated to be bi-Maxwellian, with this characteristic
increasing in prominence with decreasing source pressures,
with higher axial magnetic field tunings and with increasing
probe distance from the ECR zone. Typically, the measured
density and temperature of cold electrons were found to be
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Table 4. The plasma parameters for three different axial magnetic field profile tunings (see figure 1), determined from the data shown in
figure 6. Relative uncertainty in the derived plasma parameters is estimated to be ±30% (see text).

Axial field VS Tec Teh nec neh

tuning (V) (eV) (eV) (×108 cm−3) (×108 cm−3) fn fT nehTeh/He

B0 12.5 11.2 19.7 2.7 1.5 0.55 1.76 0.49
B4 12.5 8.4 23.4 3.3 1.2 0.38 2.79 0.51
B8 12.4 8.0 49.4 3.3 0.7 0.22 6.17 0.58

-60 -40 -20 0 13.5 20 40
0.1

1

10

100

-60 -40 -20 0 11.8 20 40
0.1

1

10

100

-60 -40 -20 0 11.5 20 40
0.1

1

10

100

-60 -40 -20 0 10.4 20 40
0.1

1

10

100

POSITION 3 POSITION 4

POSITION 2

I (
 ( µ

A
))

POSITION 1

 VP (V)

I ((
µA

))

VP (V)

Figure 7. Four measured LP electron current curves at probe positions 1, 2, 3 and 4 (see table 1 and figure 2). Discharge parameters are
source pressure of 8 × 10−7 Torr, 40 W rf power, and axial magnetic field profile tuning B0 (see figure 1). Plasma potentials (VSs) are
indicated by dashed vertical lines.

Table 5. The plasma parameters for the four different probe positions, determined from the data shown in figure 7. Relative uncertainty in
the derived plasma parameters is estimated to be ±30% (see text).

VS Tec Teh nec neh He Teff

Position (V) (eV) (eV) (×108 cm−3) (×108 cm−3) fn fT (×108 cm−3 eV) (eV)

1 13.5 10.1 13.5 2.1 2.25 1.05 1.34 54 11.5
2 11.8 8.6 21.9 4.5 0.87 0.26 2.52 48 9.8
3 11.5 7.9 33.0 2.4 0.62 0.25 4.18 40 9.3
4 10.4 4.0 36.6 3.4 0.13 0.04 9.15 18 4.1

of the order of 108 cm−3 and 10 eV, respectively, while the
corresponding quantities for the hot electrons were found
to be very dependent on discharge parameters, falling into
the range of 107 � neh � 108 cm−3 and of 20 � Teh �
80 eV. The experimentally observed trends are consistent with
the electron density and temperature dependences of the
frequencies of electron–ion and electron–electron collisions,
which are the main mechanisms for electron loss and electron
energy equilibration, respectively, during electron transport
from the ECR zone to the probe. Higher-energy electrons

have a lower electron–ion collision frequency and are thus
less likely to be pitch-angle scattered into loss cones. They
are therefore more likely to reach the probe through bounce
motions between magnetic poles. At higher electron densities,
the electron–electron collision frequency is higher, and more
energy equilibration between hot and cold electrons will occur.
In general, it appears that electron–electron collisions provide
the main driving force toward achieving a bi-Maxwellian,
rather than an arbitrary non-Maxwellian electron energy
distribution. In the edge region of the CAPRICE ECR
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plasma, both electron–electron and electron–ion collision
mechanisms thus help to provide important insights not only
into the bi-Maxwellian nature of the plasma, but also into how
this characteristic depends on the local position and global
source plasma parameters.
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