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floating potential measurements in the near field of an ion cyclotron
resonance heating antenna
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D. J. Hoffman
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Large variations in the plasma potential can lead to large sheath potentials at the surface of the
Faraday shield of an ion cyclotron resonance heating (lCRH) antenna. This sheath can
accelerate ions to energies where sputtering is significant, resulting in impurity generation. The
time-varying floating potential is being measured in the near field of an ICRH antenna by using
the Radio Frequency Test Facility (RFTF) at Oak Ridge National Laboratory. The antenna
used is a resonant loop antenna that has a two-tier Faraday shield with a layer of graphite on the
outer tier. The electron cyclotron heated plasma in RFTF is produced by a 1O.6-GHz klystron.
The magnetic field at the antenna is ~ 2 kG, with a plasma density of - 1010 em - 3 with an
electron temperature of ~ 6 e V. Ionization by rf power from the antenna produces a local plasma
of -1011 with an electron temperature of 12 to 20 eV. The rffloating potential is measured by
using a capacitiveiy coupled probe that is scanned in front of the antenna, parallel to the current
strap. A stationary Langmuir probe is used to measure the time-averaged floating potential.
Measurements indicate that the potential scales with the antenna current and increases with
plasma density to values of up to 300 V peak-to-peak. The rf component of the floating potential
seems to foHow the near field pattern of the antenna, indicating that these fields may be
responsible for the potential furmation.

I. INTRODUCTiON
Impurity generation and control is an important aspect of
fusion research, especially in experiments involving highpower Ion Cyclotron Resonance Heating (ICRH). Experiments on several fusion machines have shown an increase in
the impurity concentration during ICRH. The rf affects the
transport in the edge region and generally increases the edge
ion density and electron temperature. 1-.1 In addition to increasing the impurity generation from the waH and limiter,
the generation of impurities specifically from the Faraday
shield of an ICRH antenna is a problem seen in several experiments. 2 ,4-7
Experiments on the Axially Symmetric Divertor Experiment (ASDEX) have shown that the Faraday shield is a
local source of impurity generation during LCRR. It was
concluded tha.t the increase in the impurity concentration is
due to a change in the transport in the scrape off layer (SOL)
because of radial electric fields, and the increase in the local
impurity production is due to large electric fields in the area
of the antenna. 6 Analysis of Faraday shields after ICRH operation have shown evidence that there is a special ion accelerating process caused by ICRH in front of the active antenna area. 8
Experiments nn the Joint European Torus (JET) have
also shown that the Faraday shield is a local impurity source
and that metal release from the Faraday shield is only noticeable when the antenna is activated. Experiments with adjacent antennas have shown that there is no substantial metal
influx from the unpowered antenna, even when the adjacent
antenna is run at high power. It was concluded that the increase in metal influx from the antenna is not caused by the
increase in the parallel energy flux during ICRH, but is due
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to a local effect related to the rf field from the antenna. 2
The role ofthe plasma sheath in the near field of an {CRH
antenna is important in understanding the generation of impurities from the Faraday shield and also in modeling its
effect on the plasma. 9 An experiment is being conducted to
study this sheath by directly measuring the rffloating potential in the near field of an I CRH antenna by using the Radio
Frequency Test Facility (RFTF) at Oak Ridge National
Laboratory. The presence of a large plasma potential at the
antenna can cause ions to gain a significant amount of energy
as they faU through the sheath. Ifthe sheath potential is large
enough, the ion energies can approach the level where the
sputtering yield is at a maximum for light ion sputtering of
Faraday shield materials (500--1500 eV) and is near unity
for the self-sputtering of these materials.
II. EXPERIMENT

The experiments are being conducted using RFTF with a
resonant loop antenna. 10 This antenna is the same type used
in D-IIID and is similar to the resonant double loop used in
the Tokamak Fusion Test Reactor (TFTR) and Tore Supra,
in that it is a resonant structure using a variable tuning capacitor. The antenna is shown in Fig. 1 and consists of a
current strap 15.2 cm wide and 42.2 em high that is shorted
at one end and has a high-voltage variable capacitor at the
other end. The current feed is located 12.1 cm from the
shorted end of the current strap. The antenna is operated at
41 MHz with powers up to 60 kW. It uses a two-tier Faraday
shield with a layer of graphite brazed onto the outer tier,
facing the plasma.
The plasma is produced by a lO.6-GHz klystron microwave source and has a central electron density of ~ 1011
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FIG. L Front view and sectional view of
the resonant loop antenna used in the experiment showing the probe locations.
The capacitive probe is scanned a total of
29.8 cm, starting 5.3 cm below the shorted
end of the antenna.
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cm- 3 and an electron temperature of ~6 eV. The magnetic
field in the area of the antenna is - 0.2 T. The plasma density
in front of the antenna is ~ lOw em --] with an electron temperature of -6 eV. When the antenna is activated, ionization caused by rf power from the antenna produces a local
plasma with a density of (1-2) X 1011 cm-- 3 and an electron
temperature of 12 to 20 eV.
The plasma is pulsed for 80 ms every 20 s, with the rf
pulsed for 40 ms in the middle of the plasma pulse. The
power at the rf transmitter and the voltage standing-wave
ratio (VSWR) at the antenna are measured using directional couplers. From this information, the antenna load resistance, the antenna current, and the peak voltage of the antenna ( at the capacitor) can be calculated using the
foHowing equations:
(1)

Frr )
(

R 10ad

A(rms) ,
,filan!

IVcap I = lpeak IZcap I = - wC

V(peak) ,

(2)
(3)

where Prf is the rf power, Zin = 50(VSWR), l/wC = wL
(at resonance), L is the inductance of the current strap, and
a is the fraction of L appearing between the current feed and
the shorted end.
The rf floating potential is measured with a capacitive
probe that is scanned in front of the antenna, parallel to the
current strap, from 5.3 em below the shorted end of the antenna to 24.5 cm above the shorted end (see Fig. 1). The
probe tip is - 2 mm from the Faraday shield surface and is in
line with the center of the current strap, at the position where
the magnetic field is parallel to the shield surface. The capacitive probe consists of O.38-mm-diam tungsten wire enclosed in ceramic tubing at the tip and sealed with ceramic
cement. The probe tip is 4 mm long and 1.2 mm in diam and

has a capacitance of - 0.5 pF. The probe tip acts as a coaxial
capacitor, with the wire acting as the inner electrode, the
plasma acting as the outer electrode, and the ceramic tubing
acting as the dielectric. 11 The plasma sheath can also act as
an additional tip capacitance and will be discussed in Sec.
IV.
The capacitively coupled signal is shunted across a capacitance to ground and fed into a high-input impedance buffer
circuit shown in Fig. 2. The shunt capacitance consists of the
capacitance between the wire and the shield of the probe
body, and a capacitor added to the circuit. The buffer circuit
consists of a junction-FET and a NPN transistor connected
to 50-H coax cable terminated on 50 fl.1l This circuit has
almost constant gain for frequencies up to 65 MHz. The
probe circuit is contained inside a ~-in.-o.d. stainless-steel
tube and is within 12 em of the probe tip. The circuit has to
be as close to the probe tip as possible to decrease any standing-wave effects because the probe body acts as a transmission line that is not terminated on its characteristic impedance. 12 The probe is calibrated by inserting the probe tip into
a cup of mercury that has a known potential applied to it. 11
The rf floating potential in front of the antenna is mea-

i----------r------T---,'~======~

FIG. 2, Schematic of the capacitive probe circuit. C, is the sheath capacitance, C, is the capacitance of the probe tip (0.5 pF), Cp is the capacitance
of the probe body between the inner wire and the shield (30 pF), and Cd is a
O.l·pF capacitor to decouple the power line.
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FIG. 4. Antenna magnetic field pattern in the z direction (toroidal) measured with a magnetic loop probe at several positions moving away from
Faraday shield surface. The antenna is operated at 41 MHz, and the data are
normalized by the peak field measured 2 mm from the shield surface.
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FIG. 3. (a) Voltage distribution on the current strap of the antenna without
the Faraday shield. The voltage goes from a minimum at the shorted end to
a maximum at the capacitor end. The capacitor voltages ranged from 7 to 20
kV. (b) Potential measured with the capacitive probe in air. The potential
follows a similar pattern as the voltage on the current strap.

sured for a variety of rf powers and gas pressures. At each
point where the potential is measured, the transmitter power
and antenna VSWR are measured, and the peak antenna
voltage, the antenna load resistance, and the antenna current
are calculated. The potential measured by the probe is then
normalized by the antenna current so that comparisons
between different rf powers and gas pressures can be made
for the same relative antenna rf field conditions.
In addition to the capacitive probe, two stationary Langmuir probes are used to measure the plasma characteristics
near the antenna. The probes are located 27 em from the
shorted end of the antenna, with one parallel to the Faraday
shield surface (probe B) and one perpendicular to the shield
surface (probe A) in a position that intersects a magnetic
field line that just grazes the shield surface (see Fig. 1).
These probes are terminated on low impedances so that the
"ac" and "de" load lines are near vertical, allowing more
accurate current readings as the probe bias voltage is
changed. 13,14

III. RESULTS
The voltage distribution on the current strap of the antenna without the Faraday shield, measured with a vector

voltmeter, is shown in Fig. 3(a). As expected, the voltage is
approximately linear, going from a minimum at the shorted
end to a maximum at the capacitor. The capacitor voltages
ranged from 6.87 ± 0.38 kV at a rf power of 10.1 ± 1.0 kW
to 18.33 ± 1.0kVatarfpowerof64.7 ± 6.5kW. The pot ential measured by the capacitive probe in front of the antenna
with the Faraday shield follows the same type of pattern
when measured in air and is shown in Fig. 3(b). This measurement indicates that the probe is coupling electrostatically to potential (on the current strap) and not coupling to
electromagnetic pickup. Another indication that the probe is
coupling electrostatically to potential is that the protJe signal
drops dramatically when the probe tip is aligned with a Faraday shield tube and has no direct line of sight with the current strap. The rfmagnetic field pattern of the antenna, measured with a magnetic loop probe in air without the external
magnetic field, is shown in Fig, 4.
The antenna load resistance is shown in Table I for several
gas pressures and rf powers. At low rf powers ( -< 15 k W), the
load resistance generally increases with gas pressure and
seems to saturate as the rf power is increased.
The plasma induced noise on the Langmuir probe signals
makes it difficult to measure the density and temperature
accurately. The general trend shows that the ion saturation
TABLE I. Antenna load resistance for different gas pressures and rf powers.
Gas pressure
(mTorr)
0.1
0.2

0.3

rfpower

(kW)
13.7 ±
25.4 ±
10.1 ±
22.6 ±
33.3 ±
11.6 ±
32.8 ±
54.3 ±

Antenna load
resistance (mH)

1.4
2.5
1.0
2.3
3.3
1.2
3.3
5.4
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222 ± 14
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~hield surface. The potentials follow the
field pattern much more closely than they
follow the voltage distribution on the CUfrent strap, indicating that the antenna
near fields may be responsible for the potential formation,
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current, measured with a high negative bias on the probes,
increased with gas pressure and rfpower. Also, the rfpotential measured with the capacitive probe generally increases
when the ion saturation current increases, indicating that
there may be a density dependence on the rf component of
the plasma potential. The electron temperature measured
with the Langmuir probes is 14-19 eVon probe A and 12-14
eV on probe B. The temperature dependence on gas pressure
and rf power is not discernible from the data, due to the
uncertainties in the measurements. The density ranged from
1.5 to 2X 1010 cm- 3 at 0.1 mTorr, 3 to 5 X 1010 cm- 3 at 0.2
mTorr, and 5 to lOX 1010 cm- 3 at 0.3 mTorr.
The rf floating potential, normalized by the antenna current, is shown in Fig. 5 for gas pressures of 0.1, 0.2, and 0.3
mTorr for the rf powers indicated. The error bars are from
the error involved in calculating the VSWR used in the antenna current calculation and from the amount of uncertainty in the capacitive probe measurement. The data show the
trend of being fairly level in the middle and falling slightly at
the ends. The normalized rf potentials are lower for the 0.1
mTorr pressure and about the same for the 0.2 and 0.3
mTorr pressures, with the low-power rf experiment at 0.2
mTorr being slightly lower. These potentials follow the field
pattern much more closely than they follow the voltage distribution on the current strap, indicating that the near fields
of the antenna may be responsible for this potential formation. The potentials ranged from 58 ± 3 V (peak) for an
antenna current of 280 ± 16 A and rf power of 13,7 ± 1.4
kW at 0.1 mTorr pressure to 150 ± 5 V (peak) for an antenna current of 411 ± 25 A and rf power of 50.7 ± 5.0 kW
at 0.3 mTorr pressure.
The dc floating potential VF of the plasma is measured
using the Langmuir probe that intersects the flux tube that
just grazes the Faraday shield surface (probe A). The floating potential is measured by changing the bias voltage until
the total current measured by the probe is zero. For this set

25

30

of experimental data, the probe is terminated on small impedances that have almost vertical load lines for both the ac
and de components of the probe characteristic. This method
gives good measurements oftime averaged probe current in
the presence of rf. However, the floating potential from the
time-averaged current will be lower than the time-averaged
floating potential, due to sheath rectification by the rf at the
probe tip. This sheath rectification causes a negative self-bias
to develop. If the plasma potential varies sinusoidally and
the electron temperature is not varying with time, the selfbias voltage can be expressed as 14• 15
VSB

T e ) In[Io(eV/Te)]
-,
= - ( -;;
'

(4)

where Vis the magnitude of the rfpart of the potential and 10
is the zeroth order modified Bessel function of the argument
eV ITe • This value of self-bias voltage is then used to correct
the floating potential from the current measurement to approximate the time-averaged floating potential. For most
cases, this correction term is < 30 V.
The time-averaged floating potential (corrected for selfbias) is shown in Table II for several gas pressures and antenna currents. At 0.2 and 0.3 mTorr, the ratio of VFllant is
the same (within the error bars) for the two antenna currents shown, and is about the same as the ratio for the rf
component shown in Fig. 5. These results indicate that the
dc component ofthe floating potential follows the same type
of scaling as the rf component at these pressures and power
levels, and has a floating potential with a rfmagnitude that is
about equal to the de magnitUde. At 0.1 mTorr, VF/Iant is
the same as in the other cases for the lower antenna current,
but decreases with higher antenna current. These results indicate that the floating potential has a rf magnitUde that is
smaller than the de magnitude as the antenna current is increased.
The floating potential measured with the Langmuir probe
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TABLE II. Time-averaged floating potential (corrected for self-bias) for
different gas pressures and antenna currents. These results are from the
probe that intersects the field line that grazes the Faraday shield surface
(probe A).
Gas pressure
(mTon)
0.1

0.2

0.3

VF

lant

VF/lant

(V)

CAl

(V/A)

101 ± 7
146±7
177 ± 8
204± 9
95 ± 7
122 ± 9
64±8
132±9

235 ± 15
403 :t.: 25
574 ± 33
701 ±41
208 :I: 12
275:t 16

0.430 ± 0.038
0.362 :t 0.Q28
0.308 .± 0.024
0.291 ± 0.023
0.457 ± 0.038
0.444 ~t: 0.038
0.395 ± 0.055
0.419 ± 0.040

162 ± 10
3151: 21

paraUel to the Faraday shield surface (probe B) is smaller
than that measured on the probe intersecting the grazing
field line (probe A). For example, the time-averaged Boating potential (corrected) at 0.1 mTorr is 156 ± 8 V for an
antenna current of701 ± 41 A and at 0.2 mTorr is 75 ± 7 V
for an antenna current of 208 ± 12 A. In general, the ion
saturation current is - 50% lower on probe B than it is on
probe A and the electron temperature is - 20% lower, indicating lower plasma density. The lower plasma density at
probe B along with the lower floating potential is another
indication that there may be a density dependence on the
plasma potential change due to rf.
The waveform of the floating potential is shown in Fig.
6(a). It consists ofa dc component and an ac component.
The ac component is the rfpart of the potential and is measured with the capacitive probe. The waveform from the
probe appears to be Sihusoidal for an the powers and pressures investigated thus far. The dc component is equivalent
to the time-averaged value of the floating potential and is
measured with the Langmuir probes. The potential shown is
for an antenna current of 275 A at a gas pressure of 0.2
mTorr using the scaling shown in Fig. 5 for the rf component
and the measured value of the dc component.
IV. DISCUSSION
The neutral density and the fractional ionization at the
antenna in RFTF are different than in a tokamak edge environment. The neutral density at the antenna is higher, although some plasma configurations in tokamaks have
shown a neutral pressure of up to I mTorr '6 (compared to
0.1-0.3 mTorrinRFTF). The plasma density for the experiments range from 0.2 to 2 X lOll cm -3 compared to densities
of (1-5) X 10 12 cm- 3 at the antenna in tokamaks. 2 ,'7 The
fractional ionization at the antenna ranges from 0.5% to 2%
for the experiments, which is lower than for a tokamak. For
example, the fractional ionization at the limiter in Princeton
Large Torus (PLT) was 80%-90%. [8 The rf potentials
measured generally increase as the fractional ionization increases, indicating that the rf potentials increase with the
plasma density. These results indicate that the potentials
may be significant at an ICRH antenna in a tokamak edge
environment, because of the increased fractional ionization

TIME (x 10-8 s)

(bl

FIG. 6. (a) Waveform of the floating potential showing the ac potential
measured with capacitive probe and the de potential measured with the
Langmuir probe. The case shown is for an antenna current of 275 A. (b)
Waveform of the plasma potential showing the upper and lower bounds.
The dc value of the plasma potential is ~ 3 Te higher than the dc floating
potential and the ac value of the plasma potential is probably < 20% higher
than the ac floating potential.

and increased plasma density in a tokamak. The effect of
lower plasma density on the rf component of the potential
can be seen in Fig. 5. The plasma density and the antenna
load resistance are lower for the experiment at 0.1 mTarr.
Hence, the antenna current is larger and the normalized rf
potential is smaller. Future experiments will include scanning a Langmuir probe in the same area as the capacitive
probe to study any potential dependence on the local plasma
density.
The potentials measured by this experiment are the floating potentials and not the plasma potentials. However, the
two are related by the equation l9
Vp

=

VF

+

VSRF

1 kT
+ ___
e

2

e

kTe (
M i (1 - y)2
)
-l.---ln
'2e
21Tme (1 + T,IT,)

(5)

which assumes a presheath potential of 0.5 kT,'/e and no
fluctuations in the electron temperature. V"f is the rf potential drop across the sheath due to the capacitance of the
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sheath, VF is the floating potential, consisting of a dc component and an ac component described previously, and ris the
secondary electron emission coefficient. The measured floating potentials will be closer to the plasma potential ifthere is
significant secondary electron emission from the probe
tips.20 High-energy electrons from the tail of the electron
distribution caused by the microwave produced plasma in
RFTF can get through the sheath at the probe tips and cause
secondary electron emission.
Another factor that may affect the rf potential measurement is the capacitance of the rf sheath at the probe tip. This
capacitance can act as a series capacitor between the plasma
and the probe tip and makes the effective capacitance of the
probe tip smaner, causing a smaller coupled signal to the
probe. This effect becomes less important at higher densities
because the sheath thickness is smaller. 2 1,22 The higher density decreases the sheath capacitance and causes the measured potential to be closer to the plasma potentiaL
The rf potentials measured at the lower gas pressures are
smaller than those measured at the higher gas pressures.
Since the density is lower for the experiments at 0.1 mTorr
(as indicated by the ion saturation current), the effect of the
sheath capacitance on the probe measurement will be
greater. This effect can be tested by using two capacitive
probes with different tip capacitances but the same physical
size. II The measured signals will be different by the difference in the effective tip capacitances. Since the tip capacitance of each probe is known (from the calibration), the
average sheath capacitance can be measured and used as a
correction factor. Experiments using this two-probe method
in a rf plasma discharge at the University of Illinois, with a
lower plasma density than in RFTF, show that neglecting
the effects of the sheath results in measured rffloating potentials that are too low by < 20%.23
The waveform of the plasma potential is shown in Fig.
6(b). From Eq. (5), the de plasma potential will be higher
than the floating potential by -3.0T, and the rfplasma potential will be higher by the potential drop due to the sheath
capacitance. Due to the uncertainties in the effect of secondary electron emission at the probe tips and the magnitude of
the sheath capacitance, the measured potentials can be interpreted as a lower bound of the plasma potential with Eq. (5)
acting as the upper bound. The true plasma potential will be
between these values and is signified by the shaded area in
the figure.
The potentials measured for the conditions in RFTF will
cause ions hitting the Faraday shield to gain a significant
amount of energy as they fall through the sheath. Since the
Faraday shield is well grounded, the ions hitting the surface
will have energies that can be as high as the sum of the magnitudes afthe rf and dc plasma potentials. 24 Also, the magnetic field will increase the incident angle (measured from
the surface normal) of the ions. Recent studies21 ,n suggest
that the average impact angle increases as the magnetic field
gets closer to being parallel with a surface, as is the situation
with an ICRH antenna in a fusion device,
Without the rf, the sheath potential at the Faraday shield
is 3-4 times the electron temperature, which is typically 1020 eV at the antenna. 2 An ion will gain no more than 80 eV

1097

from this sheath. With the rf, however, the ions will gain a
significant amount of energy from the rfplasma sheath at the
Faraday shield surface. As an example, from the measured
results from Fig. 5, an ion hitting the surface will have an
energy of 360 to 420 eV at the average sheath potential and
720 to 780 eV at the maximum sheath potential, for an antenna current of 900 A. This energy is near the peak sputtering yield (within a factor of 2) for deuterium sputtering of
carbon, nickel, beryllium, and TiC, and has a sputtering
yield close to unity for self-sputtering of carbon and nickeL
An ion with a grazing incidence in this energy range will
cause these yields to increase further. 25

V. CONCLUSIONS
These experiments have shown that large plasma potentials do exist in front of an I CRH antenna, The magnetized rf
sheath resulting from these large potentials will cause ions to
gain significantly more energy than they would without the
rf effects. The energy that they gain can be near the maximum sputtering yield for many Faraday shield materials and
can cause an increase in the impurity generation. The rf component of the potential seems to follow the near field pattern
of the antenna, indicating that these fields may be responsible for the potential formation. Results also indicate that
there may be a density dependence on the magnitude of the rf
component of the potential. Future experiments will include
measuring the lon energies hitting the Faraday shield using a
small gridded energy analyzer and measuring iocal plasma
density and electron temperature by scanning a Langmuir
probe in the same area as the capacitive probe.
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