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In Alcator C-Mod, we have sought to identify ICRF specific impurity sources and estimate the lifetime of
thin, low-Z films in the presence of high power ICRF heating. With ICRF, the erosion rate of low-Z films is
estimated to be 15–20 nm/s indicating the eroding species energy is much higher than that normally
found in the SOL. Using emissive probes, plasma potential measurements confirm the presence of an
enhanced sheath with ICRF when the probe is magnetically linked to the active antenna. Plasma poten-
tials were typically 100–200 V for �1.25 MW injected ICRF power. Furthermore, an RF sheath was unex-
pectedly present with insulating limiters and was dependent on the wall conditions and plasma
confinement. These dependencies suggest that other scrape-off layer and plasma-surface characteristics
are influencing the resulting RF sheaths.

� 2009 Published by Elsevier B.V.
1. Introduction

The primary role for ion cyclotron range of frequency (ICRF)
power on ITER and future fusion reactors is to provide bulk plasma
heating [1] where high Z metallic plasma facing components (PFCs)
are being envisioned [2]. To inject ICRF power, the coupling anten-
na structure needs to be situated near the plasma edge and one of
the primary ICRF utilization challenges is to reduce/eliminate ICRF
specific impurity production. Previously a prescription to amelio-
rate impurity production was developed empirically for experi-
ments with carbon plasma facing components (PFC) [3]. In next
step devices including ITER, high-Z metallic PFCs for fusion are
being considered despite obvious obstacles [2,4] including restric-
tive core tungsten concentration, <10�5 [5]. Furthermore, increased
impurity confinement is characteristic of H-mode and internal
transport barriers suggesting that even minor impurity sources
could be problematic for a burning plasma.

A generally accepted model for ICRF induced impurity produc-
tion is enhanced sputtering caused by RF rectified sheaths (RF
sheaths) with substantially higher sheath voltages than expected
for thermal sheaths (�3–4 Te) [6]. Simply stated, RF sheaths form
on open field line with its ends terminating on conducting surfaces
enclosing an area where RF flux changes lead to voltage changes on
the field line at the RF frequency. Electrons respond to the RF and
are preferentially lost to conducting surfaces while ions are rela-
tively immobile. To maintain ambipolarity, the plasma potential
along the field line increases to reduce the electron losses. RF
Elsevier B.V.

h).
sheaths based on this model are often referred to as ‘‘near-field”
RF sheaths which can be present both locally at antenna elements
and to locations linked by a magnetic field line to the antenna [7].
From this model, the sheath voltage is expected to scale with the
current in the antenna strap and can be related to the delivered
RF power [8,9]. Another type of RF sheath has been identified as a
far-field sheath [10,11]. Here, the RF sheath forms when the
launched plasma wave has weak single pass absorption and the
wave fields occupy the torus volume. The RF wave energy interacts
directly with the sheath at the boundary and results in an enhanced
sheath voltage and subsequent increase in sputtering. Far field
sheaths are differentiated from near field in that they are not mag-
netically linked to the RF antenna and would increase impurity pro-
duction at locations not magnetically linked to the antenna.

RF sheaths are important because the impurity influx resulting
from ion sputtering at PFC surfaces is a sensitive function of the
sheath potential. The impurity influx is proportional to the product
of the effective yield (Yeff) and ion flux to the material surface
where Yeff is a function of sheath voltage, see Fig. 1 [12]. We have
assumed for a deuterium plasma that there are trace amounts of
boron (1%) and molybdenum (0.1%) based on previous measure-
ments and modeling of the divertor sputtering [13] and core plas-
ma measurements [14]. For molybdenum PFCs, Yeff is dominated
by impurity sputtering below 100 V and increases rapidly for volt-
ages above 100 V where deuterium sputtering dominates.

Despite the differences in geometric size between ITER
(R = 6.2 m) and Alcator C-Mod (R = 0.67 m), C-Mod has characteris-
tics that are similar to conditions expected in ITER. The C-Mod ICRF
antennas can obtain power densities (10 MW/m2) in excess of the
ITER antennas. The RF wave single-pass absorption is similar; thus,
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Fig. 1. Effective sputtering yield for deuterium on molybdenum, deuterium with 1%
boron+3 on molybdenum, and deuterium with 1% boron+3 and 0.1% molybdenum+3

on molybdenum.
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Fig. 2. Emissive probes are magnetically connected to the antenna limiter tiles. B-
side probe is linked to Ant 1 near the top of the antenna and A-side probe is linked
to Ant 2 near the bottom of that antenna. Note the field line passes under the local
plasma limiter located near Ant 2.
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the RF fields in C-Mod plasmas will be localized toroidally. Further-
more, C-Mod utilizes high-Z (molybdenum) PFCs. The scrape-off
layer is also opaque to neutrals in C-Mod, an important consider-
ation for impurity transport, as it is expected in ITER. In addition
to the high Z PFCs being considered for ITER, beryllium has been
proposed to cover most of the first wall and the ICRF faraday
screen. In C-Mod, we can coat the PFCs with a low-Z boron film
in situ [14], using the so-called ‘boronization’ technique allowing
an opportunity to investigate the compatibility of high power ICRF
and low-Z films. In the experiments described below, the primary
goal was to identify the important impurity source locations. We
also sought to characterize the plasma potential modifications
associated with the ICRF to develop a better understanding of the
underlying physics of ICRF-derived impurity generation.

2. Experimental setup

Alcator C-Mod is a compact (major radius R = 0.67 m, minor ra-
dius a = 0.22 m), high field (BT 6 8.1 T) diverted tokamak with
molybdenum PFCs and auxiliary RF heating and current drive
[15]. The discharges analyzed here are lower single-null, 1 MA deu-
terium discharges using hydrogen minority heating with the
hydrogen cyclotron resonance near the magnetic axis, 5.2–5.4 T
where the hydrogen concentration is typically 3–5% corresponding
to strong single pass absorption. For these experiments, 2–3 MW of
ICRF power is used to heat discharges with central density
62 � 1020 m�3. The ICRF power is coupled by two-strap D and E
antennas, [16] operated in dipole (0,p) phasing and are referred
to as antenna 1, and the four-strap antenna, antenna 2, [17] is
operated at 78 MHz in dipole phasing (0,p,0,p). The local RF limit-
ers at the antennas are �1 cm radially behind the plasma limiters
and can be armored with either molybdenum or boron nitride tiles.
Two emissive probes are utilized to measure the plasma potential
[13,18]. These probes consist of thin thoriated tungsten wire main-
tained at �1800 C where the emitted electron current is greater
than the free streaming electron flux. The floating potential of
the heated filament is a measure of the plasma potential to with
�Te [18]. The probes are on field lines that connect the RF antenna
and plasma limiter and are shown schematically in Fig. 2. The A-
side probe maps to antenna 2 below the mid-plane near the anten-
na top corner and the B-side probe is linked magnetically to the an-
tenna 1 above the mid-plane near the antenna bottom corner. Both
probes are linked to regions where the RF sheath is expected to be
significant [9,19,20].

Utilizing an electron cyclotron resonance discharge (ECDC), a
thin film of boron is deposited on the PFCs, so-called boronization,
with the boronization plasma characteristics have been reported
elsewhere [14]. Boron deposition is limited to the radial region
where the boronization plasma density is significant, a region is
bounded by the cyclotron resonance on the inboard side and the
upper hybrid resonance on the outboard where the radial separa-
tion between the two resonances is typically �7–8 cm. For the
experiments described herein, a thin film (15–20 nm) is applied
by sweeping the ECDC resonance location between 0.65 m and
0.75 m for 10 min.

3. Experimental results

Previous experiments had shown that the core molybdenum
content and molybdenum source rate at the active antenna in-
creased with ICRF power and RF sheaths up to 400 V were observed
on flux tubes connected to the antenna [13]. In an effort to elimi-
nate the local molybdenum impurity source and eliminate the
RF-derived sheaths we replaced the molybdenum tiles with insu-
lating boron nitride (BN) tiles on all antennas. The insulating tiles
effectively act as additional impedance on the flux tube; thus flux
tubes not intercepted by the BN tile would be unaffected. If BN tile
impedance is sufficiently higher than the sheath impedance then
the potential drop imposed by RF should fall across the insulator
rather than the plasma-PFC sheath [21]. The tiles are 3.175 cm
thick and BN has a relative permittivity of four. Following reference
[21] and using typical measured sheath voltages with metallic lim-
iters, the impedance of the BN tiles (�1.7 ohm m2) is expected to
be �100� the sheath impedance (�0.005 ohm m2). Surprisingly,
the plasma performance and core Mo content were unimproved
with the BN RF limiter tiles.

Since RF sheaths are expected to be important, we sought to
characterize the RF sheaths through measurements of the plasma
potential using emissive probes. Measurements confirmed that
the plasma potential responds primarily when the probe is mag-
netically linked to the active antenna [13]. In the following discus-
sion, all the results correspond to B-side emissive probe which is
linked to Antenna 1 due to the larger available data base. In
Fig. 3, the scaling of the plasma potential with RF power is shown
for discharges following a boronization and those without recent
boronization. At the highest power level, the plasma potential
can be 100–150 V for the latter case while �60 V just following
boronization. Furthermore, the plasma potential scales as the
square root of the RF power for the boronized case whereas in
the case without recent boronization the voltage scales linearly
with power.

There are also differences in RF-induced sheaths between L-
mode and H-mode discharges. In Fig. 4 we show a comparison of
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Fig. 3. In L-mode discharges, the measured plasma potential scales as the square
root of the RF power for recently boronized PFCs and linear with RF power for un-
boronized PFCs.
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Fig. 4. Comparison of the measured plasma potential for L and H-mode discharges
showing that the H-mode potential is �2� L-mode. Comparing an H-mode
discharge with BN tiles, shows the RF sheath is unaffected relative to the RF sheath
in H-mode with metallic RF limiter tiles.
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L and H-mode data from separate discharges. Here, the H-mode
plasma potentials are higher than the L-mode case by about a fac-
tor of 2. Furthermore, the measured plasma potential was essen-
tially the same with BN tiles as with Mo tiles.

4. Discussion

From previous experiments [16], a source outside the divertor
appeared to be the primary contributor to the core Mo and the
expectation was that the antenna limiters would be the dominant
contributors. Experiments optimizing the plasma performance
through radial localized boronization suggested the top of the out-
er divertor and plasma limiter as potential source locations. Map-
ping the connection of the antennas along field lines to different
Mo tile locations and the experiments linking the erosion and
impurity production to the active antenna are consistent with this
hypothesis [22]. The results from operation with insulating RF lim-
iters on all antennas are consistent with the hypothesis that addi-
tional impurity sources away from the antenna are important.
These experiments also gave an estimate of the erosion rate of
low-Z materials by RF sheaths. The estimated boron film thickness
is 15–20 nm for the between discharge boronization and we ob-
serve that this layer is removed in a single discharge using
�3 MW of ICRF power for �1 s. The estimated erosion rate is thus
15–20 nm/s. We note that in the original beryllium experiments on
JET that significant beryllium influx was observed but the erosion
rate was not estimated [23]. Assuming a similar erosion rate for
beryllium in ITER as the B erosion rate in C-Mod, the number of
discharges to erode through 1 cm of a beryllium tile is �1000 dis-
charges (400 s discharges). Thus, any low-Z-film or even bulk PFC
is likely to have a relatively short lifetime in the presence of RF
sheaths.

Based on Phaedrus-T experiments [24] and the RF sheath mod-
el, we expected that switching the antenna limiter tiles to BN
would eliminated the primary Mo source affecting the plasma.
However, the C-Mod data clearly indicates the presence of RF
sheaths despite thick BN tiles on the RF limiter. One possible expla-
nation is that the RF sheath model needs to allow for cross-field
currents [25,26]. In such a case ion flows across the magnetic field
along the length of the flux tube between antenna and main limit-
ers and would be balanced by electron currents in and out of one
end of the flux tube still connected to Mo tiles. This would require
the impedance integrated along the flux tube to be less than or
equal to the impedance through the sheath. Another possibility is
the development of an energetic edge electron population. We note
that relatively small energetic electron population, �0.1% can dou-
ble the sheath voltage and a population of a few percent can in-
crease the sheath potential by a factor of 10 [27]. A number of
mechanisms have been proposed, two of which are Fermi acceler-
ation [28] and near field acceleration similar to that observed with
lower hybrid couplers [29]. Both mechanisms would create elec-
trons on field lines linked to the active antenna and might not have
been dominant in the Phaedrus-T experiment because of the low
power, 10–40 times less than C-Mod’s, used in those experiments.

The RF sheath model predicts that the RF sheath voltage should
scale as the square root of the RF power [8]. For the recently bor-
onized case, the plasma potential follows the predicted trend.
However, when the B layer is eroded, the plasma potential scales
with the RF power. This suggests that the induced plasma potential
can be influenced by factors other than the RF voltage. Another
possible explanation is that the local density profile is changing
with RF power and complicating the scaling. Although direct mea-
sure of the density profile is lacking, the antenna load gives an indi-
rect measure of the profile because of the sensitivity to the density
profile. In these power ramps, the antenna loading is constant
above 100 kW.

Another indication that other factors can influence the RF
sheath voltage is the increased RF sheath in H-mode compared
to L-mode. If one assumes that the surface conditions were held
constant across a transition from L and H-mode, one would expect
that the induced sheath voltages would increase with the current
in the antenna strap based on the RF sheath model. From current
probes in the antenna and measurements of the antenna resis-
tance, the RF sheath voltage was expected to increase by �20%
for the case shown in Fig. 4, but the observed RF sheath voltage
nearly doubled. This further indicates the RF sheath voltage per ap-
plied RF voltage is strongly dependent on other factors. For sake of
discussion, assume the RF sheath voltage is set by an edge ener-
getic electron population. In the case of H-mode, the edge collisio-
nality is lower than in L-mode; thus, the electron population can be
more energetic and a larger fraction of the total electron popula-
tion. This would lead to larger RF sheath voltages in the H-mode
case compared to the L-mode regime.

These observations require more detailed experimental investi-
gation to further understand the origin and behavior of the RF
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sheaths. The diagnostic array should include emissive probes with
complementary magnetic probes to measure RF wave fields and
retarding energy analyzers to measure the electron distribution.
Additional important diagnostics would include spectroscopic
determination of the local impurity source rate where the RF
sheath voltage is measured and a scrape-off layer reflectometer
to measure the local density profile at the antenna. In addition to
diagnostics, a more complete investigation of the RF sheath para-
metric dependence on plasma density, current and majority spe-
cies could provide some insight on the important plasma
parameters. In addition the influence of strength of wave absorp-
tion could also be an important issue.
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