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The first experimental verification of electron Bernstein wave (EBW) collisional damping, and its miti-

gation by evaporated Li conditioning, in an overdense spherical-tokamak plasma has been observed in the

National Spherical Torus Experiment (NSTX). Initial measurements of EBW emission, coupled from

NSTX plasmas via double-mode conversion toO-mode waves, exhibited<10% transmission efficiencies.

Simulations show 80% of the EBW energy is dissipated by collisions in the edge plasma. Li conditioning

reduced the edge collision frequency by a factor of 3 and increased the fundamental EBW transmission

to 60%.
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Electrostatic electron Bernstein wave (EBW) mode con-
version (MC) to electromagnetic waves has been of interest
to a wide variety of physics subfields, including astrophys-
ics [1–5], semiconductor physics [6,7], laser-produced
[8,9], and magnetically confined plasmas [10,11]. EBWs
propagate perpendicular to the magnetic field in hot, over-
dense plasmas (where !pe � �ce, !pe is the electron

plasma frequency and �ce is the electron cyclotron fre-
quency), are readily absorbed and emitted from electron
cyclotron (EC) resonance locations and do not experience a
high density cutoff. Recently, there has been an increased
interest in EBW heating (EBWH) and current drive
(EBWCD) in overdense, magnetically confined, plasma
devices, such as the spherical tokamak (ST) and the reverse
field pinch (RFP), where the standard techniques of elec-
tron cyclotron resonance heating (ECRH) and current drive
(ECCD) [12] cannot be used.

EBWs exist only in the overdense regime but can be
excited from outside the plasma via double MC from the
ordinary mode electron cyclotron wave and then to the
slow extraordinary mode (O-X-B) [13–15].O-X-B heating
was first successfully demonstrated on the W7-AS stella-
rator [10], and more recently on the Mega-Amp Spherical
Torus (MAST) [11].

The physics of EBWemission (EBE), via B-X-OMC, is
essentially the reverse process to the O-X-B MC used for
heating [16], except that the introduction of RF power may
excite lossy nonlinear phenomena, like parametric decay
[17,18]. This Letter reports the results from studying
B-X-O emission from the National Spherical Tokamak
Experiment (NSTX) [19]. NSTX operates with plasmas
that have relatively high electron densities, ne ¼
1019–1020 m�3, and low magnetic fields on axis, Btð0Þ<
0:6 T, so that up to the fourth EC harmonic resonance is
overdense. A critical challenge is to demonstrate that

efficient EBW coupling can be sustained in High confine-
ment mode (H mode, which is characterized by a steep
edge density gradient), ST plasmas in order for EBWCD to
be viable in this role.
Previous simulations of EBE in NSTX [20,21] predicted

that strong collisional damping of EBWs prior to conver-
sion to the slow X mode [22] occurs when �ei=! > 10�4

(where �ei is the electron-ion collision frequency and ! is
the wave frequency) near the MC layer and that this can
significantly reduce the observed EBE levels. In this Letter,
the first experimental observation and control of EBW
collisional damping in the plasma edge during H-mode
operation is presented. The effects of EBW collisional
damping were significantly decreased when evaporated
lithium edge conditioning depleted the electron density
in the edge plasma, thereby moving the MC layer to a
region near the last closed flux surface (LCFS) where
�ei=! < 10�4 (or typically where Te > 20 eV in NSTX).
EBE measurements presented in this Letter are acquired

with a remotely steered quad-ridged microwave antenna
measuring fundamental, second, and third harmonic (18–
36 GHz) emission. The antenna is mounted outside of the
vacuum vessel and coupled to an absolutely calibrated
heterodyne radiometer system [23,24]. The antenna beam
waist diameter is 13 cm at the LCFS, which is located
50 cm from the antenna. In NSTX, the optical thickness, �,
is �3000 [25], easily satisfying the blackbody emission
condition of � > 2. Therefore, the measured radiation tem-
perature, Trad, is assumed to be blackbody radiation and
equal to the local electron temperature, Te, provided the
B-X-O transmission efficiency is �100%.
The measured emission is simulated with a numerical

EBE simulation code [26]. The code launches 41 rays to
model the antenna pattern of the EBE diagnostic. A full-
wave code is used to calculate the efficiency of the O-X-B
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mode conversion process while a 3D ray-tracing calcula-
tion describes the EBW propagation into the plasma until it
is damped near the EC resonance layer. Since the physics
of launched O-X-B power is the reverse process of B-X-O
emission, neglecting any parasitic effects, the results from
the EBE simulations can be directly compared to EBE
measurements. Collisions are incorporated into the code
with a Bhatnagar-Gross-Krook collision operator [27,28].
The effect of electron-electron collisions are neglected due
to conservation of momentum while electron-neutral col-
lisions are ignored because the neutral density is less than
5% of the electron density near the MC layer. Therefore,
only the effects of electron-ion collisions are incorporated
in the EBE simulation code. The code uses the Te and ne
profiles from laser Thomson scattering [29], EFIT mag-
netic equilibria [30], and the experimentally measured
antenna pattern.

Initial EBE measurements of H-mode plasmas (Ip ¼
1 MA, neð0Þ¼3–6�1019 m�3, Teð0Þ ¼ 0:9 keV, Btð0Þ ¼
4 kG) in NSTX exhibited a period of strong emission
before the low-confinement mode (referred to as L mode,
this is the first phase of the plasma discharge and is
characterized by a shallow edge density gradient) to
H-mode transition (L-H) followed by a rapid decay of
emission. The decay was observed for emission from all
measured EC harmonics. The EBW emission location
remained at the same major radius location during the
discharge. An example of this behavior is shown in
Fig. 1. Figure 1(a) shows the time evolution of Teð0Þ and
the calculated B-X-O transmission efficiency for a plasma
with an H-mode transition at 0.17 s. The B-X-O trans-
mission efficiency is calculated by taking the ratio of the
measured Trad to measured Te (from laser Thomson scat-
tering) at the simulated EBW emission location. The time
evolution of the measured Trad for second harmonic EBE at
24 GHz emitted from a major radius of 1 m for this shot is
shown in the bottom solid line in Fig. 1(b). An EBE
simulation of second harmonic emission at 24 GHz without
collisional damping effects [Fig. 1(b)] predicts that Trad is a
factor of 4 above the measured value. When collisional
damping effects are included in the simulations by using a
measured effective ion charge state, Zeff , of 2, the simu-
lated EBE Trad decays soon after the H-mode transition
[Fig. 1(b)]. The Zeff is measured 5 cm inboard from theMC
layer, where simulations predict >90% of the EBW colli-
sional damping occurs. It is calculated based upon mea-
suring the line emission from plasmas where the sole
impurity is carbon; however, with other impurities present
the Zeff value can be higher. EBE simulations with Zeff of
3–4 agree much closer with the measured results as shown
in Fig. 1(b).

For times >0:25 s, the MC layer location is shifted
outside the LCFS and the peak ratio of �ei=! increased
by over a factor of 2 from 5� 10�5 at t ¼ 0:148 s to
1:25� 10�4 at t ¼ 0:348 s [Fig. 2(a)]. Subsequently, Te

at the MC layer decreased from 30 eV to <10 eV during

the L-H mode transition [Fig. 1(a)]. Simulations show that
EBWs are strongly damped for values of �ei=! > 10�4.
Additionally, simulations predict that 20%–40% of the ray
intensity is collisionally damped prior to t ¼ 0:25 s, while
70%–90% is collisionally damped after t ¼ 0:25 s
[Fig. 2(b)]. These results suggest that a significant fraction
of injected power may collisionally damp shortly after
O-X-B conversion in this H-mode plasma.
TheseH-mode EBE measurements indicate that in order

to increase the B-X-O transmission efficiency, and in turn
the O-X-B transmission, it is necessary to reduce the
collisionality near the MC layer. A tool that is available
to NSTX for edge conditioning is the LIThium EvaporatoR
(LITER) [31]. LITER creates a solid lithium coating on the
centerstack and lower divertor that pumps Dþ and D0 by
forming LiD. Lithium pumping can lead to a decrease in
the edge electron density that can move the MC layer to
regions of increased Te and lower collisionality.
In a sequence of similar H-mode plasmas (Ip ¼

0:8 MA, neð0Þ � 3� 1019 m�3, Teð0Þ � 0:8 keV, Bt ¼
4:5 kG), the lithium evaporation rate was increased from
0 to 19 mg=min in order to scan the collisionality at the

FIG. 1 (color online). (a) The central Te (dashed line), Te at the
MC layer (dashed line with error bars indicating error in laser
Thomson scattering measurement) and B-X-O transmission ef-
ficiency (solid line) are plotted as a function of time. The vertical
dashed line indicates the time of the L-H transition. (b) The solid
line indicates the measured Trad (second harmonic EBE at
24 GHz) for an H-mode plasma. The EBE simulated Trad

without (bottom solid line) and with (long dashed line for Zeff ¼
2 and short dashed line for Zeff ¼ 4) collisional damping effects
are shown as a function of time. The shaded grey region
indicates the uncertainty in the measured Trad. The error bars
for the EBE simulations include the error in the ne and Te

measurements as well as the magnetic equilibria.
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MC layer. As a result of Li edge conditioning, ne in the
plasma edge was reduced by nearly a factor of 2 and,
consequently, the MC layer moved from several cm outside
the LCFS to near the plasma separatrix [Fig. 3(a)]. By
moving the MC layer closer to the plasma, Te at the

fundamental MC layer during theH-mode phase increased
from 5–9 eV (no Li) to nearly 20 eV (with Li) as shown in
Fig. 3(b). The emission antenna had a fixed, oblique view
of the plasma to obtain the results shown in this scan.
Emission at 18 GHz, corresponding to fundamental EBE
from near the plasma axis at a major radius of 1 m,
increased from Trad � 50 eV to Trad � 450 eV during the
lithium evaporation scan [Fig. 4(b)]. The central Te in-
creased by only 10% [Fig. 4(a)] during the scan, so this
does not account for the observed nearly order of magni-
tude increase in the measured Trad. The calculated B-X-O
transmission efficiency for fundamental emission at
18 GHz during the edge collisionality scan is shown in
Fig. 4(c). With lithium edge conditioning, the calculated
transmission efficiency was observed to increase from 10%
to 60%.
A significant decrease in the calculated edge collision-

ality occurred with the increase in the lithium evaporation
rate [Fig. 5(a)]. With no lithium conditioning, simulations
predict that �ei=! within 5 cm of the MC layer peaked

FIG. 3 (color online). The (a) edge density and (b) electron
temperature at the UHR layer are shown as a function of time for
a plasma without Li conditioning (solid line) and a case with Li
conditioning (dashed line). Error bars are indicated by the
vertical lines.

FIG. 4 (color online). (a) The plasma current, Ip, and central
Te are plotted as a function of time for an H-mode plasma. The
measured (b) Trad and (c) B-X-O transmission efficiency as a
function of time are plotted for 0 mg=min (solid line) and
19 mg=min ¼ 286 total mg of evaporated lithium (dashed line).

FIG. 2 (color online). Comparison of (a) �ei=! and (b) ray
intensity as a function of major radius for two time points: t ¼
0:148 s, during high emission (solid line), and t ¼ 0:348 s, after
the decay of EBE (dashed line). The grey region indicates the
location of the MC layer.
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at 12� 10�5. By increasing the lithium evaporation rate to
19 mg=min , �ei=!within 5 cm of theMC layer calculated
by the EBE simulation decreased by over a factor of 3 to
4� 10�5. The EBE simulation results still show a signifi-
cant reduction of �ei=! even though the edge Zeff increases
from 1.5 to 2.5 during the scan. Consequently, simulations
show that the fraction of power in the EBW branch that is
lost to collisional damping decreased from nearly 70% to
only 15% with the application of 19 mg=min of edge
lithium conditioning [Fig. 5(b)].

In conclusion, the first observation of EBW collisional
damping during the B-X-O mode conversion process, and
its mitigation by lithium evaporation, has been made in
NSTX. Initial EBE measurements and simulations of sec-
ond harmonic emission at 24 GHz indicate that nearly 80%
of the EBE intensity was absorbed in the plasma edge prior
to mode conversion to the X and O modes. Edge lithium
conditioning was successfully used to decrease ne in the
edge plasma, moving the MC layer into a region with
reduced collisionality. Simulations have shown that EBE
intensity increased from 30% to 85% with edge condi-
tioning. The measured B-X-O transmission efficiency in-
creased from 10% to 60% by reducing the EBW collisional
damping losses. An increase in the measured Trad from
�50 eV to >450 eV was also observed.

The results of this Letter suggest that future EBW heat-
ing or current drive experiments involving H-mode ST
plasmas may suffer from EBW collisional damping effects
when �ei=! > 10�4 inside the EBW MC layer. Edge con-
ditioning methods may be implemented to reduce the
effects of EBW collisional damping, allowing efficient rf
power coupling to the plasma.
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FIG. 5 (color online). Comparison of (a) �ei=! and (b) ray
intensity as a function of major radius for two cases: without
lithium conditioning (dashed line) and with lithium conditioning
(solid line). The grey region indicates the location of the MC
layer.
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