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For the first time, the power deposition of lower hybrid RF waves into the edge plasma of a

diverted tokamak has been systematically quantified. Edge deposition represents a parasitic loss of

power that can greatly impact the use and efficiency of Lower Hybrid Current Drive (LHCD) at

reactor-relevant densities. Through the use of a unique set of fast time resolution edge diagnostics,

including innovative fast-thermocouples, an extensive set of Langmuir probes, and a Lya ionization

camera, the toroidal, poloidal, and radial structure of the power deposition has been simultaneously

determined. Power modulation was used to directly isolate the RF effects due to the prompt

(t < sE) response of the scrape-off-layer (SOL) plasma to Lower Hybrid Radiofrequency (LHRF)

power. LHRF power was found to absorb more strongly in the edge at higher densities. It is found

that a majority of this edge-deposited power is promptly conducted to the divertor. This correlates

with the loss of current drive efficiency at high density previously observed on Alcator C-Mod, and

displaying characteristics that contrast with the local RF edge absorption seen on other tokamaks.

Measurements of ionization in the active divertor show dramatic changes due to LHRF power,

implying that divertor region can be a key for the LHRF edge power deposition physics. These

observations support the existence of a loss mechanism near the edge for LHRF at high density

(ne > 1:0� 1020 (m�3)). Results will be shown addressing the distribution of power within the

SOL, including the toroidal symmetry and radial distribution. These characteristics are important

for deducing the cause of the reduced LHCD efficiency at high density and motivate the tailoring

of wave propagation to minimize SOL interaction, for example, through the use of high-field-side

launch. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4951736]

I. INTRODUCTION

Limitations in inductive and bootstrap current genera-

tion require the use of other means in driving current for

future steady-state, reactor-relevant tokamaks. The Alcator

C-Mod Lower Hybrid current drive (LHCD) system gener-

ates current by launching radiofrequency waves using a

phased waveguide array antenna.1 This power generates a

non-Maxwellian tail of “passing” fast electron tail via

Landau damping and is an efficient and effective way of sus-

taining the necessary toroidal current.2 On Alcator C-Mod,

LHCD can sustain fully non-inductive plasmas3 and can test

the viability of these systems in high density, high magnetic

field, diverted plasmas.4

While this method of current generation is very effi-

cient5 at low density, the propagation and damping of LHCD

power is complicated. The absorption of Lower Hybrid (LH)

waves via Landau damping requires significant upshift of the

nk of the wave.6 On Alcator C-Mod, this upshift of the wave

may require several traversals through the plasma periphery

and core. This complicated propagation can lead to a host

of processes which can change the nature of the lower

hybrid wave absorption.6–9 Some of the changes in the wave

propagation and absorption can weaken the efficacy of

LHCD and limit its utility.

At line-average densities above 1� 1020 (m�3), a signifi-

cant reduction in current drive efficiency is observed on Alcator

C-Mod.10 This loss is observed in diverted discharges while

inner-wall-limited discharges maintain effective current drive11

up to higher density (ne > 1:5� 1020 (m�3)). Measurements of

high energy bremsstrahlung,12 related to the fast electron tail

population, display an exponential decrease in emission with

increasing density in diverted plasmas. This reduction in current

drive efficiency signifies that the propagation and absorption of

the lower hybrid waves are changing. Understanding this cur-

rent drive loss is extremely important for operation and design

of current drive systems on future tokamaks since densities

above 1� 1020 (m�3) are foreseen on ITER and DEMO-like

devices.

Anomalous current drive loss (when the current drive ef-

ficiency is not proportional to �n�1
e ) has been observed on a

number of other tokamaks, both in diverted and limited plas-

mas. Edge effects were blamed for reducing the current drive

efficiency in nearly all cases. Limited tokamaks found para-

metric instabilities and density fluctuations as possible mech-

anisms for changing the wave in the edge.13–15 Diverted

discharges have displayed measurable fast electron edge

losses (5%–10% of the input power)16 or issues with
Note: Paper VI2 3, Bull. Am. Phys. Soc. 60, 389 (2015).
a)Invited speaker.
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accessibility.17 The current drive efficiency has been

observed to be a function of edge parameters through the use

of lithiation.18 The strong discrepancy in current drive effi-

ciency between limited and diverted discharges on C-Mod is

also consistent with the hypothesis that interaction between

the wave and edge plasma is playing a significant role.

The loss of current drive and the reduction in the fast

electron population in C-Mod diverted plasmas highlights

the importance of the scrape-off-layer (SOL). The edge

plasma in diverted discharges changes with applied LH wave

power at higher densities without current drive. Observations

of large Langmuir probe saturation currents due to lower

hybrid wave power at high density were attributed to thermo-

electric currents in the SOL plasma.11 Measurable paramet-

ric decay instabilities in the edge coincide with the onset of

the current drive efficiency loss.19 Changes in H-mode qual-

ity, in the pedestal, and in the edge fluctuations were

observed due to LH wave power in regimes with negligible

current drive.20,21 Several separate observed phenomena

highlight the importance of the LH wave power in the edge

plasma at high density.

This work determines the deposition of lower hybrid

wave power in the edge across the density range of current

drive loss. This work finds the LH wave power is increas-

ingly deposited outside the core plasma and near or outside

the separatrix at higher densities. The power balance of the

plasma was determined using a set of steady plasmas with an

applied radiofrequency power modulation. Through the iso-

lation of the applied power, it was possible to make several

conclusions about the loss of current drive efficiency at den-

sities greater than �1� 1020 (m�3). Lower hybrid wave

power loss shows a high degree of symmetry with the power

absorbed near the separatrix. This power ionizes neutrals in

the active divertor and is affected by edge recycling. These

results suggest that prolonged propagation of lower hybrid

waves through collisional regions outside the core of the

plasma must be avoided in order to maintain good current-

drive efficiency.

The paper is organized as follows: the power balance of

modulated LH wave power is examined. In Section II, the

modulation technique is discussed and the effect on the core

bulk plasma is analyzed. Minimal variation in the core was

observed without current drive, allowing for changes in

stored energy to be neglected at high density. Lack of core

absorption was balanced with edge deposition. In Section III,

the fast response of the edge plasma is used to determine the

local deposition LH power and it is found that the fraction of

power absorbed in the edge increases with density. However,

the power lost in the edge was found to be increasingly radi-

ated rather than conducted when the onset of high-recycling

conditions in the divertor. In Section IV, the lower hybrid

power is shown to ionize neutrals in the divertor region. The

radiation and conduction of lower hybrid power in the edge

can be used to localize the edge absorption. In Section V, it

is found that the edge deposition occurs with a high degree

of toroidal symmetry near the separatrix. The character of

the divertor is dependent on the ~B �rj~Bj direction, and in

Section VI its effect on the symmetries of edge power

absorption is determined. Finally, Section VII discusses how

the previous results are consistent with the collisionality of

the divertor plasma playing a key role. This work suggests

that the propagation of lower hybrid waves through highly

collisional plasma must be minimized if efficient current

drive in the core is desired.

II. LH MODULATION TECHNIQUES AND CORE POWER
DEPOSITION

The analysis of auxiliary power deposition in tokamaks

requires isolating its effects from the background plasma.

One such method for isolation is through the characterization

of a step response of the plasma to input power. Using sev-

eral such steps between two power levels (i.e., modulating

the power), the accuracy and precision of the analysis can be

improved. The subtle variation in background plasma param-

eters can be removed while improving the statistical rigor

through multiple modulations.17,22,23 Power modulation is

used in this paper to analyze the deposition of lower hybrid

waves across the density range where current drive is lost.

The modulation of auxiliary power has been used exten-

sively for the deposition of radiofrequency waves in tokamak

plasmas.17,24–28 However, stringent requirements exist for

the chosen power modulation. The modulated power must be

a non-negligible fraction of the total power to allow for a sig-

nificant plasma response to be determined. The timescale of

the modulation must be long enough to fully capture the

plasma dynamics. Previous work on core-deposited power

required modulation timescales to be dictated by heat diffu-

sive and convective transport of the thermal core plasma.

The observation of deposited modulated power requires dif-

ferent measurement and analysis depending on the location

(thermal or fast) and population (ion or electron).

Fast electron dynamics on C-Mod and other tokamaks

have been characterized using LHCD power modula-

tion.17,27,28 Measurements of high energy bremsstrahlung

were used to isolate the response of the fast electron popula-

tion due to LHCD. The timescales of fast electron analysis

rely on the slowing down time, convective, and diffusive

times which can be drastically different from the plasma

thermal properties. In the work presented here, the modula-

tion technique was not used to understand the fast electron

dynamics, since there are relatively few fast electrons at the

higher densities. Instead modulation is used to understand

the LHCD effects on other core and edge plasma popula-

tions. The chosen modulation time (0.1 s, 50% duty cycle) is

longer than the energy confinement time (sE � 35 ms),

allowing for the thermal distributions to be analyzed in the

core. The rise/fall time between two modulated power levels

is quite fast (less than 10 ls), allowing for the change in

power to be effectively instantaneous.

Radial profiles of the bulk electron temperature were

measured using a multiple point Thomson scattering sys-

tem.29 Unlike measurements of electron cyclotron emission,

these measurements are minimally affected by non-thermal

electrons, allowing for the bulk electron dynamics to be

measured. Five modulations within a single discharge were

ensemble averaged at six different phases during the modula-

tion. At low density, LHCD power replaces ohmic power

056115-2 Faust et al. Phys. Plasmas 23, 056115 (2016)



causing the overall input power to be relatively constant.

However, the lower efficiency of LHCD at higher density

leads to minimal variation in the ohmic power. In the case

shown in Figure 1, the input lower hybrid power represents a

significant change in the total power into the vessel.

Electron temperature data from a diverted discharge with-

out current drive were analyzed using an advanced profile fit-

ting routine.30 These profiles were found to be self-similar

within the variance in temperature across the radius of mea-

surement. The lack of variation between profiles with and with-

out Lower Hybrid Radiofrequency (LHRF) power suggests

that there is little to no transfer of power of LH waves to the

bulk electrons in cases without current drive. The ion popula-

tion was also found to not respond to LH wave power as weak

variation in neutron rate, which can be attributed to changes in

core density, was caused by modulation pulses. A small change

in the line-average density was observed in response to the

modulated power, which is discussed in Section IV. Invariance

of the core ion and electron temperatures with applied LHRF

power shows the absence of core absorption.

In cases without current drive, the lack of variation in

the bulk populations correlates with a lack of a fast electron

population. This observation allows for the simplification of

power balance at high density by assuming the stored energy

of the plasma is constant with or without applied LHRF

power. Without absorption of LHRF power in the plasma for

q < 0:95, the changes in input power are limited to the

plasma near the periphery and will be affected by loss mech-

anisms existing there. In both cases, the response is dictated

by the weak confinement of the edge plasma and should

occur nearly instantaneously as radiation or conduction in

the SOL.

By the process of elimination, it is now evident that the

total deposition of LH wave power occurs in the edge for

plasmas without current drive. However, it is the transition

from current drive and the subsequent change in deposition

profile that is more telling regarding the nature of the current

drive loss. The observation of alternate absorption mecha-

nisms in cases with partial current drive can identify the tran-

sition to edge power absorption and loss at the higher

densities. Section III will discuss the power balance as it per-

tains to edge absorption with the loss of current drive.

III. OBSERVATION OF LH POWER IN THE EDGE AND
SOL

A. Experimental methodology

The loss of current drive occurs over a range of density

and has been found to be dependent on the plasma current.

At higher currents, the loss in LHCD is less pronounced,

increasing the range at which LHCD can be effectively

used.31 This change in the current drive loss is accompanied

by significant changes in the SOL. SOL widths (for the same

ne ) decrease,32 and detachment thresholds increase with

higher plasma currents. The variability of the SOL due to pa-

rameters like the plasma current requires that independent

variables be well controlled in these experiments.

The covariance of current drive loss with other parame-

ters was minimized through the use of a constant shape,

magnetic field, and plasma current. The transition region of

density was probed using modulations in a single plasma to-

pology at several steady densities. The set of plasma dis-

charges with a lower single null equilibrium, 5.4T toroidal

magnetic field, and a plasma current of 700 kA were found

to have a transition density range of �ne ¼ 7� 1019 to

1:3� 1020 (m�3). Each modulation was treated separately,

creating a database for quantifying observed edge and SOL

power loss mechanisms.

The modulated lower hybrid wave power was �400 kW,

with an ohmic background power of 700 kW. The modula-

tion represents a 50% increase in the total power into the

vessel when ohmic power remains constant. However,

because the plasma current is under feedback control, the LH

power replaces ohmic power (by reducing the loop voltage)

within the plasma when, at lower densities, the LH wave can

drive current. As the density rises, the current drive effi-

ciency falls thereby diminishing the effect on the ohmic

power. This causes the total power into the vessel to increase

with higher density. The density dependence of the injected

power is balanced by increased observed losses via conduc-

tion and radiation.

Two measures of SOL power loss are shown at three

separate densities in Figure 2. The conducted power is

observed via direct measurements of the outer strike point

heat flux using fast thermocouples.33 Measurements of the

active divertor Lya emission are local to the SOL and are in-

dicative of the edge radiative loss. Across the density range

of current drive loss, the time response to lower hybrid wave

power in the SOL is nearly instantaneous (with a response

time of <1 ms). The prompt response of the SOL to the mod-

ulation increases in magnitude with increasing density.

The fast response (t < sE) of the edge to LH wave

power simplifies the calculations of edge deposition. Rather

than rely on Fourier techniques for analysis, the immediate

response reduces the calculation of edge power loss to a sub-

traction. The deposited LH wave power in the edge

FIG. 1. Ensemble-averaged Thomson scattering Te profiles from six separate

times (shown as inset) show minimal variation throughout the modulation at

high density (�ne ¼ 1:1� 1020 (m�3)). Single r error bars of the MAP esti-

mate shown in color, with differences in the profiles within that range. This

suggests that high density deposition of LHRF does not occur in the core

plasma.
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(DPLH;edge) can be calculated by the instantaneous change in

the radiated power (Prad) and in the conducted power (Pcond)

DPLH;edge ¼ DPrad þ DPcond: (1)

Dividing Equation (1) by the modulated net radiofre-

quency power DPLH, the fraction of input power absorbed in

the edge can be calculated. While variation may occur in the

core (e.g., small changes in the stored energy or replacement

of the ohmic power by LHCD), the instantaneous response

separates the direct edge deposition. The quantification of

edge absorption of lower hybrid waves relies on the summa-

tion of instantaneous changes in the radiated and conducted

power fractions.

B. Edge loss conducted power

The power conducted through the SOL in diverted dis-

charges is predominantly observed on the inner and outer di-

vertor targets. Assuming toroidal axisymmetry, these heat flux

profiles on the targets are used to calculate the total integrated

power on to the divertor plates. The measured LH wave

power in the edge through conduction is treated as a combina-

tion of the prompt inner and outer instantaneous deposition.

The geometrical separation of the inner and outer divertor

requires characterizing each conductive loss independently.

The heat flux profiles on the inner and outer divertor are

derived using infrared (IR) thermography34 and Langmuir

probe arrays. Multiple measurements of the heat flux display

the prompt nature of the edge LH wave power deposition on

the outer divertor. Each measurement is assumed to axisym-

metric, which is integrated toroidally for the total power.

The observed rise in the conducted power occurs at or faster

than the sampling time of these diagnostics (t � 1 ms). As

shown in Figure 3, the conducted power as measured by IR

thermography and Langmuir probes contains a clear rise in

conducted power due to LHRF. Using subtraction, the con-

ducted power was observed to be up to half of the input

lower hybrid power in cases with minimal current drive.

FIG. 2. Three plasmas at different densities. The response of the divertor plasma to lower hybrid wave power is observed in conduction (qk and radiation

(Lya). The magnitude increases with density, while the time response is near instantaneous. The Lya measurement is from the lower divertor in a lower single

null plasma. The rise in heat flux and radiation coming from the additional power of lower hybrid waves which is no longer replacing ohmic power (e.g., Ptot is

a function of density). Fast oscillations in the Lya observed in the highest density case due to oscillations in the divertor neutral pressure.

FIG. 3. Measurement of the total heat conducted to the outer divertor (with

the outer leg is attached). A significant amount of the lower hybrid wave

power conducted to the divertor, in the order of 40%. Langmuir probe calcu-

lations assume a sheath heat flux transmission coefficient (c) of 7.

Calculation assumes toroidal axisymmetry.
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In forward field, measurements of the inner divertor

show minimal change in the conducted power. The measured

conduction to the inner divertor target never exceeds 12% of

the input lower hybrid wave power. This is likely due to

detachment of the inner divertor, which occurs at a lower

line-average density near the onset of efficiency loss. Across

the density range used in the experiment, observed power

loss in the inner divertor region was predominantly radiative.

Understanding the loss of power via radiation is a key for

determining the fraction of lower hybrid power which is

absorbed in the edge.

C. Edge loss radiated power and power balance

Measurement of the total radiated power was made using

a foil bolometer.35 The wide view measures most of the poloi-

dal cross-section except for a portion of the outer divertor leg

and strike point. The radiated power from this measurement

was characterized across the density range of current drive

loss. Changes in DPrad did not occur at low densities with sig-

nificant current drive. However, the fraction of lower hybrid

wave power lost via edge radiation increases with density. A

fitted trend in the edge radiated fraction displays an increase

from �0% to >30% across the density range.

The edge radiated fraction, shown in Figure 4, highlights

the increase in edge radiative loss with increasing density.

Changes in the divertor associated with higher operational den-

sities affect the channels of observed power loss. Higher den-

sity plasmas are more likely to have SOL plasmas in the high

recycling regime, which leads to edge deposited lower hybrid

power to be increasingly radiated. While the total edge deposi-

tion fraction still remains significant, the significance of some

edge losses changes. At extremely high densities, changes to

the SOL (i.e., detachment) will lead to the relative fraction of

edge power lost via conduction and radiation to change, with

most edge loss power being observed as radiation.

The fast time response of conduction and edge radiation

increases in magnitude with higher densities. This increased

deposition of lower hybrid wave power in the edge is

matched with decreasing LHCD efficiency. The similar time

response but changing magnitude reflects that the loss of effi-

ciency does not come from a change in location of core dep-

osition. Determination of the edge deposition confirms that

the power loss is a parasitic mechanism near the edge which

becomes stronger with density. The magnitude of power

directly absorbed in the edge is strongly dependent on den-

sity, which accounts for the sudden decrease in current drive.

Shown in Table I is an example power balance at �ne ¼
1:2� 1020 (m�3). Roughly 80% of the lower hybrid net

power is observed to be promptly deposited in the edge

plasma. A small fraction can still drive current, changing the

loop voltage less than 10%. The distribution of power loss in

the value and channel is similar to the ohmic background

and is specific to this density and plasma current. With the

observed power balance, characteristics of edge power loss

can now be determined.

IV. IONIZATION OF THE ACTIVE DIVERTOR

Ionization and recombination in the plasma were meas-

ured using a polodially viewing 22 chord, AXUV diode-

based, pinhole camera which measures the Lya transition.

The 2 to 1 transition of hydrogen and deuterium was isolated

with a MgF2 filter, and the instrument was designed to char-

acterize the variation in the SOL neutral/plasma balance

under the influence of edge deposited lower hybrid wave

power. Previous tangentially viewing observations found

shifts in the emissivity profiles of Lya and He-I for deuterium

and helium discharges, respectively36 (i.e., profiles moved

outward in q). This diagnostic measures across most of the

plasma cross section at a single toroidal location that is offset

from the LH launcher by 36� toroidally. It can discern

changes in ionization and recombination local to the main

plasma and inner divertor in almost all plasma topologies.

Figure 5 shows three plasmas with different divertor

configurations at high density with applied lower hybrid

wave power. The immediate addition of lower hybrid wave

power is exhibited in the active divertor in all cases at high

density. The instantaneous rise in the Lya emission signifies

that the divertor plasma changes due to the additional power

in the edge. The neutral pressure in the divertor, shown in

Figure 6, drops with applied radiofrequency power. The

changes in Lya and the neutral pressure appear to be caused

FIG. 4. Fraction of lower hybrid wave power lost as radiation. Data shown

are in “forward field.” The radiated loss starts near zero and rises across the

range of current drive loss. Fitted trend line shows nearly 30% of lower

hybrid power is radiated at high density (with minimal current drive).

TABLE I. Observed power balance of discharge with significant edge

absorption of lower hybrid power (�ne ¼ 1:15� 1020 (m�3), BT ¼ 5:4 T,

Ip¼ 700 kA, forward field). The isolated net lower hybrid power generates a

small fraction of the total current at this density, with edge absorbed power

resembling the ohmic power loss. Errors on each measurement are of the

order of �4% for the Ohmic power balance per measurement, and �6% for

the lower hybrid power balance.

Loss Ohmic % LHRF %

DPOH … 18

Pcond;outer 43 47

Pcond;inner 7 6

Prad;outer 10 6

Prad;inner 25 17

Prad;core 15 6
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by the edge-deposited power ionizing neutrals in the active

divertor.

The ionization in the divertor has a feedback effect on

the core density. At particle confinement timescales, the

line-average density rises in phase with the modulated

power. This effect becomes more pronounced with higher

plasma densities and is proportional to the applied power

where minimal current drive is observed. In some cases,

transitions to H-mode due to the lower hybrid wave power

were observed in the forward field. A 50% change in the

injected power caused a �10% change in the �ne.

The density of the inner divertor, as measured by the di-

vertor Langmuir probes, rises with applied power due to

ionization. Minimal changes in the electron temperature

were observed at the inner divertor target. This result is

likely due to the very cold nature of the inner divertor leg in

high density plasmas, nearing the threshold for detachment.

The creation of density on the inner leg and related onset of

detachment of the inner leg should show differences in the

emission of radiation between in the inner and outer leg.

Measurements of the divertor radiated power with an

AXUV diode array pinhole camera show significant

enhancement of radiation from the inner leg. The ratio of

emission from the inner to outer divertor legs is shown in

Figure 6 (using two chord brightnesses). In purely ohmic

plasmas, the ratio is balanced at low density and becomes

weighted to the inner leg with inner leg detachment.

Application of lower hybrid power enhances this in/out di-

vertor asymmetry. This signifies that most of the measured

change in Lya and radiation is occurring on the inboard side

of the divertor. The balance returns as the outer divertor

plasma transitions to the high-recycling regime.

The edge deposited lower hybrid wave power dramati-

cally changes the conditions of the active divertor. The

changes in ionization observed in all plasma shapes focus

the flow of power from the edge loss mechanism to this

region. Localization of this power near the divertor can help

to understand further the mechanism that reduces the current

drive efficiency.

V. RADIAL AND TOROIDAL LOCALIZATION OF
DEPOSITION

The macroscopic trends in edge power loss and the im-

portance of the active divertor have shown the lower hybrid

wave power absorption to occur in the edge. Additional

measurements of prompt power in radiation and conduction

from many locations can radially and toroidally localize the

deposition of power in the edge.

FIG. 5. Three plasmas at different densities. The response of the divertor plasma to lower hybrid wave power is observed in conduction and radiation. The

magnitude increases with density, while the time response is near instantaneous. The Lya measurement is of the lower divertor in a lower single null plasma.

FIG. 6. The observed in/out asymmetry of radiative emission is enhanced by

applied lower hybrid wave power at high density. The asymmetry in forward

field lower single null discharges is due to the detachment of the inner diver-

tor at a lower density than the outer divertor (shown as open circles). The ra-

tio is higher with applied LHRF (shown with solid circles) due to enhanced

emission from the inner divertor leg. The emission becomes more symmetri-

cal as the outer leg detaches, with densities near 1:25� 1020 (m�3).
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The radiated emission was measured using four toroi-

dally separated diodes that view a narrow toroidal slice of

the core plasma, x-point, and inner divertor.37 As shown in

Figure 7, the response to the modulation is the same for each

measurement. This suggests that the instantaneous power

loss has a high degree of toroidal symmetry. In several cases,

toroidally separated measures of conducted power via

Langmuir probes were also found to be similar. Wide-angle

views of the divertor using visible cameras show a large

increase in light emission from the active divertor. The pre-

viously assumed axisymmetry of deposition assumed for

edge power quantification is validated by this result.

The toroidally axisymmetric deposition of lower hybrid

waves contrasts with other documented circumstances of

edge deposition of radiofrequency waves.38,39 In these cases,

the absorption has been found to be highly asymmetric with

significant radiative emission measured along field lines con-

nected to the antenna. The symmetry of emission observed

in the active divertor suggests that other local measurements

of the heat flux likely represent the axisymmetric character

(such as the heat flux profiles). Therefore, the loss character-

istics in the edge are not limited to regions near the launcher,

and we conclude that the changes to the lower hybrid waves

are unlikely to occur at that location only.

Figure 8 shows the parallel heat flux profiles on the outer

divertor target mapped to the midplane and plotted versus

rmid � rLCFS using two separate measurements. In the cases

where the divertor targets are attached, the instantaneous

addition of power is predominantly observed near the strike

point. A smaller increase in the heat flux is observed in the

far SOL. The decay length of the heat flux in the near-SOL

is similar with and without lower hybrid wave power. This

implies that the deposition of power is occurring in the edge

near the last closed flux surface.

The toroidally axisymmetric deposition of lower hybrid

wave power near the last closed flux surface leads to two

possible conclusions. One is that absorption of

radiofrequency power occurs just inside the separatrix and

quickly diffuses into the SOL. The other possibility is the

absorption occurs just outside the separatrix, where the high

density and low temperature provide the conditions for a

strong collisional absorption. The waves symmetrize with

the many traversals through the SOL, but preferentially lose

their power near the LCFS leading to symmetrized power

loss. Varying the conditions of the divertor can help shed

light on which of these possibilities are more likely.

VI. REVERSED FIELD EFFECTS

The characteristics of the divertor SOL change with the
~B �rj~Bj direction.40–42 The previous characteristics and

trends were derived in so-called “forward field,” where the
~B �rj~Bj direction points toward the lower divertor. The

inner divertor plasma in the forward field lower single null is

cooler and denser than the outer divertor. This leads to

detachment of the inner divertor at lower line-average den-

sities than the outer divertor. The inner divertor conducts sig-

nificantly less power than the outer divertor. These attributes

were observed for most of the range of interest both with the

edge deposited lower hybrid power and the power of the

background plasma.

The current and magnetic field are in the opposite direc-

tion in the “reversed-field” configuration on C-Mod, leading

to the ~B �rj~Bj direction pointing upwards toward the upper

divertor. In this condition, the divertor heat flux in lower sin-

gle null is roughly balanced between the inner and outer di-

vertor. The inner divertor is hotter and less dense compared

to the forward-field configuration for the same average den-

sity, leading to a lower collisionality. The inner and outer

divertor plasmas detach at similar densities due to the com-

parable densities and temperatures. The change in divertor

conditions provided by such a change in field-direction can

be used to test conclusions regarding the edge deposition of

lower hybrid waves.

FIG. 7. Measurement of radiated power during modulation at high density

shown at four locations offset from LHRF launcher (defined by toroidal

angle in degrees) at high density. All signals respond similarly, suggesting

that the prompt radiation emission from the edge is highly toroidally sym-

metric. At low density, the rise time in all the signals follows core confine-

ment time, suggesting changes in the core temperature. The view is a wide-

angle poloidal view with a narrow toroidal slice representing the polodial

dynamics at a specific toroidal location.

FIG. 8. Heat flux profiles on the attached outer divertor surface as measured

by Langmuir Probes (assuming c¼ 7) and IR thermography during the two

phases of modulation. The rise in measured parallel heat flux due to lower

hybrid wave power is concentrated near the strike point (shown by the

dashed line). The location of the lower hybrid wave edge deposition is corre-

lated with the most collisional plasma near the strike point.
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The experimental conditions of the forward field plas-

mas were replicated in reversed field across the same range

in density. In Figure 9, two plasmas with the same line-

average densities are shown in the forward and reverse field.

While the modulation response is observed strongly in the

Lya emission in the divertor in the forward field, it is absent

in reversed field. This difference is similarly observed in the

total radiated power. Significant differences in the radiation

induced by edge deposited lower hybrid waves are observed

with changes in field direction.

As shown in Figure 10, the fraction of lower hybrid

wave power radiated in the edge is near zero for densities

below 1:1� 1020 (m�3). Above this density, the observed

radiated power loss rises to at most 20% of the input lower

hybrid power. The onset of edge power loss via radiation at

higher density correlates with the less collisional nature of

reversed-field divertor plasmas. The radiation of edge depos-

ited lower hybrid power mimics changes in SOL radiation

associated with field reversal.

Measurements of the conducted power due to edge de-

posited lower hybrid waves also show similarities to general

conducted power in reversed field. Langmuir probe arrays on

the inner and outer divertors yield similar instantaneous con-

ducted powers in plasmas without detachment. This result is

shown in Figures 10 and 11 in a plasma with moderate den-

sity. The power loss characteristics of core thermal energy in

the active divertor associated with field direction are also

observed in edge deposited lower hybrid wave power. The

FIG. 9. Two discharges with similar shape, magnetic field, current and den-

sity are shown for the forward and reversed field. The divertor response to

lower hybrid wave power changes with the field direction. The modulation

in radiated power of the divertor is not observed in this case, with signifi-

cantly less Lya radiation from the active divertor.

FIG. 10. The observed conducted power in reversed field on the inner and

outer divertor are similar. Measurements were made using arrays of

Langmuir probes on the inner and outer wall. The loss of power in the edge

follows characteristic changes observed with the change in field.

FIG. 11. Fraction of lower hybrid wave power lost as radiation. Data shown

in green are “reverse field,” with forward field data in gray. The radiated

loss rises at a higher density than in forward field. This result follows

changes in detachment and radiation observed with the change in field.
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mechanism causing lower hybrid wave power absorption in

the edge must be correlated with SOL changes in the diver-

tor, an observation that is highlighted by the reversed field

results.

VII. DISCUSSION AND SUMMARY

Power modulation techniques have been used to quan-

tify the edge deposition of lower hybrid wave power. This

work has confirmed that the edge plasma is the region re-

sponsible for the decreased current drive efficiency at high

density. These observations have determined a number of

characteristics about the loss of current drive and the transi-

tion to complete edge absorption. The mechanism behind the

loss of current drive must be induced by the attributes of the

divertor SOL plasma and has now been determined to con-

tain several specific parasitic characteristics.

Mechanisms which modify the nk of the wave (such as

PDI and fluctuation scattering) or frictionally absorb the

wave in the plasma occur most strongly in regions of low

temperature and high density (i.e., high collisionality). The

existence of a cold, dense, and collisional divertor plasma

correlates with the loss of current drive. The current and den-

sity dependence of current drive loss also correlates with

similar changes of the SOL width and collisionality (which

affect the size and intensity of the collisional zone). The

observed ionization of the active divertor highlights the im-

portance of this cold, dense region.

The region of highest collisionality, just outside the sep-

aratrix, displays the greatest change in heat flux from lower

hybrid waves. The high degree of toroidal axisymmetry in

deposition indicates the waves are making multiple traver-

sals through the SOL. This process allows the waves to pass

through this highly collisional region leading to absorption

of the wave in the edge. Field direction can profoundly

change the divertor plasma, which also changes the lower

hybrid wave edge deposition. With the significant ionization

and influence of recycling neutrals, these characteristics

highlight the importance of the divertor plasma for edge

deposition.

The importance of collisionality in the absorption of

lower hybrid waves dictates that for good current-drive effi-

ciency the propagating wave must avoid the divertor plasma.

Future devices will require the use of a highly collisional

detached zone for power dissipation in the divertor. This

work highlights the importance of isolating the wave power

from collisional regions. The propagation of lower hybrid

rays must avoid highly collisional regions in order to effi-

ciently drive current. These results motivate work in further

understanding the propagation and deposition of LH waves

for future high power tokamaks.

The core temperatures and expected wave-upshifts for

ITER and DEMO-like LHCD systems will lead to first-pass

damping of the waves in the core plasma and are unlikely to

need multiple traversals through the SOL. While this con-

trasts the conditions in C-Mod, it is possible that future

ITER or DEMO devices could have sufficiently cold and col-

lisional scrape-off-layers leading to significant edge absorp-

tion. The long SOL propagation distances expected for

radiofrequency systems in these devices (>12 cm expected

for ITER43) could lead to significant absorption before enter-

ing the core plasma. It will be important to include accurate

models of the SOL and associated absorption in designing

LHRF systems for these devices.

However, the interaction of launched LH waves with

collisional regions of plasma can be minimized. The avoid-

ance of wave propagation through certain portions of the

SOL can be made with a proper choice of launching location

and launched nk. The choice of a high field side launching

location can improve core penetration of lower hybrid

waves. When used in a double null plasma, high-field-side

launch44 combines favorable SOL characteristics with effi-

cient LH wave damping thereby minimizing edge absorp-

tion.45 Together, these methods can improve the efficacy of

LHCD in next-step devices with high densities, high mag-

netic fields, and divertors.

As has been shown in this work on Alcator C-Mod, mul-

tiple passes of LH waves through core and edge lead to a sig-

nificant interaction with the SOL plasma and can lead to

launched waves being absorbed in the divertor plasma. The

new conclusions derived from modulation highlight the com-

plete parasitic loss of power in the edge. Plasmas with good

SOL characteristics combined with effective wave damping

in the core plasma can minimize the effect of collisional

regions. Future LHCD systems for ITER and DEMO-like

tokamaks must take into account the collisional nature of the

edge plasma and associated absorption even in through the

first traversal.
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