
 
Figure 1.  Bremsstrahlung from fast electrons 

measured by the Hard X-Ray (HXR) diagnostic as 

a function of line averaged density.  Experimental 

data (small symbols) deviates from the 1/ne curve 

(black line) above 0.8-1.0x10
20

 m
-3

.  Simulated 

emission from the GENRAY/CQL3D synthetic 

HXR diagnostic (large symbols) roughly follows 

the 1/ne curve.  
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Lower Hybrid Current Drive (LHCD) is an attractive option for non-inductive tokamak 

operation due to its high current drive efficiency and ability to drive current off axis.  The 

LHCD system on C-Mod [1] is designed to drive current off axis (r/a = 0.5 – 0.8) with 

operational parameters (f0 = 4.6 GHz, n|| = 1.5 – 3, Bφ ~ 5 T, ne0 ~ 10
20

 m
-3

) similar to the 

proposed LHCD system on ITER [2].  Based on results from previous LHCD experiments on 

other tokamaks, LHCD is expected to drive significant current with C-Mod parameters 

(ω/ωLH > 2, n|| > n||crit) [3,4].  However, experiments on C-Mod have shown that the 

population of fast electrons generated by LHCD, as measured by fast electron bremsstrahlung 

[5], is substantially reduced in L-mode at line averaged electron densities above 1x10
20

 m
-3

 

for 5.4 T < Bφ < 7 T and n|| ≈ 2 (see Fig. 1) 

[6,7].  This lower density limit may have 

critical implications for the use of LHCD on 

future high density non-inductive tokamaks. 

Poor wave accessibility and parametric decay 

instabilities (PDI) have been identified as 

possible causes of reduced LHCD efficiency 

at high density in other experiments.  Ray 

tracing shows that the LH waves in C-Mod 

are marginally accessible at ne = 1.5x10
20

 m
-3

.  

The density limit attributed to PDI on Alcator 

C occured at ω/ωLH ~ 2 [4], while on C-Mod 

the observed limit occurs near ω/ωLH ~ 4.  

Frequency spectra recorded during the discharges shown in Fig. 1 show weak signs of PDI, 

although strong PDI has been observed on C-Mod at higher densities (ne ≥ 2x10
20

 m
-3

). 
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Figure 2.  SOL current density measured on 

divertor Langmuir probes during LHCD as a 

function of line averaged density.  The magnitude 

of the SOL currents rise dramatically at the same 

density as core HXR emission drops. 

 

 
Figure 3.  Direction of electric currents in the SOL 

during LHCD for lower and upper null 

configurations.  Currents flow in the same 

direction as the main plasma current in both 

configurations. 

 

 
Figure 4.  Bremsstrahlung emission predicted by 

the GENRAY/CQL3D synthetic diagnostic 

including a SOL with collisional absorption (large 

symbols) shows an improvement in agreement 

with experimental data (small symbols) across a 

wide range of densities as compared to the model 

without a SOL (see Fig. 1). 

The data from C-Mod show that discharges 

with higher plasma current and magnetic 

field exhibit somewhat stronger fast electron 

bremsstrahlung emission at the same density 

as compared to lower current and magnetic 

field.  Simulations using the 

GENRAY/CQL3D ray tracing/Fokker-Planck 

package [8,9] predict a decline in fast 

electron bremsstrahlung emission similar to 

1/ne, in line with simple theoretical estimates.  

Experimental results deviate significantly 

from these predictions above 10
20

 m
-3

, with a 

discrepancy of two orders of magnitude at 

1.5x10
20

 m
-3

, as shown in Fig. 1. 

Electric currents flowing between the inner 

and outer divertor plates in the scrape off 

layer (SOL) increase as signs of fast electrons 

in the core plasma decrease (Fig. 2), 

suggesting that absorption of the lower 

hybrid waves moves outside the separatrix at 

high density.  The currents flow between the 

inner and outer divertors with nearly equal 

and opposite currents collected by the probes 

on each end of the field line.  The SOL 

currents during LHCD flow in the same 

direction as the main plasma current 

regardless of the plasma configuration or 

launched n|| direction (see Fig. 3), which 

suggests that the current is not due to a 

Landau interaction between the LH waves 

and electrons in the SOL.  The SOL currents 

are consistent with a thermoelectric current 

flowing along magnetic field lines between 
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the divertor plates.  A significant increase in ion saturation current is observed at the cold, 

dense ion-collecting end of the field line.  No change in ion saturation current is observed on 

the electron collecting end of the field line. 

By adding a SOL including collisional absorption to the simulation model, the agreement 

between model predictions and experimental 

results improves above 10
20

 m
-3

, as shown in Fig. 

4.  The reduction in current drive efficiency 

appears to be due to the confluence of several 

effects.  High density causes refraction of the 

waves, which limits penetration to the hot core of 

the plasma.  This leads to weak single pass 

damping.  Concurrently, the high density in the 

SOL moves the cut-off layer for the LH waves 

into a cold region far from the separatrix.  The 

waves not damped inside the separatrix on the 

first pass are able to propagate into the cold (Te < 

10 eV) region of the SOL where significant 

collisional absorption occurs. 

H-mode discharges with both LHCD and ICRH 

exhibit enhanced fast electron signatures as 

compared to L-modes at the same line averaged 

density.  The application of LH waves to the 

plasma also produces profound changes in the 

edge of H-mode discharges at densities above the 

observed L-mode density limit for C-Mod [10].  The presence of the LH waves causes the 

density pedestal to relax while the temperature pedestal becomes more pronounced.  I-mode 

discharges [11], which have L-mode like density profiles with H-mode like temperature 

profiles, may allow for increased single-pass absorption inside the separatrix.  Higher single-

pass absorption may mitigate the effect of parasitic edge losses.  Increasing the temperature in 

the SOL has been identified as a possible mitigation strategy to reduce absorption outside the 

separatrix. 

The application of high power LHCD also produces localized changes in the SOL.  Bands of 

ionization (Dα) emission oriented parallel to the magnetic field are observed in front of the LH 

 
Figure 5.  Enhancement of Dα emission 

located in a band across the LH launcher.  

Locations of camera pixels used to generate 

brightness time histories in Fig. 7 are outlined 

in blue and green boxes. 

 
Figure 6.  Damage to LH launcher 

concentrated along magnetic field lines. 
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launcher during high power (PLH > 0.5 MW) 

operation (Fig. 5).  The Dα emission appears in 

this pattern during high power operation across a 

wide range of densities (ne = 0.5 – 1.5x10
20

 m
-3

).  

Inspection of the LH launcher following the run 

campaign revealed melting of the waveguide 

septa in the same pattern as the Dα emission (Fig. 

6).  Figure 7 shows the time history of Dα 

brightness at two locations on the LH launcher.  

By tracking the correlation of Dα brightness at 

the location of the “mid-B” Langmuir probe with 

the density measured by that probe, it is possible to extrapolate the density along the bright 

stripe in Fig. 5.  The extrapolated plasma density and temperature in the region of enhanced 

Dα emission (0.5 – 1.0x10
19

 m
-3

, ~20 eV) are consistent with a heat flux which would melt the 

waveguide septa along leading edges during a 0.5 s LH pulse.  Leading edges are created by a 

mismatch between the shape of the flux surfaces and the antenna and can be minimized by 

optimizing the flux surface shape.  Absorption of high n|| modes and/or collisional damping in 

the vicinity of the launcher cannot account for the amount of power transferred to the plasma 

along the bands of Dα emission. 

The density limit for LHCD observed on C-Mod and the increase in plasma density observed 

in front of the LH launcher show that significant amounts of LH power are absorbed in C-

Mod under conditions of high density and low temperature in the SOL.  Absorption of LH 

waves in the SOL can have significant impact on the operational effectiveness of LHCD and 

must be considered in simulations of LHCD on future high density experiments. 
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Figure 7.  Increase in Dα brightness on the LH 

launcher face.  The solid blue curve tracks 

brightness at the “mid-B” Langmuir probe 

while the dot-dashed green curve tracks 

brightness along the bright band seen in Fig. 5. 
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