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Observations of the spectral broadening of lower hybrid (LH) waves in Alcator C-Mod are presented. We
report the dependence of the pump broadening on two plasma parameters: plasma density and magnetic topology.
As the plasma density was raised, we observed a significant increase of the pump broadening at 10 dB below
the maximum peak. However, at the constant plasma density, when the magnetic topology was changed from
the diverted plasma to the inner wall limited plasma, the spectral broadening was reduced. In an attempt to
understand the causes of this variation, we report the change of density profiles in front of the LH launcher in
two different magnetic topologies. The model analyses indicate that both the scattering process and parametric
decay instability can contribute to the spectral broadening. Further experimental investigations are necessary to
identify the causality between spectral broadening and the degradation of lower hybrid current drive efficiency at
high density plasmas.
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1. Introduction
Lower hybrid current drive (LHCD) has been pro-

posed as a way to generate non-inductive toroidal cur-
rents in tokamaks. One of the unsettled issues in LHCD
stems from an observation of spectral broadening of LH
waves [1–5]. While a number of papers link the spec-
tral broadening to the degradation of current drive effi-
ciency [6–9], there has been no general agreement on the
mechanism how the spectral broadening affects LHCD.
Thus, it is necessary to understand the cause of spectral
broadening to clarify whether it is related or not to the
degradation of LHCD efficiency, especially at high density
(ne ≥ 1 × 1020 m−3) plasmas.

There are two known mechanisms responsible for this
pump broadening. The first mechanism is the scattering of
LH waves by low frequency density fluctuations [10–12].
The second is ion sound quasi-modes induced by paramet-
ric decay instability (PDI) [9,13,14]. Both [8,9] can affect
the current drive efficiency in terms of LH power transmis-
sion and the modification of the parallel refractive index
(N‖) spectrum of LH waves.

In this paper, we report observations of the spectral
broadening of LH waves measured by the probe in Alcator
C-Mod. In addition, we calculate the spectral broadening
using the scattering model, and we perform a preliminary
numerical analysis to study PDI.
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2. Measurement of Spectral Width of
LH Waves
In Alcator C-Mod, LH waves are launched by a grill

antenna at a frequency of 4.6 GHz. In this grill, there are
4 rows of 16 waveguides (7 × 60 mm), delivering a maxi-
mum power up to 1.0 MW. There are two Langmuir probes
mounted between each of the four waveguide rows. By
adding a tee adapter and a DC block at the signal output
of the probe, we measured the microwave frequency spec-
trum at 4.6 GHz picked up by the probe [1], while preserv-
ing its conventional capabilities. In the top panel of Fig. 1,
we show typical frequency spectra at 4.6 GHz for two dif-
ferent line-averaged plasma densities. The dependence of
the pump broadening on the density has been observed in
other tokamaks [2, 8] as well. At ne = 1.35× 1020 m−3, in
addition to larger pump broadening, we observed the har-
monics of ion cyclotron peaks separated by approximately
30 MHz, implying that they were generated at the plasma
periphery. The integrated spectral power ratio of the side-
bands to the main lobe was about 20 % when we numeri-
cally integrated the power spectrum for each spectral lobe.

In the bottom panel of Fig. 1, we show the zoomed-
on spectra of the same discharges near the frequency of
the pump wave. The spectrum at ne = 1.35× 1020 m−3 is
slightly down-shifted starting from 10 dB below the peak,
persisting until the ion cyclotron side-bands dominate the
spectrum, whereas the pump broadening of LH waves is
symmetrical at ne = 0.84× 1020 m−3. We attribute the
down-shifted asymmetric spectrum at ne = 1.35× 1020 m−3
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Fig. 1 LH spectra measured by the probe for two different den-
sities at ne = 0.84 × 1020 m−3 and ne = 1.35 × 1020 m−3.
Lower single null plasmas, B0 = 5.4 T, Ip = 800 kA, PLH

= 600 kA, N‖ = 1.9. Broad-band (Top), and narrow-band
(Bottom) spectra near the pump frequency.

to ion sound quasi-modes induced by PDI, rather than to
the scattering effect. Although we observed that the peak
power was higher by about 2 dB compared to that at ne =

0.84× 1020 m−3, a question remains which components of
LH waves are measured by the probe.

The dependence of the pump broadening on the mag-
netic topology has been observed at the fixed plasma den-
sity. The inner gap, the distance between the inner wall
and the separatix, was scanned from 0.01 cm to 1.4 cm at
the density ne = 1.35 × 1020 m−3 in the upper null con-
figuration. Interestingly, hard X-rays increased as the in-
ner gap decreased, and the number of photons from hard
X-rays increased to the number that was predicted by the
ray-tracing/Fokker-Planck simulation [15]. The top panel
of Fig. 2 shows the LH spectrum for both the large gap
(1.4 cm) and the small gap (0.01 cm) cases. A slightly
down-shifted (1 MHz) spectrum was observed in the large
gap plasma. The LH spectrum in the small gap plasma
showed a similarity to that of the low density plasma (ne

= 0.84× 1020 m−3) with the large gap (1.2 cm) in the up-
per null configuration. In the bottom panel of Fig. 2, the
pump broadening as a function of the inner gap is shown.
There is a linear dependence of the spectral width on the
inner gap distance, suggesting that there might be more rel-
evant parameters, other than the line-averaged plasma den-
sity, that best represent the plasma conditions that favor the
spectral broadening. For example, the X-mode reflectom-
etry system [16] indicates that the magnitude of density
in front of the LH launcher may be a important parame-
ter. As shown in Fig. 3, the density profile of the small gap

Fig. 2 LH spectrum measured by LH probe for two different in-
ner gap at ne = 1.4 × 1020 m−3. Upper single null plasma,
B0 = 5.4 T, Ip = 800 kA, PLH = 550 kA, N‖ = 1.9 (Top)
Broad band spectrum (Bottom) Spectral width at 10, 20
and 30 dB down to the maximum peak.

Fig. 3 Density profiles in front of the LH launcher of the large
gap plasma (red) and the small gap plasma (black) in the
upper null configuration. Over-plotted are density pro-
files at three different plasma densities in the upper null
configuration with the inner gap ≈ 1.2 cm.

(0.01 cm) plasma at the density, ne = 1.35 × 1020 m−3 is
similar to that of the large gap (1.2 cm) plasma at the lower
density, ne = 0.8 × 1020 m−3. In general, the lower density
in front of the LH launcher reduces the effect of both the
scattering and PDI.
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3. Scattering Analysis
Most of the scattering process is expected to occur

when LH waves traverse the SOL, where a large level
(≈ 50%) of density fluctuations exists. Using the 2-D scat-
tering model [10,11], we calculate the spectral broadening
to be on the order of 1 MHz by the scattering process in
the SOL at the high density plasma (ne ≈ 1.5 × 1020 m−3),
based on the density profiles in front of the LH launcher
and the typical spectrum of low frequency density fluctua-
tions. This width approximately corresponds to the full-
width at 5 dB below the maximum peak of the spectra
shown in the top panel of Fig. 2. Based on this model,
it is difficult to explain the pump broadening of more than
5 MHz by the scattering effect, unless the probe measures
LH waves that are trapped in the SOL and affected by
intensive scattering processes. In addition, the scatter-
ing process cannot easily explain the asymmetrical pump
broadening.

4. PDI analysis
The purpose of PDI analysis is to look for decay chan-

nels via ion sound quasi-modes that could be responsible
for spectral broadening. In Fig. 4, we show the solution of
the real frequency (ωR) and the growth rate (γ) of the ion
sound quasi-mode normalized by ω0 for the given wave-
number (k) of the low-frequency mode by solving the para-
metric dispersion relation based on the dipole approxima-
tion [13, 17]. We use typical plasma parameters in front of
the LH launcher to find the most unstable mode. The rela-
tive angle (δ) between the perpendicular wave-vector of the
lower side-band (k−⊥) and the perpendicular wave-vector of
the pump wave (k0⊥) is assumed to be 90◦. We note that
the frequency of the ion sound quasi-mode is on the order
of 4.6 MHz (ωR/ω0 ≈ 1 × 10−3) and γ/ω0 ≥ ωR/ω0 in this
range. In this particular case with δ = 90◦, the numerical
results show that only the lower side-band is resonant, that
can result in the asymmetrical broadening. To test whether
PDI can cause the symmetrical pump broadening, we vary
δ from 0◦ to 90◦ and calculate the real term of the dielec-
tric function of the lower and upper side-band, as shown
in Fig. 5. The lower side-band stays to be resonant regard-
less of δ, but the upper side-band becomes closer to the
resonant condition only when δ ≤ 20◦. The numerical cal-
culation shows that the maximum growth rate and the cor-
responding real frequency of the ion sound quasi-mode is
not sensitive to δ. As δ becomes smaller, the parallel mo-
tion of the electrons by parallel electric field of the pump
wave becomes important [2] in determining the strength of
the PDI. This type of coupling has the lower convective
loss compared to the other type of the coupling driven by

the
−→
E × −→B drift motion of electrons. Thus, if these modes

can be sufficiently amplified, it may lead to large spectral
broadening.

Fig. 4 Numerical solution of the parametric dispersion rela-
tion for ωR/ω0 and γ/ω0. Parameters used are ne =

1 × 1018 m−3 (deuterium plasma), Te = Ti = 30 eV, B =
4 T, ne,WG = 0.5× 1018 m−3, ω0/2π = 4.6 GHz, and Prf =

100 kW.

Fig. 5 The variation of the real term of the dielectric function for
the lower side-band (ε−) and upper side-band (ε+) with
respect to δ (the angle between k−⊥ and k0⊥). Other plasma
parameters are same as in the case of Fig. 4.

5. Discussion
Our observation shows that spectral broadening is

minimized when the density in front of the LH launcher
is lowered. In addition, we observed spectral broaden-
ing became severe when we observed the degradation of
LHCD efficiency. It is difficult to link the degradation of
the current drive efficiency to the power depletion of pump
waves to the ion cyclotron bands, because the LH power
available in the main lobe at ne = 1.35× 1020 m−3 remains
to be about 80 %, which should result in higher count
rates of hard X-rays than observed. The other possibil-
ity is the change of the launched N‖ spectrum by ion sound
quasi-modes. It is reported [18] that the PDI driven by ion
sound quasi-mode can redistribute the launched N‖ spec-
trum, which can modify the driven current density profiles
especially at higher densities, resulting in the degradation
of the current drive efficiency. To obtain the modified N‖
spectrum numerically, one needs to calculate the amplifica-
tion factor that determines how much side-bands can grow.
However, this step is not straightforward unless the struc-
ture of the pump wave field and the type of the coupling
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are known in advance. In the presence of the scattering ef-
fect in the SOL, this analysis can be further complicated
because the propagation path can be perturbed. To address
these issues, we plan to measure LH spectrum at different
radial and toroidal locations.
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