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ABSTRACT

The incorporation of lower hybrid (LH) wave spectrum broadening in the poloidal wavenumber (kh) space at the last close field surface
(LCFS) is reported to lead to better agreement of the modeled LH wave current profile with the experimental results [Baek et al., Nucl.
Fusion 61, 106034 (2021)]. To further understand its underlying mechanism and find the possible influence factors, effects of wave scattering
caused by drift-wave type density fluctuation on the probability distribution of the LH wave polar refractive index (NhÞ at the LCFS are stud-
ied under density parameters in the scrape-off-layer. According to a scattering model [P. T. Bonoli and E. Ott, Phys Fluids 25(2), 359–375
(1982)], scattering probability and scattering angle distribution are two main factors that determine the degree of spectral broadening.
Studies presented here show that the total scattering probability increases first and then decreases as the wave propagates toward a smaller
normalized radius of poloidal magnetic flux (q). The degree of spectral broadening is found to depend on the density and density fluctuation
together by changing the intensity and a proportion of the geometrical optics approximation term and the E � B drift term in the scattering
model. Furthermore, the fluctuation correlation length can significantly modify the probability distribution of Nh at the LCFS, which is
found to significantly change the LH wave current profile.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0077657

In the present steady-state tokamak, the lower hybrid current
drive (LHCD) has a number of advantages, such as the control of the
current density profiles,1 safety factor profile,2,3 neoclassical tearing
modes (NTMs),4 and so on. At the same time, LHCD efficiency
decreases sharply at high density,5 possibly due to strong interactions
between the LH wave and the scrape-off layer (SOL).5–10 One possible
cause is wave scattering induced by density fluctuation, which has
been studied in both simulation11–17 and experiment. The study on
Alcator C-Mod suggested that drift-wave type density fluctuation can
either enhance or inhibit the penetration of the LH wave.18 The study
on Tore Supra showed that the time-averaged LH current density pro-
file is only slightly broader and shifted inward by the effect of fluctua-
tion.19 Studies on FTU indicated that the SOL conditions could affect
LHCD efficiency,20 but it is difficult to distinguish between wave scat-
tering and parametric decay instability (PDI).6,10 According to recent

results,21–24 the effects of wave scattering on LH spectrum broadening
at the last close field surface (LCFS) can lead to better agreement
between the experimental and simulated current profiles. The LH
spectrum broadening caused by wave scattering is related to the LH
wave and plasma parameters in the edge region. However, possible
influence factors and the trends of wave spectrum broadening under
different LH wave parameters and plasma parameters need to be stud-
ied. In our previous work, the probability distributions of Nk and Nh

at the LCFS using different LH wave conditions have been studied
with the LH_scatter module,25 which is based on the LH propagation
model26,27 and Bonoli and Ott’s model.13,14 The LH_scatter module
was used to analyze the broadening of the LH wave spectrum caused
by the interaction between the LH wave and density fluctuations in
the SOL.25 The previous results have shown that frequency and initial
Nk can greatly broaden the probability distribution of Nh, while there
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is a little broadening in the Nk spectrum. It was further found that the
Nh spectrum broadening evaluated at the LCFS broadened the LH
wave driven current density profile, and the model hard x-ray (HXR)
count rate profile is more consistent with the experimental result than
in the case of no scattering event (Nh ¼ 0).25

In this paper, the LH_scatter module is used to study the effects
of plasma density parameters, namely, plasma density and density
fluctuation scattering length, on scattering. The total probability of
scattering [p ¼

P
r

Ð�p
p db DtPr bð Þð Þ� is determined by time interval

Dt (analyzed in the previous work25) and the scattering of probability
Pr bð Þ by an angle between b and bþ db in which

Pr bð Þ ¼
X

r

2kr
? dn=nð Þ2
� �

Vr
g? @e=@xð Þ2n20

� exp � n2
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where r refers to slow wave or fast wave, k is the LH wave number,
n0 ¼ 2p=kc depends on the fluctuation correlation length kcð Þ of
density fluctuation, ek ¼ 1� x2

pe=x
2 � x2

pi=x
2, e? ¼ 1þ x2

pe=x
2
ce

�x2
pi=x

2; and exy ¼ x2
pe= xxceð Þ are dielectric tensor elements, xpe,

xpi, and xce refer to electron plasma frequency, ion plasma frequency,
and electron cyclotron frequency, respectively. In Eq. (1), the first term
in the curly bracket represents the contribution of geometrical optics
approximation, which ignored the effect of off diagonal components
of the lower hybrid wave dielectric tensor. The second term is formed
by the coupling of the E � B drift produced by the lower hybrid wave
with the low-frequency density perturbation.25

An example of a density profile and a density fluctuation profile
is shown in Fig. 1(a), which have different trends with the increase in
q. Therefore, q is scanned to study the effect of density and density
fluctuation on scattering. Moreover, the LH perpendicular wave num-
ber (k? ¼ xN?=c) mainly depends on the density, and there are two
different types of scattering related to k?, which are large-angle scat-
tering (k? � n0) near the antenna and small-angle scattering
(k? � n0) near the LCFS.12 In addition, the fluctuation correlation
length (kc) is varied in the model to study the effect of density fluctua-
tion on Nh spectrum broadening, and how Nh spectrum broadening

further affects LHCD will also be studied. The WKB approxima-
tion22,28,29 is strict in the SOL, meaning it needs to be verified. The spe-
cific expression can be written as follows:

N2
?

N2 � e?
exy þ i

N2
kN

2
?

N2
? � ek

� �2 ek � 1ð Þ

�����
����� 1
k?L
� 1; (2)

where L is the scale length of equilibrium variations
[L ¼ rne=nej jð Þ�1 ¼ kne, where kne is the density decay length]. The
detailed derivation process is given in Biswas’s paper.22 The region sat-
isfying the WKB approximation can be shown in Fig. 1(b). The posi-
tion of the antenna in EAST is about q � 1:15. It is assumed that the
slow wave is launched from the position of q ¼ 1:12 to satisfy the
WKB approximation, and the antenna–plasma coupling problem is
ignored because it is difficult to distinguish from wave propagation.30

In this condition, the dispersion tensor Dj j < 10�10, meaning that the
dispersion relation is satisfied.31

Based on the density and density fluctuation profiles in Fig. 1(a),
the comparison of total scattering probability distribution, the contribu-
tions of both the geometrical optics approximation term and the E � B
drift term to the distributions of scattering probability, and the scattering
angle under different q are calculated as shown in Fig. 2. It is clear that
the total scattering probability increases first and then decreases as the
wave propagates to smaller q, which means that the total scattering
probability has a maximum at a certain radial position (qopt). Therefore,
the total scattering probability is formed by density and density fluctua-
tion together. As shown in Eq. (1), when kc ¼ 1 cm is fixed, density
fluctuation affects the magnitude of total scattering probability only, but
density affects both the magnitude and shape of total scattering proba-
bility by two aspects: one is the geometrical optics approximation term,
which is higher and has a smaller half-width in the case of small q and
the other is the E � B drift term with two peaks, which is proportional
to n2e (e

2
xy / n2e ). According to the scattering module, the scope of scat-

tering angle can be calculated by cosb ¼ 1� n20=k
2
?, meaning that a

high density makes a narrow scope of the scattering angle. In general,
the effect of density on total scattering probability is mainly reflected in
the intensity and proportion of the geometrical optics approximation
term and E � B drift term. With the decrease in q, the proportion of
E � B drift term is larger and larger, while the proportion of geometrical
optics approximation term is smaller and smaller.

FIG. 1. (a) Density and density fluctua-
tion profile; (b) the WKB approach vali-
dation in SOL with kne ¼ 0:05,
Nk ¼ �2:23; and fLH ¼ 2:45GHz.
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In addition to density, density fluctuation parameters are also an
important factor in affecting wave scattering. According to Eq. (1), the
density fluctuation level only affects total scattering probability but
does not affect the scattering angle. As shown in Figs. 1(a) and 2, the
normalized density fluctuation level decreases at smaller q, but the
total scattering probability increases first and then decreases, indicat-
ing that the density fluctuation level and density jointly determine the
scattering probability. Regardless of the density fluctuation level, the
impact of the fluctuation correlation length on the scattering probabil-
ity distribution and the Nh spectrum broadening is studied. Further,
the Nh spectrum broadening under different kc is used in GENRAY/
CQL3D32,33 ray-tracing/Fokker-Planck code package to study the
effect of scattering on LHCD. In order to facilitate the combination
with GENRAY/CQL3D, the impact of density fluctuation within the
LCFS is ignored. Based on the density and density profiles shown in
Fig. 1(a), the comparison of scattering probability distribution and
spectrum distribution under different kc is shown in Fig. 3. It indicates
that the scattering angle distribution is clearly modified by kc. A
smaller kc leads to a larger scattering angle, and the contribution of the
E � B drift term is more important than that of the geometrical optics
approximation term. It means that kc does not affect total scattering
probability significantly but affects scattering angle distribution greatly,

as shown in Fig. 3(a). As seen from Fig. 3(b), the Nk probability distri-
bution at the LCFS, which is formed by the accumulation of all scatter-
ing events on the ray trajectory from the antenna to the LCFS, is
slightly broadened in both kc cases. The Nh probability distribution at
the LCFS is much flatter at smaller kc than that at larger kc due to the
larger scattering angle probability in the case of small kc, as shown in
Fig. 3(c).

As the Nk spectrum broadening caused by scattering is too small
to modify the ray trajectory and LHCD,23 only the influence of different
Nh spectrum distributions at the LCFS on LHCD is considered. Two
different Nh spectrum distributions shown in Fig. 3(c) are used as initial
input to the GENRAY/CQL3D in which all conditions are the same
(Bt¼ 2.5 T, Ip¼ 500kA, ne ¼ 3.5� 1019 m�3, ne;LCFS ¼ 8� 1018 m�3,
Te0 ¼ 1.3 keV, Te;LCFS ¼ 12 eV, Vloop 6¼ 0, and PLH ¼ 1MW) except
theNh spectrum input to GENRAY.

Moreover, proper evolution of the electron distribution requires
taking small time steps in CQL3D,19,22,23 which is taken between tur-
bulence turnover time (sf ¼ 10�5 s) and fast electron slowing-down
time (sfsd � 10�3 s). Simulated LH driven current density profiles are
shown in Fig. 4, which indicates that the change in the initial Nh spec-
trum distribution at the LCFS has a significant effect on LHCD, and

FIG. 3. (a) Scattering probability distribution over b under different kc ; the blue line refers to kc ¼ 0:5 cm and the red line refers to kc ¼ 2 cm; the type of lines is the same as
Fig. 2; (b) Nk probability distribution at the LCFS under different kc ; (c) Nh probability distribution at the LCFS under different kc:

FIG. 4. Simulated LH-driven current density profile; the pink line refers to no scat-
tering case (Nh ¼ 0) with ILH ¼ 150:3 kA, the red lines refer to scattering case
under kc ¼ 2 cm with ILH ¼ 176:5 kA; and the blue lines refer to scattering case
under kc ¼ 0:5 cm with ILH ¼ 164:7 kA:

FIG. 2. Comparison of scattering probability at different q, where the y-axis is the
total probability of scattering by an angle between b and bþ db. The solid blue
line refers to total scattering probability, the pink dashed line refers to the contribu-
tion of geometrical optics approximation term, and the red dotted line refers to the
contribution of E � B drift term. (a) q ¼ 1:1; (b) q ¼ 1:01; (c) q ¼ 0:9.
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scattering may make the LH drive current density profile larger and
more inward in this case.

In summary, plasma density parameters can greatly influence
scattering, which is mainly reflected in the following aspects. First, the
total scattering probability increases first and then decreases with the
decrease in q because the total scattering probability mainly depends
on the density and density fluctuation together by changing the inten-
sity and a proportion of the geometrical optics approximation term
and the E � B drift term. Second, density plays an important role in
determining the magnitude and shape of the total scattering probabil-
ity distribution. The higher density leads to higher scattering probabil-
ity and the narrower scattering angle, as the E � B drift term is
proportional to n2e . Third, the effect of density fluctuation on the spec-
tral distribution shape mainly comes from the fluctuation correlation
length rather than the density fluctuation level in the SOL. The fluctu-
ation correlation length can flatten the scattering angle distribution to
a great extent since the E � B drift term is dominant in a small fluctu-
ation correlation length. Finally, the Nh spectrum broadening induced
by scattering may help the LH wave propagate and damp closer to the
core, which is consistent with the result on Alcator C-Mod18 and Tore
Supra.19 In addition, some questions need to be studied in the future,
such as the density fluctuation affected by the LH wave,34–36 multi-
pass absorption with edge reflections,37 which may enhance wave scat-
tering and make the Nh spectrum wider,25 and the power absorption
and transmission coefficients of LH waves in SOL are also impor-
tant,20,38 but it is difficult to deal with the effects of diffraction or inter-
ference in the ray trajectory. It could be clarified by full wave15–17,39 or
particle-in-cell (PIC) methods.40–44
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