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ABSTRACT. Effect of scattering of high harmonic fast magnetosonic waves (HHFW) by
low frequency plasma turbulence is investigated.  Due to the similarity of the wavelength of
HHFW to that of the expected low frequency turbulence in the plasma edge region, the
scattering of HHFW can become significant under some conditions.  The scattering
probability increases with the launched wave parallel-phase-velocity as the location of the
wave cut-off layer shifts toward lower density edge.  The scattering probability can be
reduced significantly with higher edge plasma temperature, steeper edge density gradient,
and magnetic field.  The theoretical model could explain some of the HHFW heating
observations on NSTX.

INTRODUCTION
Multi-megawatt level high harmonic fast wave1 (HHFW) experiments are

currently being conducted on the National Spheical Torus Experiment
(NSTX).2,3  With application of HHFW, the central electron temperatures was
successfully heated to ≈ 1.2 keV, nearly tripling the initial ohmic temperature.
While the experimental undertaking has just begun, the observed HHFW heating
efficiency thus far appears to vary significantly with the antenna phasing and the
plasma conditions including working gases.  The slowest phase (k|| = 14 m-1)
thus far appears to be more efficient for heating ohmic plasmas as compared to
the faster phasing (k|| = 7 m-1).  However, linear calculations predict good core
power depositions for both phases.  In addition, HHFW applied on helium
plasmas generally show better heating efficiency compared to deuterium
plasmas though the wave propagation characteristics should be nearly identical
for helium and deuterium plasmas.  In short, the linear theory alone has not thus
far fully explained the experimental observations.   In this paper, we examine a
possible role of wave-wave scattering of launched HHFW by low frequency
plasma turbulences in the plasma edge region.  As the launched HHFW
propagates into plasma interior, it goes through a region where the wavelength is
comparable to the local turbulence wavelength at the plasma edge region where
the turbulence amplitude is generally high. (See Fig. 1)  This condition tends to
enhance the wave-wave mode-coupling interactions and, thus, increases the
probability of scattering for HHFW.  If the launched HHFW suffers excessive
scattering near the plasma edge region, the wave power propagation and
deposition can be altered significantly from the linear theory predictions.  The
present paper is an initial theoretical and experimental assessment to see if the
scattering can be playing a significant role for HHFW and to identify means to
minimize the scattering probability if it turns out to be excessive.

MODEL OF HHFW LOW FREQUENCY TURBULENCE SCATTERING
In investigating the problem of low frequency turbulence scattering of

HHFW, we shall use the experimentally motivated Gaussian spectrum, i.e.,
S(ξ ) = [πξ0

2]−1 | ˆ n e |
2 exp(− ξ2 / ξ0

2 ) for the low frequency turbulence spectra,
where | ˆ n e |  is the normalized density fluctuation amplitude typically observed to
be a few % in the plasma edge region.  The mean drift turbulence wave number
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ξ0 is considered to be order of ion-Larmor-radius typically ξ0 ρi  = CD ≈ 0.1 –
1.0 where the drift turbulence growth rate is maximum.4  Due to the turbulence
nature of the low frequency fluctuations, we also assume that the scattering can
be described by the weak turbulence approximation in a wave-wave coupling
equations.5 Assuming slow time evolution compared to the wave oscillation
time scale, one can the obtain the mode-coupling (scattering) equation.6,7  It
should be noted that in this high harmonic frequency regime, the ExB term is
significantly larger (by ω/Ω i ≅ 20) than the ion polarization drift term.  The
main scattering effect here is the perpendicular wave number vector rotation
along the local magnetic axis.  The scattering probability Ps is defined as an
integral of inverse scattering length as a launched wave propagates from radial
position r1 and r2.  We shall now investigate the HHFW wave scattering
dependence on various edge plasma parameters.

PARAMETRIC DEPENDANCE OF SCATTERING LENGTH
Given the density turbulence fluctuation spectrum, the question is how the

scattering length depends on the wave and plasma parameters.  The main
variables which affect the scattering length are the wave frequency f, the parallel
wave number k|| , plasma density ne, magnetic field B, normalized low frequency
fluctuation amplitude | ˆ n e | , drift turbulence wave number ξ0, and the spectrum
coefficient CD.  The dependence on the normalized fluctuation amplitude itself
is trivial (i.e., Ls ∝ | ˆ n e |2 ).  For this reason, we use 5% for | ˆ n e |  throughout this
paper since one can readily scale the fluctuations level dependence.

 A.  Density and Launched n   ||          Dependence - As shown in Fig. 1, the HHFW
wave length undergoes a large change as the wave propagates from the plasma
edge into the plasma core; k⊥ <<ξ0  near the antenna to k⊥ >>ξ0  in the plasma
core.  The wave therefore propagates through a region of k⊥ ≈ ξ0  where the
interaction with the drift turbulence is enhanced.  To illustrate this effect, in Fig.
2, we plot the scattering length Ls as a function of plasma density for the three
representative k|| as labeled.  As can be seen by comparing Figs 1 and 2, the 90°
scattering length assumes a minimum near the k⊥ ≈ ξ0   .  Somewhat surprisingly,
the lower k|| waves suffer considerably more scattering for otherwise identical
wave and plasma parameters.  The main reason is the cut-off density.  For k||  =
3.5 m-1, the wave starts to propagate at much lower density, ne ≈ 7 x 1010 cm-3

where as for k||  = 14 m-1, the corresponding density is 1.1 x 1012 cm-3.  Also
larger k||  reduces the k⊥  value, which tends to reduce the scattering as well.  The
scattering probability for the case k|| = 7 m-1 can be significant ≈ 50% for a
density ramp distance of 10 cm.  A narrower propagation region (or a steeper
density edge gradient) results in a smaller scattering probability.  The scattering
situation gets even more challenging for the fastest phasing case k|| = 3.5 m-1.
An obvious remedy is to steepen the edge density so that the radial extent of the
low density region (ne ≤ 1 x 1013 cm-3) can be minimized since most of the
scattering takes place in the low density plasma.
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B. Plasma Temperature and Other Parametric Dependence- Since the
HHFW wave behavior at the plasma edge can be described through cold plasma
wave theory, the plasma temperature dependence for the scattering problem only
enters indirectly through the spectrum of the low frequency turbulence since the
mean drift turbulence wave number ξ0 is considered to be order of ion-Larmor-
radius.  Interestingly the higher temperature generally reduces the scattering
probability for HHFW due to shifting of the k⊥ ≈  ξ0  point to lower density thus
reducing the over all scattering probability. The same result can be obtained
with corresponding reduction in CD.  Another possible knob is the magnetic
field.  An increase in the magnetic field value B increases the phase and group
velocity (≈ VAlfven ∝ Β) of the wave thus reducing the scattering probability.

EXPERIMENTAL OBSERVATION
This launched wave spectrum dependence of fluctuation scattering can

explain the observed higher heating efficiency for the slower phased wave ( k||  =
14 m-1) compared to the faster phase case (k||  = 7 m-1).  The observed higher
heating efficiency for the helium plasma compared to the hydrogen plasma is
more subtle since the wave physics should be identical for helium and deuterium
plasmas.  The microwave reflectometry measurements of edge turbulences show
relatively similar fluctuation levels per given density for both plasmas.8  Only
significant difference observed thus far is the edge most channel of the Thomson
scattering density values.  The measured edge density (R = 153 cm) is indeed
significantly higher for helium than for deuterium.  For example, the measured
edge density for a helium discharge (shot #104487) at the plasma edge during
HHFW heating (t = 0.197 sec) is 7 x 1012 cm -3 whereas for a similar deuterium
discharge (shot #104474), the measured density is only 2.5 x 1012 cm-3.  The
higher edge density reduces the low density edge width between the antenna and
the main plasma thus reducing the scattering probability.  The higher edge
density plasmas generally show higher heating efficiency even among the
deuterium plasmas.2  The heating efficiency vs. plasma gap scan also support
this trend.  One should note that the antenna loading (thus the ability to launch
the rf power) is not sensitive to the edge plasma parameters.9  The sensitivity of
wave power deposition with the turbulence scattering can be explored by using
ray tracing calculations.10  An initial ray tracing calculation appears to show that
even a modest level of scattering can profoundly affect the wave power
deposition profiles.

CONCLUSIONS AND DISCUSSIONS
It is shown that the high harmonic fast wave (HHFW) can be scattered from

low frequency turbulence as it propagates from the plasma edge to the core.  As
illustrated in this analysis, the higher k||  HHFW is much less prone to the
scattering thus can have a better heating efficiency, which is consistent with the
experimental observation.  Higher edge density (or narrower edge region) can
also reduce scattering.  This could expalin better heating efficiency observed in
helium plasmas (as compared to deuterium plasmas) as the edge Thomson
scattering density is significantly higher for helium than for deuterium.  The
heating efficiency also appears to correlated with the edge density even for
deuterium plasmas.  To improve heating efficiency further, one could envision
some edge density enhancement schemes such as the methane injection shown
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to be effective on JET lower hybride wave experiment.11  The analyses also
show that higher edge temperature, lower turbulence wave number, and higher
magnetic field can reduce scattering.  The H-mode edge with high edge density
and temperature pedestal may be advantageous for minimizing the turbulence
scattering.  Since the faster phase will be used for the strongly heated high Ti /
high β region, this overall trend is favorable.

*This work was supported by US. D.o.E. Contract DE-AC02-76-CHO-3073.
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Fig. 2. Low frequency scattering length 
Ls as a function of ne. for various k|| as 
labeled.  B = 2.0 kG, Ti = 50 eV, CD = 
0.5,   = 0.05, and f = 30 MHz, and 
deuterium plasma.  
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Fig. 1. HHFW perpendicular wave 
number as a function of ne for various k|| 
as labeled.  B = 2.0 kG, f = 30 MHz, and 
deuterium (helium) plasma.  
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