VOLUME 39, NUMBER 2

PHYSICAL REVIEW LETTERS

11 Jury 1977

Mode Conversion of the Fast Magnetosonic Wave in a Deuterium-Hydrogen Tokamak Plasma®

J. Jacquinot,® B. D. McVey, and J. E. Scharer
Electrical and Computer Engineeving Depaviment, University of Wisconsin, Madison, Wisconsin 53706
: (Received 12 November 1976)

Mode conversion from the fast magnetosonic wave to a slow wave near the two-ion hy-
brid resonance is shown to explain recent experimental fast-wave damping results. A
model for tunneling and mode conversion of the fast wave in the two-ion resonance zone
incorporating %, and plasma-density and magnetic-field profiles is used to explain the ob-
servations. The strong dependence of the absorption on &, and the species concentration
which is obtained has important consequences for major plasma-heating programs which

are planned for tokamaks.

Recent experiments on the TFR,“? ATC,® TMO1,*
and T-4° tokamaks have measured the damping of
the fast wave as the resonance layer for the sec-
ond ion-cyclotron harmonic (w =2w,,) is scanned
across the plasma cross section. When the sec-
ond-harmonic resonance for deuterium is in the
central plasma region, a strong absorption of the
wave is noted. Wave absorption rapidly decreas-
es outside two locations for the cyclotron harmon-
ic resonance zone which are not symmetric with
respect to the magnetic axis. A preliminary anal-
ysis? of the TFR experiment showed that the asym-
metry could be explained by the presence of a
two-ion hybrid resonance within the plasma due
to a hydrogen-impurity component in the deute-
rium plasma. The experiments on the TMO1% and
T-4° tokamaks found that the presence of even a
small amount of hydrogen impurity can greatly
increase the wave-absorption process and lower
the eigenmode @. We establish here that the
damping rate of the fast wave can be attributed to
a mode-conversion process in the two-ion hybrid-
resonance layer which is very sensitive to the &
value of the eigenmode. The result of a detailed
analysis of the mode-conversion problem is in
semiquantitative agreement with the observations.

Local dispersion velation, mode conversion,
and its associated damping decvement.—We start
with the wave -equation

Ex®xE)+(w/c)PK-E=0,

where K is the hot-plasma dielectric tensor® de-
rived from the coupled kinetic Vlasov-Maxwell
equations. We further note that for the fast mag-
netosonic wave the wavelength transverse to the
~magnetic field is much larger than the ion gyro-
radius so that ;=% ,%0,;?/2« 1. We then expand
the Bessel functions which occur in each element
of the 3x3 dielectric tensor to second order in
their argument A;. The resulting tensor is incor-
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porated in the dispersion relation obtained from
the wave equation. The resulting matrix is ex-
panded and terms are collected to second order
in A;. We find from numerical computations that,
at spatial locations outside the ion-cyclotron-har-
monic resonances (lw -nw ;R)I>k,v,), the dis-
persion relation is very well approximated by the
following one where only the dominant terms are
retained: :

ak *+bk ?+¢c=0,

(1)

where
a=(c/w)3S/K, K, b=n,?-S,
c=(w/c)Pw?-L)n S -R),

Kzz == (wpg/k Ilve)zzl(w/k Ilve):

K, =20i(w,20,2 /20 ;%)
X [(w2 = w2+ (w2 = 4w, ;)" 1.

S, R, and L are defined as in Stix ® n, is the par-
allel index of refraction and Z' is the derivative
of the plasma dispersion function.

We assume the 1/R variation in toroidal field
and a parabolic density profile appropriate to
tokamak conditions. Figure 1 shows that mode
conversion occurs in the immediate vicinity of
the position R g where ##=S. The large imagi-
nary part of 2,2 in the propagation region of the
slow wave corresponds to a short spatial-damp-
ing length. Points of cutoff for the fast wave are
well approximated by the position where n 2=
=R[Ry) and n,®=L(R;). We note that the finite-
temperature corrections change considerably the
slow branch of the dispersion curve but that R,
R;, and R are almost identical to the cold-plas-
ma case. Figure 2 shows the location of the R,
Rpg, and R, surfaces in the plasma cross section,
Inside the R, surface (region 1) the fast wave is
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FIG. 1.. Two-ion hybrid resonance zone, 7,7 =5
x 101 em™3, #,/n;=0.25, v=61 MHz, T;=T,=0,5 keV,
T,=1.5keV, R,=100 cm, k=15 m"!; Re(k,?, solid
line; Im(%, %), dashed line.

propagating except in the crescent-shaped layer
between Rg and R;. On the contrary, outside the
R surface (region 2) the ion cyclotron wave is
evanescent everywhere except between R and
R;. Region 1 decreases with increasing k; ; how-
ever, for the maximum value of & (& mx) COrre-
sponding to the last eigenmode in the TFR torus,
region 1 remains larger than region 2.

The amount of energy coupled to the slow wave
can be calculated by extending the analysis of
Swanson’ to include a finite ;. The coefficients
in Eq. (1) are expanded in a Taylor series about
the mode-conversion point, R,. For plasma pa-
rameters which vary slowly in space, a is ap-
proximately constant, and b and ¢ can be approx-
imated as linear functions of position. Inverse
Fourier transformation yields a fourth-order dif-
ferential equation for which an integral soluticn
can be obtained by Laplace’s method. Asymptotic
analysis of the integral solution determines tun-
neling and absorption coefficients for the fast
wave. Our results® can be cast in a form similar
to Swanson’s with his parameter p=1. For TFR,
we find that the mode-conversion zone is spatial-
ly distant from the ion-cyclotron-harmonic reso-
nance. In this case, Swanson’s and our results
reduce to the Budden form of Whittaker’s differ-
ential equation®:

d’E (x)/dx®+k, ;*(1 -w/x)E (x)=0, (2)
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FIG. 2. TFR tokamak cross section (same parame-
ters as Fig. 1). )

where w is the width of the evanescent zone, w
=|R, -Rgl, k., is the asymptotic wave number,
and x a position variable in the direction of in-
creasing major radius. In terms of the Taylor-
series expansion of the dielectric elements, &, ,”
and w in our case are approximated by

. _@/anl(L-n*)R =n®)]
ts (d/dx)(S = n,®)

and

W= (L—"uz)(R _n"z)
(@/dx)[L -n PR -n )]’

where S, R, and L are all evaluated at R,. The
fraction of energy lost by the fast wave in pass-
ing through the mode-conversion zone is Ay

= exp(~mm) — exp(— 2mn) for a wave from the low-
field side and A;=1 - exp(~n7n) for a wave from

the high-field side, wheren=1k, ;wl.

The above results do not take into account the
boundary properties of the tokamak configuration.
For the TFR parameters, m <1 and most of the
fast-wave energy incident from either side tun-
nels through the mode-conversion and evanescent
zones, establishing a standing wave. These ef-
fects are included to lowest order by considering
averaged quantities: (w)=3w(measured at the
midplane), (A)=3(A,+A,), and (&, ) =3(k,,
+k,;), where k,, and k,; are calculated in the
propagation zones of the fast wave which are ad-
jacent to the mode-conversion region. When 7
=1, wave energy incident from the high-field side
is strongly absorbed and that from the low-field
side is largely reflected. The averaged quanti-
ties do not apply in this case and a different anal-
ysis is required.

Now let a be the damping decrement of the field
amplitude of the fast wave as it propagates along
the confining magnetic field in an infinite cylin-
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der. Then a=P/2S, where P is the fast-wave
power absorbed via mode conversion and S the
flux of the Poynting vector along the static mag-
netic field. Assuming a uniform wave intensity
over the cross section, we obtain

a=(AXk . p/[4kia(l +w?/w )], ®3)

where a is the plasma radius. In a toroidal con-
figuration, the wave field E, is obtained from the
calculation of the self-interference pattern of the
wave as it decays exponentially during the rota-
tions around the torus. For toroidal eigenmode
conditions (2 ,R,=integer, where R, is the major
radius of the magnetic axis) and field measure~
ments at a port a major diameter away from the
antenna, we find

E,/E,=V2[cosh(2na,R,) - 1] 2 (4)

where E is the field under the antenna in the in-
finite-cylindrical case and «, is the sum of the
damping decrements due to mode conversion (a)
and other absorption mechanisms (a,).
Comparison to TFR measuvements in a deute-
vium plasma.—When the location of the harmon-
ic cyclotron resonance (R,) for deuterium is out
of the plasma the damping decrement as meas-
ured from the width of the eigenmode was report-
ed to be! @, =a,~9x10"* m™!. a, increased by
more than an order of magnitude when - 0.2 <(R,
—R,)/a <0.9. With use of Eq. (4), a similar in-
crease of o, can also be independently deduced
from the observed variation of the wave amplitude
versus R, (Fig. 4). The striking features are the
asymmetry of the curve with respect to the mag-
netic axis and the fact that o, is an order of mag-
nitude greater than the value expected from ei-
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FIG. 3. Width of the evanescent zone w=R; —Rjg in
the midplane vs the position of w =2wg;. 7, =5x10'3
em™®, #,/7,=0.21, v =60 MHz.
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ther second-harmonic damping or fundamental
cyclotron absorption by a minority hydrogen com-
ponent. It was also noted that the enhanced ab-
sorption profile was present over a large density
range and that the phenomenon disappears at the
first cyclotron harmonic in a hydrogen plasma.
Finally, in the deuterium plasma, mass-spec-
trum analysis of gas composition immediately af-
ter each shot revealed an important hydrogen-
impurity content. The hydrogen- to deuterium-
density ratio was n,/n,~0.2.

In order to compare these results with the
mode-conversion model, we first point out that
the width of the evanescent zone w in region 1 de-
pends strongly on the values of R, and % (Fig. 3).
The width vanishes for 2,223 m™!. Modes with
ky~15 to 20 m™! are mode converted in the cen-
tral plasma region with a strong asymmetry with
respect to the magnetic axis. The width drops
much more sharply on the low-field side than on
the high-field side because of the change of sign
of the density gradient relative to the magnetic-
field gradient. Modes with small values of k are
heavily mode converted even when R, is outside
the plasma on the low-field side. The amplitude
of the wave field deduced from w and Egs. (3) and
(4) is represented in Fig. 4. It is clear that the
curves corresponding to 2~ 15 m™! agree very
well with the observed asymmetry of the wave-
amplitude curve and yield the correct value of
the enhanced damping.

Measurements of the 2, values of the eigen-
modes generated in TFR have not been reported
but 2 has been calculated by solving the boundary-
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FIG. 4. Comparison of the theoretical and experimen-
tal wave amplitude for TFR. The sharp decrease in
the central region is due to mode~-conversion damping.
Parameters are identical to those fro Fig. 3. a,=9
%1073 m~1,
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value problem for a fast wave propagating in an
inhomogeneous plasma confined inside a cylindri-
cal conducting wall.? For the conditions of Fig.
4, this model shows that the m =1 mode has the
largest possible value of & (Bymx), Which is
found to be ~18 m™'. Therefore, in agreement
with the theoretical results, the m =1 mode was
the last one to survive mode conversion in TFR.

For a lower plasma density, the minimum val-
ue of 2, for elimination of mode conversion de-
creases. However, k.., also decreases accord-
ingly so that the damping of the m =1 mode re-
mains unchanged, in agreement with the observa-
tions. The calculated damping has a broad max-
imum for 0.1<#%,/72,<0.2 and becomes compar-
able to the cyclotron damping only when , /n, ~
~0.01. Such a qualitative behavior has been ob-
served in the TMO1 experiment.*

It has been demonstrated that the mode-conver-
sion process near 7n,2=S dominates the fast-
wave absorption in present tokamaks at w~2w_,
in a deuterium plasma with a minority hydrogen
component. The predicted absorption agrees well
with the experimental observation as the cyclo-
tron harmonic resonance is scanned across the
plasma cross section. The mode-conversion
process is weakest for the mode with the highest
possible k) value consistent with eigenmode exci-
tation. Strong damping from mode conversion
has also been calculated for larger tokamaks.

The occurrence of mode conversion has the dis-
advantage of considerably reducing the antenna
loading resistance (@ ~50 for TFR). On the other
hand, mode conversion could offer the advantage
of a well-defined absorption process dominating
both cyclotron damping and recent experimental
observation of other “parasitic” absorption mech-
anisms.? However, the evaluation of such a
heating scheme requires detailed examination of

the fate of the energy coupled to the slow wave.®
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