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Experimental Observations of Mode-Converted Ion Cyclotron Waves
in a Tokamak Plasma by Phase Contrast Imaging
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The process of mode conversion, whereby an externally launched electromagnetic wave converts into
a shorter wavelength mode(s) in a thermal plasma near a resonance in the index of refraction, is
particularly important in a multi-ion species plasma near the ion cyclotron frequency. Using phase
contrast imaging techniques (PCI), mode-converted electromagnetic ion cyclotron waves have been
detected for the first time in the Alcator C-Mod tokamak near the H->He ion-ion hybrid resonance
region during high power rf heating experiments. The results agree with theoretical predictions.
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Mode conversion of an externally launched long wave-
length electromagnetic wave into shorter wavelength
electromagnetic or electrostatic waves is an important
physical phenomenon that may occur in a finite tempera-
ture, inhomogeneous, anisotropic plasma when under
similar conditions cold plasma (or MHD) theory would
predict a resonance in the index of refraction. The basic
theory was worked on originally by Budden [1] and Stix
[2]. The problem is of particular importance for rf heat-
ing in fusion plasmas near the ion cyclotron range of
frequencies (ICRF) in a multi-ion species plasma where
the ion-ion hybrid resonance (located between the ion
cyclotron frequencies of a particular ion species pair)
plays an important role. At such a layer, the incident
fast magnetosonic wave (used to heat the plasma by ion
cyclotron absorption on one of the ion species) may be
converted into a short wavelength electrostatic ion
Bernstein wave (IBW) [3—-6] or the electromagnetic
slow ion cyclotron wave (ICW) [3]. While in a slab
geometry the former process dominates [5,6], in the
presence of the sheared magnetic field of a tokamak
geometry mode conversion into the ICW may dominate
[3]. In this Letter we present experimental results that
verify for the first time that the ICW plays a dominant
role for typical tokamak plasma parameters, in agreement
with theoretical predictions of Perkins [3]. A similar
phenomenon may occur in D-T fusing plasmas during
ICRF heating with a profound influence on the resulting
heating profiles and transport of energy and particles.

More recently, the problem has been studied in toka-
mak geometry by using large, computationally intensive
full-wave codes [7-9]. Previous attempts to measure
mode-converted waves in magnetic fusion experiments
have relied on small-angle laser scattering (CO, or far-
infrared) [10-12] or microwave scattering [13]. These
techniques are limited in observation volume and wave
number range. The phase contrast imaging (PCI) diag-
nostic [14,15] allows the observation of a large region of
the radial plasma cross section and a wide range of wave
numbers simultaneously, but gives no information on
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spatial localization of the waves along the laser beam.
Nevertheless, PCI allows a more complete mapping of the
mode-conversion region, including both short and long
wavelength modes, improving the understanding of the
mode-conversion process.

This Letter presents experimental investigation results
of mode conversion in multi-ion species (H-D-3He) plas-
mas in the Alcator C-Mod tokamak [16] using a phase
contrast imaging technique. A mode with wavelengths
(1-2 cm) intermediate between typical IBW (~3 mm)
and FW (~10 cm) dominates the measured scattered
wave spectrum. This mode propagates to the low-field
side (larger major radius R) of the H->He ion-ion hybrid
layer. The measured wave numbers and spatial amplitude
distribution in the mode-conversion region agree with the
TORIC code simulation [9]. We have numerically evaluated
a full electromagnetic dispersion relation [2] to identify
the detected waves as mode-converted ICWs propagating
to the low-field side of the ion-ion hybrid layer. The
existence of this intermediate wavelength mode was first
derived by Perkins who showed that in a 1D model,
including the poloidal magnetic field, mode conversion
into ICWs can dominate in a D-T plasma (same ratio of
cyclotron frequencies as our H-*He plasma) depending
upon species mix [3]. In both the simulation and evalu-
ation of the dispersion relation, the sheared magnetic field
plays a crucial role in the mode-conversion process. High
poloidal mode numbers (m14) in the mode-converted wave
fields are converted to large parallel wave numbers (k)
via the shear, resulting in significant modification to the
topology of the mode-conversion region.

Figure 1 illustrates a typical case where the FW and
ICW wave numbers coincide at the mode-conversion
layer, using a set of plasma parameters representative of
these 3-species plasmas: toroidal magnetic field at the
center (R =Ry = 67cm) B, =5.8T, plasma current
1, =800 kA, ion species mix 33% H, 23% *He, 21% D,
n,=24x10m3, T, =T, = 1.5 keV (ion densities
are normalized to the electron density, so multiply by
charge state to sum to 100%). The mode-conversion layer
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FIG. 1. (a) Top: n} = ¢?k3 /w? vs R — R, for the fast wave
(FW), ion cyclotron wave (ICW), and ion Bernstein wave
(IBW). The FW cutoff nﬁ = L and mode conversion layer
ni =S are also shown. (b) Bottom: Magnetic field profiles
for toroidal and 10 times the poloidal field.

is defined as the location where n?2 = S, with n| = ck”/w,
and S =1 - o?3/(w? — O2) is the Stix dielectric ten-
sor element [2], the sum is over plasma species, w,, is the
plasma frequency, (). is the cyclotron frequency, and the
wave frequency is w/27 = 80 MHz. The ion-ion hybrid
resonance shown in Fig. 1 is between the H and *He
cyclotron resonances (located at 7.1 and —17.6 cm, re-
spectively). The deuterium is not necessary for this kind
of mode conversion, but its presence was required in order
to move the mode-conversion layer closer to the center of
the plasma (and the PCI viewing volume) for the avail-
able maximum magnetic field of 6 T in this series of
experiments. For a given toroidal mode number ng4 and
poloidal mode number m,, the parallel wave number can
be expressed as ky = (n4By/R + myBy/r)/|B|, where r
is the minor radius, By is the poloidal magnetic field, and
|B| = 1/B(21) + B3. The dispersion relation in Fig. 1(a) was

calculated for ny = 13 and my = 0 for the FW and IBW
along the midplane. The magnetic field profiles along the
midplane are shown in Fig. 1(b). The plasma density
profile is usually fairly flat, and does not change signifi-
cantly from its central value in the region of interest. The
ICW root was solved for along a flux surface at r = 3 cm
(hence at constant By = 0.25 T) with ny = 13 and my
evolving as required to solve the dispersion relation si-
multaneously with the approximate relation between k|
and k) for constant n:

kj = (ngBy/R + k1 By)/|Bl. (1)

Near the mode-conversion layer, the FW, IBW, and
ICW share a wave number of approximately 2 to
3 em™!. According to the local dispersion relation, the
IBW wavelength becomes shorter as it propagates away
from the mode-conversion layer to the high-field side. The
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ICW propagates toward the low-field side [3], the wave-
length becoming shorter, but not as short as the IBW.
Electron density fluctuations driven by ICRF waves
have been studied with a PCI diagnostic on C-Mod
[17,18]. The spatial structure and wavelength can be de-
rived from the PCI results. The PCI technique [14] relies
on the interference of scattered and appropriately phase-
shifted unscattered radiation passing through a phase
object such as a plasma (where electron density fluctua-
tions cause the scattering). The C-Mod PCI system [see
Fig. 2(a)] uses a 10.6 wm wavelength CO, laser, expanded
to a width of 15 cm, passing through the central portion
of a ~42 cm wide plasma. After passing through the
plasma and reflecting from the phase plate (phase shifting
the unscattered light by 90°), the laser light is imaged
onto a 12 element HgCdTe photoconductive linear array.
The system is sensitive to frequencies from 2 to 500 kHz,
and can resolve wave numbers in the range 0.4cm™! =
k=10cm™!. The diagnostic is most sensitive to perturba-
tions whose surfaces of constant phase are aligned verti-
cally with the laser beam, so waves propagating in the
major radial direction k =k are most easily detected.
To detect electron density fluctuations at the rf fre-
quency (~ 80 MHz), the laser intensity is modulated at
a frequency offset, typically ~0.3 MHz, from the rf fre-
quency [15]. When the 80 MHz fluctuation in the plasma
is illuminated by the 80.3 MHz modulated laser, the
image intensity (which is the product of both) reveals a
300 kHz beat oscillation, the frequency at which the
signal is detected. A Fourier transform of the raw PCI
data converts time and space into the frequency and wave
number domain. In the reported results, positive wave
numbers indicate that the phase velocity is toward the
antenna. The PCI diagnostic is absolutely calibrated be-
fore each discharge using a sound wave passing through
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FIG. 2 (color online). (a) Left: The Alcator C-Mod tokamak
cross section, with PCI laser path and rf antenna location
shown. (b) Right: 2D Fourier transform of the PCI data,
showing the presence of an ICW at the expected rf heterodyne
frequency of 350.9 kHz.
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air across the laser beam. Thus, the signal level can be
related to the total line-integrated electron density per-
turbation in the plasma.

In these experiments, the plasma consists of roughly
comparable amounts of D, 3He, and H at a magnetic field
of 5.8 Tesla. This places the mode-conversion region to
the high-field side of center, with the location and mode-
conversion efficiency depending sensitively on the exact
species mix. Figure 2(b) gives an example of the Fourier-
transformed PCI data, for a plasma discharge with the
rf antenna driven at 80.5 MHz The plasma parameters
were By, = 5.84 T, 1, = 800 kA, 59% H, 4% *He, 33% D,

n, =2.0x10* m3, T, = 1.3 keV (the ion densities are
only rough estimates). The phase advance from channel to
channel of the Fourier-transformed 350.9 kHz harmonic
was approximately the same across the 12 channels, ac-
counting for the fairly narrow peak in k space. Typically,
the measured wave numbers range from +4 to +10 cm ™.
The positive wave numbers indicate that the phase veloc-
ity is toward the low magnetic field side of the H-*He
hybrid resonance consistent with the expected ICW phase
velocity.

Figure 3 gives an example of the scattered wave spec-
trum before and during the rf heating phase of a plasma
discharge. Using experimentally estimated *He concen-
trations, the mode-conversion layer (defined by the con-
dition § = n? for ng = 10, my = 0) is located at a major
radius of 57 cm, far to the high-field side of the region
monitored by the PCIL The plasma parameters were B =

5.84T, 1, =1MA, 50% H, 8% He, 34% D, n, = 2.5%

10 m™3, T, = 1.3 keV. The short wavelength waves are
observed to the low-field side of the ion-ion hybrid layer
for all plasma conditions (varying ion concentrations and
magnetic field) in the experiments reported here. This
observation is in agreement with the location of the
ICW predicted by Perkins [3]. The separation between
amplitude peaks of 1 to 2 cm is longer than the typical
IBW wavelength (~3 mm), yet shorter than the FW wave-
length (or half-wavelength, typically 5 cm for these
plasmas), again in agreement with the ICW dispersion
relation. Figure 3 compares the wave structure to electron
power deposition profiles determined from ‘‘break-in-
slope’” analysis of the electron temperature. There is
strong electron heating in the vicinity of strong PCI
signal as expected. The integrated electron power depo-
sition profiles for these plasmas have shown experimen-
tally that ~20% to 50% of the total rf power is absorbed
by electrons [19].

The detailed structure of the PCI signal intensity de-
pends sensitively on the location of the mode-conversion
region relative to the PCI laser and the mode-conversion
efficiency, which both depend on the exact species mix,
the electron density and its profile, and to a lesser extent
on the temperature and magnetic field. To interpret the 1D
PCI line-integrated measurements of an inherently 3D
wave field structure, a sophisticated simulation code
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FIG. 3. Line-integrated PCI signal at the expected rf hetero-
dyne frequency before (+) and during (<) the application of
rf power (scale on the left, 10> m~2). Also shown is the mea-
sured electron power deposition (large squares, scale on the
right, MW /m?). The magnetic axis is located at 67 cm, and the
ion-ion hybrid layer is located to the high-field side of the plot,
at 57 =2 cm.

(TORIC) [9] is used. TORIC solves for the field Erp using
a spectral ansatz of one toroidal mode number n, and
many coupled poloidal mode numbers my [all field quan-
tities are assumed to be proportional to exp(ing¢ +
imy6), where ¢ is the toroidal angle and 6 the poloidal
angle]. To resolve short wavelengths properly, 161 my
numbers are used. Using the electron fluid continuity
equation and the linearized momentum conservation
equation in the cold plasma limit, the solution for the rf
fluctuating density n,; can be solved in terms of Egp, V X
Egrr (obtained from numerical differentiation of Epy) and
the total steady-state magnetic field, including B, and By.

The full-wave ICRF code TORIC was run with the same
set of plasma parameters as those associated with Fig. 1.
Figure 4(a) shows the real part of the complex electron
density fluctuation at ¢ = 0 [n,; is complex due to the
exp(—iwt) dependence], calculated using the Egp solu-
tion for ny = 13. The region of short wavelength oscil-
lation, representing the ICW, is to the low-field side of the
fast wave mode-conversion layer for this ng, shown by
the straight vertical dot-dash line.

In the TORIC simulations, IBW appears on the high-field
side of the ion-ion hybrid layer, near the midplane.
However, density fluctuations associated with the IBW
are not present in Fig. 4(a) because they are much lower
amplitude than the ICW. Although the electric field com-
ponents perpendicular to the steady-state magnetic field
can be roughly comparable for the IBW and ICW, the
parallel electric field component £} of the ICW dominates
over that of the IBW. Because density fluctuations are
more efficiently driven by Ej, large density fluctuations
are associated with the ICW but not IBW. For the experi-
ments presented here, power balance studies also indicate
that a majority of the mode-converted power ends up in
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FIG. 4. (a) Left: Fluctuating rf density near the core of the
plasma for ny, = 13, using data from the TORIC full wave code.
(b) Right: Power deposition profile calculated using k;,, from
the full electromagnetic dispersion relation (solid line), and as
obtained from TORIC (dashed line).

the ICW rather than the IBW. Figure 4(b) shows the
power deposited into the plasma from the ICW. This is
calculated using the imaginary part of n; obtained by
solving the full electromagnetic dispersion relation and
Eq. (1) (shown by the solid line), and compared to the
TORIC results (dashed line). The power deposited by the
IBW is found to be a small fraction of the absorbed power.
In the TORIC simulations for these scenarios, the ICW os-
cillations are mostly localized along a flux surface, and
are located to the low-field side of the mode-conversion
layer. Fourier analysis of the Eg solutions indicates that
the characteristic my numbers are in the range of 50—80
(positive below the midplane for large positive n4, nega-
tive above the midplane for large negative ny). These high
mg numbers are converted to large n through the local
poloidal field resulting in a propagating solution to the
local dispersion relation. A possible explanation for the
stark up-down asymmetry in Fig. 4(a) (not as apparent in
low n, simulations) is shown by the difference in the
location of the n2| = S layer for the my number character-
istic of the ICW in this case: m = +53 (curved dotted
line reaching to 2.5 cm), and the nﬁ = § layer for m =
—53 (curved dashed line reaching to —1 cm), which
would be the corresponding m, number for an ICW above
the midplane. As can be seen in the figure, there is no
ICW above the midplane for this n4. This may be under-
stood by considering a change in the character of this
wave on opposite sides of its nﬁ = § layer [20]. TORIC
simulations of D-H plasmas show similar results.

In summary, the mode-converted ICW first derived by
Perkins has been observed for the first time in the Alcator
C-Mod tokamak with the use of PCI imaging techniques
in a H->He plasma. These waves heat electrons along a
magnetic flux surface. This process can be expected to
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play a role in future D-T burning plasma experiments
with ICRF heating because the cyclotron frequency ratio
(and hence the wave physics) is the same as for H->He.
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