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Abstract

The fast magnetosonic wave (FW), mode converted ion cyclotron wave (MC ICW) and ion
Bernstein wave (MC IBW) have all been observed and unambiguously identified in the mode
conversion region of Alcator C-Mod. The influences of the species mix, mode conversion location
and Bpol/Biot have been studied in D(®He) plasmas at Bg ~ 5.4 T (fgr = 50 MHz) and Bg ~ 8 T
(far = 78 MHz). The RF waves were measured by a phase contrast imaging (PCI) system.
The experimental observation is compared with the result from a synthetic PCI diagnostic based
upon the full wave code TORIC. Good agreement between the observation and modeling has been
obtained on the spatial structure of the RF waves. When the mode conversion layer was off axis,
both MC ICW and MC IBW were observed. In 5.4 T near axis mode conversion discharges,
double hump spatial structure of the MC waves was observed experimentally and reproduced by
the synthetic PCI. Such structure is an indication of the up-down asymmetry of the MC ICW. In
8 T near axis mode conversion discharges, we had the first definitive observation of IBW dominated

MC in Alcator C-Mod.
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I. INTRODUCTION

Ion cyclotron range of frequencies (ICRF) radio wave heating is one of the major auxiliary
heating methods in magnetically confined fusion research. An ICRF heated plasma is usually
a multi-species plasma, for example, a D(®He) plasma, with 3He as the minority species and
deuterium as the majority species. At low *He concentration (nsg./n. < 0.05), the fast
magnetosonic wave (fast wave, or FW), launched by the antenna is mostly absorbed by
the 3He ions at the *He cyclotron resonance layer [1]. When the 3He level is moderate
(nspge/ne > 0.1), the fast wave is partially mode converted to short wavelength waves near
the D-*He hybrid layer [2-6]. The mode converted waves may be used to directly heat
electrons (for examples, see Refs. [7-11]), drive current [12, 13| and plasma flow [4, 14], etc.
In this paper, we report the first comprehensive study on the experimental observation and
numerical modeling of ICRF waves, including the fast wave and short wavelength waves, in
the mode conversion region of the Alcator C-Mod tokamak.

The ion-ion hybrid layer (MC layer) is defined in the cold plasma limit as nﬁ = S, where

2

n) is the fast wave refractive index parallel to the B field. S =1 — 3, w;)_% in the
cold plasma approximation, where j denotes particle species, wy,; is the plasma frzquency,
wej is the ion (electron) cyclotron frequency, and w is the launched RF wave frequency [15].
On the high field side (HFS) of the MC layer, the fast wave can be mode converted to an
ion Bernstein wave (IBW), which propagates to the HFS. The MC IBW is a warm plasma
slow wave, which only exists with finite ion temperature, with wavelength in the order of
kip; ~ 1, where p; is the Larmor radius and k; is the wave number perpendicular to the
magnetic field. It is also a backward wave, i.e., its phase velocity is toward the low field side
(LFS). On the LFS of the MC layer, the fast wave can be converted to the MC ion cyclotron
wave (ICW), propagating to the LFS. The ICW is a short wavelength wave originating from
the magnetic field line rotational transformation in a toroidal plasma confinement device.
While the toroidal mode number ny of the fast wave is fixed by the toroidal symmetry, n) can
be up-shifted to such a level that a short wavelength mode admissible by the local dispersion
relation exists in the vicinity of the LFS side of the MC layer [2]. Depending on plasma
conditions, such as B field, species concentration, plasma current, density and temperature
profile, the relative levels of the fast wave, MC IBW, and MC ICW can vary significantly. In
cases where the ratio of poloidal B field strength to total B field strength B/ Biot < 1 near



the MC layer, the MC IBW can be the only MC wave. In a previous experimental study, the
MC ICW was observed using a phase contrast imaging (PCI) system in D(H, *He) plasmas
near the H-*He hybrid layer in Alcator C-Mod [3]. In the experiments reported in Ref. [3],
the PCI view was on the LF'S of the MC layer. The observed wave was identified as the MC
ICW by comparing the observations to simulations using a full wave toroidal IC wave code
TORIC [16, 17]. Further studies have been performed on mode conversion electron heating
and power partition between the MC ICW and IBW [5, 7]. Recent comparison of PCI
measurements and TORIC have shown that the TORIC physics kernel and computational
algorithm are describing the MC physics well [13, 18]. In the study presented in this paper,
the FW, MC ICW and MC IBW have all been observed, sometimes simultaneously, using
an upgraded PCI system in D(®He) plasmas. A significantly enhanced TORIC code has also
made feasible more realistic comparison between experiments and simulations [6]. Using the
upgraded PCI and TORIC, we have studied the influences on the mode conversion of the
species mix, MC layer location, and B/ Biot-

The paper is organized as following. Section II describes the experimental setup, the PCI
diagnostic, and the synthetic PCI based upon TORIC. In Sec. III, the experimental PCI
results are compared with the synthetic PCI results. Off axis mode conversion and near axis
mode conversion are presented separately in Sec. IIT A and III B, followed by Discussion and

future work in Sec. IV, and Sec. V gives Summary.

II. SETUP OF EXPERIMENTS AND SIMULATIONS

A. Experimental setup

Alcator C-Mod is a compact (R ~ 0.67 m, a ~ 0.22 m), high field (B < 8.1 T) toka-
mak [19]. For experiments reported here, the RF power was provided by a phase-variable
4-strap antenna in J-port (J-antenna) [20]. The RF power level was Prp < 3 MW. The RF
frequency was at 50 MHz for experiments of B ~ 5.2—5.6 T and at 78 MHz for experiments
of B ~ 7.7—8.1 T. The four antenna straps were configured to [0, 7, 7, 0] phasing, which gave
the peak toroidal mode number of the launched fast wave ng ~ £6 and +7. The plasmas
were in the low confinement mode (L-mode), comprised of D (majority), *He (minority),

and residual H. The ratio ny/np was calculated from the spectroscopic measurement of D,
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FIG. 1: Gas pressure rise vs. 3He puffing. The left scale is the measured pressure, while the right
scale is the equivalent 3He atom density. Data was collected during beam-into-gas calibration for

the motional Stark effect (MSE) diagnostic.

and H, lines at the plasma edge [21]. A flat H/D ratio profile is assumed. *He was intro-
duced by gas puff in the early stage of the plasma discharge. No diagnostic was available
to measure the absolute *He level. The amount of 3He gas puffed into the vessel is roughly
linear as a function of the puffing time (Fig. 1). The He level in the plasma is estimated
from the mode conversion electron heating (MCEH) profile, which is calculated from the
break-in-slope analysis of T, signals measured by a high spatial and temporal resolution
electron cyclotron emission (ECE) system [22]. The power deposition profile is calculated

using the following equation,
3

mc
Sexp ~ ine

dT,

A—2
dt

, (1)

where Ad;‘};e is the change of the slope of T, signal before and after a RF shut-off. Since

the mode conversion region is narrow, the 3He level can be rather accurately estimated by
matching the MCEH profile from TORIC with the one from break-in-slope analysis (see
Sec. IITA).

B. Phase contrast imaging system and data analysis

The PCI system in Alcator C-Mod measures the line-integrated density fluctuations [23—
25]. The PCI laser is located at the E-port and toroidally 216° away from the J-antenna

(Fig. 2-(a)). The system presently has 32 channels (vertical chords) covering a window
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FIG. 2: (a) The toroidal view of Alcator C-Mod. (b) PCI layout.

from major radius R = 0.64 to 0.76 m (Fig. 2-(b)). The separation between channels is
AR ~ 0.4 cm. As a result, the PCI system can measure wave numbers kg in the range of
+(0.5—8) cm ™! without spatial aliasing. The upper limit of PCT sensitivity is ki, ~ 17 cm ™1,
determined by the element size of the detectors and optical expansion. To measure waves at
the RF frequency, the PCI laser is modulated using two acoustic-optical modulators (AOMs)
so that the ICRF waves appear in the PCI signal at the beat-wave frequency. The modula-
tion frequencies are different at different RF frequencies so that the beat-wave frequency is
within the digitizer sampling frequency range. The PCI system is most sensitive to waves
having vertical wave fronts and propagating in the direction of major radius. Because no
vertical resolution is available in the present PCI system, the resulting measurement is a
superposition of waves along vertical lines.

The PCI signal in each channel is sampled at 10 MHz for about 0.5 second. Each signal is
divided into 10 ms time windows, and the data in each time window are Fourier transformed
to the complex spectrum of Aexp(—iwt + ). Figure 3 shows an example of the Fourier
transformed PCI signal. The coherent peak at f = wpear/2m = 970.4 kHz in this figure is
the magnitude of the density fluctuations directly induced by the RF waves. By doing the

same analysis on all 32 channels, we can show the spatial structure of the RF waves by the



107
10°

10*

A.U.

10°

10°

0 500 000 1500 2000
Frequency (kHz)

0.0008
0.0006

0.0004

A.U.

0.0002

0.0000

964 966 968 970 972 974 976
Frequency (kHz)

FIG. 3: An example of the Fourier transformed PCI signal. The frequency at the coherent peak,
970.4 kHz, is the beat frequency corresponding to the RF frequency at 50 MHz. The small peak

at 969 kHz is a pick-up spurious signal from the detector circuitry.

real and imaginary parts of the complex spectrum at this beat frequency vs. PCI channel
locations. From the phase difference Af between channels at this beat frequency, we can
also calculate a local wave number, ki, = AO/AR. k. can approximately represent the
dispersion curve of the dominant wave in the PCI view in cases that the wave has nearly
vertical wave fronts. Doing Fourier transformation of the complex signal again over all 32
channels, we can calculate the kg spectrum of the PCI measurement. Caution must be
taken, however, in interpreting this kg spectrum because mode conversion is substantially
localized and a rapid change of wave number often occurs in a narrow region.

The PCI system is calibrated one second before each discharge using a sound burst across
the laser beam before the laser beam enters the vacuum window [23]. This calibration
provides the information of the width in major radius covered by the PCI view, and also
the fluctuation level corresponding to the sound wave. However, it appears inadequate

using the sound burst (spherical wave approximation) calibration data to obtain the density



fluctuations for the heterodyne measurement. Using the calibration data above produces
density fluctuation levels that are systematically about two orders of magnitude smaller
than those estimated from the RF power. The reason may lie in two factors: First, the
heterodyne signal is at a much higher frequency (970 kHz for frr = 50 MHz and 1740 kHz
for frp = 78 MHz) than the sound wave (15 kHz); Secondly, the conversion efficiencies
of the AOMs are not known precisely. In this paper, the PCI results are multiplied by a
correction factor of 300 for the 50 MHz experiments, and a factor of 100 for the 78 MHz
experiments. The different correction factors may be due to different AOM modulation
frequencies and different beat frequencies. After this correction, the experimental result in
terms of line-integrated density level is comparable to that from a synthetic PCI (see below).

The absolute level calibration for the heterodyne scheme will be the subject of future work.

C. TORIC and synthetic PCI

TORIC is a 2-dimensional (2-D) finite Larmor radius (FLR) full wave RF code [16][17],
which solves Maxwell’s equations in a toroidal plasma at a fixed RF frequency and a given
toroidal number ny. The electric field is solved in a mixed spectral and finite-element basis.
To properly calculate the electron Landau damping (ELD) of the short wavelength modes
(IBW/ICW), an imaginary part is added on the FLR coefficient [6][10]. This imaginary part
is calculated from the local dispersion relation retaining all orders of k, p;. This approach
calculates the ELD predicted by the local dispersion relation without altering the structure
of the equations, or changing the mode conversion efficiency. Additionally, this approach
lends itself to efficient numerical calculation resulting from the sparse, block tridiagonal
nature of its stiffness matrix. TORIC has been benchmarked with other ICRF codes. It
is found to have good agreement with METS [26] in the power absorption on electrons
and ions [10]. A qualitative agreement with AORSA2D [4] in the 2-D electric fields in
mode conversion scenarios where k; p; < 1 [6] has also been obtained. The code has been
extensively benchmarked with ICRF mode conversion experiments in Alcator C-Mod (e.g.,
see Refs. [5, 7, 13, 18]). The TORIC code in this paper is a parallel version run on a 48-
CPU cluster at the MIT Plasma Science and Fusion Center [6]. We use magnetic equilibria
reconstructed from EFIT [27] and analytical approximations of the density and temperature

profiles in these TORIC runs.



In order to compare the PCI measured density fluctuations at the beat frequency and
the RF wave field in the plasma, we have developed a synthetic PCI using TORIC outputs.

TORIC calculates the electric field, power deposition profile (such as the mode conversion

mc
toric

power deposition profile (ng, p), where p = r/a) and the coupling resistance Ry, (n,) for a
one Ampere excitation on the antenna straps. For each plasma discharge of interest, TORIC
simulations for toroidal numbers —20 < n, < 420 are performed. The antenna spectrum
beyond —20 < ng < 420 is negligible. The 2-D density fluctuation ne;(ng) is calculated

from the electric field for each ng using the fluid approximation (w << wpe ~ wee) [28].

Approximately, the result can be expressed in the following equations (SI units)

l

Ne1 =~ _*neov : 271317 (2)
w
where
wee B
e ~ 0 3
VeL| ¥ g (3)
and
E

Vel,l ~ FL (4)

The subscript ’1’ on electric fields has been dropped for clarity. For the fast wave, which
has a negligible £, the component of the electric field parallel to B field, its contribution
to me1 is mainly from the perpendicular field . For the MC waves, £ is about two orders
of magnitude smaller than F |, but the contribution from E) is often comparable or larger
because of the factor wee/w ~ m;/me. The total density fluctuation is the sum of ne;(ng)

weighted by the antenna current spectrum j(ng) and Ry, (ng),

20
. in PRF
Ne1 = 220%1(%)](%)6 o9 R (5)
TL¢=7

where Prp is the total RF input power, A¢ = 216° is the toroidal angle from the center of
J-antenna to the PCI chords, and the total coupling resistance
20

R = Y |j(ng)|*Ru(nyg). (6)

nge=—20
The PCI measurement is modeled as the line integral of this 2-D n.; along 32 vertical chords.

The finite detector element size imaged into the plasma is modeled as a simple average over

a width about 0.4 cm. Equation (6) is also used to obtain the power deposition profile from



TORIC. For example, the power deposition profile from mode conversion is calculated as

20
mc . mc Prp
toric (p) = Z |] (n¢) |QStoric<n¢7 /0) tot ? (7)
ne=—20 L

which can be compared with the experimental result from Eq. (1).

III. RESULTS

Using the experimental PCI and synthetic PCI, we have studied the influences on the
mode conversion of the species mix, MC layer location, and By, /Biot. The results are
presented in the following two Sections — off axis and near axis — based on the MC layer
location relative to the magnetic axis. In each Section, discharges at two different B fields

and RF frequencies are also compared.

A. Off axis mode conversion

In Fig. 4, we show the PCI data of a discharge where the mode conversion is off axis
on the LFS. In this figure, the PCI line integrated fluctuations caused by the RF waves
are plotted vs. major radius and time. The input RF power is also plotted. The plasma
parameters are I, = 1.0 MA, ne = 2.0 x 10*° m™3, Tog = 2.1 keV and T} ~ T, nu/np = 4%,
Riais = 0.683 m and B,y = 5.57 T. The RF frequency frr = 50 MHz. 3He gas is puffed
for 150 ms from ¢t = 0.3 to t = 0.45 sec. A peak is clearly shown in the PCI signal around
R =0.72 —0.73 m when the RF is on. The peak moves to the LF'S by about 1 cm in time.
This can be explained by the slow depletion of ®*He ions in the plasma during the discharge.
In Fig. 5, we plot the power deposition profiles from TORIC simulations at different 3He
levels and also compare with the experimental curve, which is calculated from the break in
slope in T, signals at the RF shut-off at ¢ = 1.08 sec. The TORIC curve of nsy./n. = 11%
matches the experimental curve the best, while the other two TORIC curves differ either in
the level or location. The possibility that the MC layer is on the HF'S of the axis is excluded
by comparing discharges in a B field scan while other parameters are fixed. From the curve of
Nsge/Ne = 11%, TORIC predicts that 37% incident power is absorbed directly by electrons
through mode conversion. Figure 5 suggests that we can constrain the uncertainty of the

3He level to be within +1% by matching the power deposition profiles. On the other hand,
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FIG. 4: A discharge with off-axis mode conversion. frp = 50 MHz, Bayxis = 5.57 T, ni/n. = 3%,
np/ne = 75%, napge/ne = 11 —12%. (a) RF power vs. time. (b) The PCI measured line-integrated

fluctuation level at the beat frequency vs. time and major radius.

207 " " ' ]
SR _ — Nyea/N=12%]
15F 7 — Npes/N=11%]
oy Nyies/N,=10%6]
g 10b |3—E|Experiment_:
=
5.
of

0.0 . . : 0.8

FIG. 5: Comparison of the mode conversion direct electron heating profiles. The experimental

curve is calculated from the break-in-slope of T, signals at a fast RF shut-off at t = 1.08 sec.

such a constraint also determines the location of the MC layer on the mid-plane to be within
+0.5 cm. Considering the variation of the peak location in Fig. 4, a value of 12% may be
better for the earlier part of the discharge and 10% for the later part of the discharge.

In Fig. 6, we show the 2-D contours of the parallel electric field £} from the TORIC

10
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FIG. 6: E) field from TORIC simulation (ng = +7 and 1 A antenna current) at ¢ = 1.38 sec of

the discharge in Fig. 4. The MC layer, 3He and D resonance layers are also plotted.

simulation of ng, = 7 for the above discharge at ¢ = 1.38 sec. The MC layer (D-*He hybrid
layer), D and 3He IC resonance layers are also plotted. The field is plotted in logarithmic
scale so that all ICRF waves are shown. There are two different short wavelength structures
on the HFS and LFS of the MC layer respectively. On the HFS, it is the MC IBW and on the
LFS, it is the MC ICW. In Fig. 7, the 2-D contours of the density fluctuations caused by the
RF wave are plotted (also in logarithmic scale), which shows the MC waves are the major
contributors to the density fluctuations, while the fast wave contribution is insignificant. We
then do line integration of n.; along the vertical PCI chords, do summation using Eq. (5),
and compare the result with the experimental PCI (Fig. 8). Excellent agreement between
experimental data and synthetic output is shown in the structure of both real and imaginary
parts of the line integrated density fluctuations. Spatially damped wave structures with
wavelength in the order of 1 cm are present on both sides of the MC layer. In Fig. 8-(c),
a full width at half maximum (FWHM) about 2 cm is shown in the fluctuation level. We
also compare the ki spectra in Fig. 9. Both experimental PCI and synthetic PCI show a

broad peak at kg = 3 — 6 cm ™.

A positive kr indicates that the wave phase velocity is
toward the LFS. Such a kg spectrum is expected from the 2-D plot in Fig. 7, which shows

similar wavelengths for the IBW and ICW near the MC layer. To further show the local
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FIG. 9: kg spectra of the experimental and synthetic PCI line integrated density fluctuations of

the discharge in Fig. 4.

wave structure, we plot k. calculated from the phase information between PCI channels in
Fig. 10-(a) and compare it with the dispersion curves in Fig. 10-(b). In the region where the
PCI signals are large, ko is close to 4 — 5 ecm™! for both experimental PCI and synthetic
PCI, in agreement with the spectrum shown in Fig. 9. In contrast to the dispersion curves
in Fig. 10-(b), there is no sudden change in k), in the MC region in both experimental and
synthetic kj,. curves. Neither is there a rapid increase of the IBW wavenumber toward the
HFS. Instead, Fig. 10-(a) shows that about 1 —2 cm away from the MC layer, k. decreases
rapidly. This apparent discrepancy can be explained by the line integration nature of the
PCI measurement and also the 2-D structure of the MC waves. First, the MC layer is not a
vertical line (see Figs. 6 and 7), and it is more curved near the mid-plane due to finite /3, the
ratio of plasma pressure and poloidal magnetic field pressure. Moreover, the MC locations
are slightly different for different ng4. Secondly, in locations away from the MC layer, the fast
wave level becomes comparable or even greater than either the MC ICW or MC IBW, which
are more heavily damped. As shown in Fig. 8-(a) and (b), about 2 cm away from the MC
layers, the long wavelength FW gradually dominate the PCI measurements. k. is sensitive
to this ratio of FW and MC waves. The difference in the two ki, curves on the HFS of the
MC layer shown in Fig. 10-(a) is due to a small difference in the ratios of FW and IBW in
the experimental PCI and synthetic PCI. In all, the PCI observation can rarely reproduce

13
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PCI. (b) Dispersion curves. IBW and FW are calculated from the mid-plane, while the ICW is
calculated along the magnetic surface. The MC layer nﬁ = S and the left cutoff layer nﬁ =L is

also plotted. L is the usual Stix’ notation [15].

the local structure in the dispersion curves shown in Fig. 10-(b), which may only be possible
using a diagnostic with sufficient spatial localization capability and k-space filtering.

The experimental PCI observations of off axis mode conversion in B ~ 8 T and frr =
78 MHz are similar. In Fig. 11, we show the PCI data in such a discharge. The plasma
parameters are Bayis = 7.81 T, I, = 1.2 MA, ny = 2.1 X 102 m=3, Ty = 4.1 keV and
T, ~ T, ny/np = 5%. The 3He puff time is the same as the discharge in Fig. 4. We use
Nage/Ne == 12% for TORIC simulations. In Fig. 12, the experimental PCI and synthetic PCI
are compared. Good agreement is also shown in the real part, imaginary part and magnitude
of the fluctuations. Similar to Fig. 8, short wavelength wave structures exist on both sides
of the MC layer. Fig. 13 shows the kg spectra of the experimental PCI and the synthetic
PCI. The MC waves are shown as a broad peak at kg ~ 3 —5 cm™! in both spectra similar
to that in Fig. 9.

The 2-D structure of the MC waves is different due to the smaller Bpo /Bt in this

14
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discharge. In Fig. 14 we show the contour of the density fluctuations from the synthetic PCI
(ng = 7). Unlike in Fig. 7, the MC ICWs in both upper and lower planes start to propagate
significantly farther away from the mid-plane. The wave number of a wave can undergo
transformation along the wave path following the approximate equation,

~ e Bs M Bpa (8)
R Byt r Btot7

Ky

where m is the poloidal mode number. m is not conserved along the wave path. The ICW
only exists where the up-shift of k| in Eq. (8) is significant. This condition cannot be fulfilled
when B/ Biot < 1, e.g., near the magnetic axis. The term By, /Bt in Eq. (8) of this
discharge is smaller than that of the discharge in Fig. 4. As a result, the mode conversion
to the ICW occurs in locations farther away from the mid-plane. It is worth pointing out
that the MC ICW above the mid-plane appears at Z > 10 cm, while the ICW below the
mid-plane appears at about Z ~ —4 cm for this ng = +7. Such asymmetry can also be
explained by Eq. 8. Note for a wave propagating toward the LFS, it has m < 0 above the
mid-plane and m > 0 below the mid-plane. To have a large |k |, a larger 2nd term in Eq. (8)
is required for m < 0 than for m > 0. Such a requirement makes the mode conversion to

ICW more favorable below (above) the mid-plane for ngs > 0 (n, < 0).
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FIG. 14: Two-dimensional density fluctuations calculated by the synthetic PCI for the discharge

in Fig. 11. The MC layer, >He and D resonance layer are also plotted. R..s = 0.682 m.

In summary, when the MC layer is off axis, the PCI diagnostic has observed spatially
damped short wavelength waves on both sides of the MC layer. The experimental result is in
good agreement with the synthetic PCI result. The two MC waves are clearly distinguishable
as the MC IBW and MC ICW in TORIC simulations.

B. Near axis mode conversion

In Fig. 15, we show a discharge with same parameters as that in Fig. 4, except a lower B
field (Baxis = 5.41 T). The structure of the MC waves in PCI moves toward a smaller major
radius accordingly. Interestingly, the broad single peak in Fig. 4 is split into two distinct
peaks. The dip between these two peaks also evolves during the discharge. This double
hump structure in PCI measurements appears in several discharges where the MC layer is
near the axis. The dip can appear in different channels, which rules out the possibility of
a bad PCI channel. In Fig. 16, we compare the experimental result with the synthetic PCI
output (nspe/ne = 12%). The real and imaginary part of the density fluctuations both show
short wavelength waves on both sides of the MC layer. The synthetic PCI also has a double

hump structure as seen in Fig. 16-(c), which shows the magnitude of the fluctuations. The
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FIG. 15: A discharge with near axis mode conversion. frrp = 50 MHz, Baxis = 5.41 T, nig/np = 4%,
nage/Ne = 11 — 12%. (a) RF power vs. time. (b) The PCI measured line-integrated fluctuation

level vs. time and major radius.

dip of the double hump structure is close to the MC layer.

The double hump structure is the result of up-down asymmetry in wavelength of the
MC ICWs above and below the mid-plane. In Fig. 17, the contours of the 2-D density
fluctuation from TORIC simulation of ng = 6 is plotted. The vertical dashed line in Fig. 17-
(b) indicates a PCI chord. It is clearly shown that the ICWs above the mid-plane and below
the mid-plane are canceled out along this chord, while the cancellation is smaller in other
locations. The wavelengths of the MC ICW above and below the mid-plane are different,
which can be estimated from Eq. (8). For two locations with the same vertical |Z| above
and below the mid-plane, k; ~ m/r should differ approximately,

7’L¢ B¢
Ak | ~2—— 9
| J—| R Bp017 ( )

to have a similar |kj| to meet the local dispersion equation. To show in more detail, in
Fig. 18 we plot B, contours from EFIT with the density fluctuations from Fig. 17. Two
up-down pairs of ICW are selected and approximate wavelengths, A ~ X\, are calculated.
The differences in k; are also labeled in the figure. Using n, = 6 and B,ys = 5.41 T,
equation (9) gives |Ak 1| ~ 3.1 em™!, and |Akis| ~ 3.6 cm ™!, respectively. These values

are in good agreement with |Ak ;| ~ 3.5 cm™" and |Ak 5| ~ 3.8 cm™! shown in the figure.
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FIG. 16: Experimental and synthetic PCI line integrated density fluctuations amplitude vs. major

radius for the discharge in Fig. 15. (a) real part, (b) imaginary part, (¢) magnitude.

This agreement suggests that the double hump structure results from the interference pattern
between the MC ICWs above and below the mid-plane. At a smaller B, (near the axis),
this pattern is more prominent because the up-down asymmetry in wave number is stronger
according to Eq. (9). Such asymmetry in wavelength is smaller when the MC layer is off
axis (cf. Fig. 7). Equation (9) is not applicable for cases like that in Fig. 14, where ICWs
are at different |Z|.

In Fig. 19 we compare the kg spectrum of the PCI measurements and the synthetic PCI
output. There are three peaks in both spectra. The one near k ~ +0.5 cm~! is the fast
wave, which is in agreement with the expected FW wave number (cf. Fig. 10-(b)). The peak
at kg ~ —0.5 cm~! is larger than the one at kg ~ +0.5 cm ™!, suggesting that the inward
propagating fast wave has a larger amplitude than the outward propagating fast wave. This
observation indicates that the fast wave field in the plasma does not appear as a standard

standing-wave pattern. Because of the mode conversion to the MC ICW, the left cutoff
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FIG. 17: Two-dimensional density fluctuations calculated by the synthetic PCI (n4 = 6). The

vertical dashed line in figure (b) indicates a PCI chord.

layer nﬁ = L (e.g. Fig. 10-(b)) no longer acts as a reflection layer for the fast waves reflected
from the right cutoff layer nﬁ = R at the HFS edge. The resulting fast wave pattern is

more like a wave with a load in one end. There are two other broad peaks in Fig. 19 at

1 1

k'~ 3 cm™ and k ~ 8 cm™". Both are definitely from the MC waves. However, more
detailed analysis finds that neither peak is solely from the MC IBW nor solely from the MC
ICW. In Fig. 20, we show the result of Fourier transformations of the synthetic PCI output
done separately on channels at R < 0.69 m and channels at R > 0.69 m (zeroing-out the
remaining channels). Note that the spectrum for all 32 channels is the linear combination
of these two complex spectra. The spectra in Fig. 20-(a) are broad, comparable to those
in Figs. 9 and 13. The phase difference of these two complex spectra, shown in Fig. 20-

1

(b), approaches m at kr ~ 4 cm™'. The destructive combination of these two spectra at

! can explain the double peak structure in the kg spectra shown in Fig. 19.

kr ~ 4 cm™
The ambiguity in interpreting the simple kr spectrum of Fig. 19 is caused by the fact that
multiple waves with similar kr exist in a narrow MC region.

The near axis mode conversion at ~ 8 T is different than the one at ~ 5.4 T. In these
discharges, the MC IBW is found to be the only MC wave. In Fig. 21, we show the PCI

data of such a discharge at B.s = 7.73 T and frp = 78 MHz. The MC signals appear at
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FIG. 19: kR spectra of the experimental and synthetic PCI line integrated density fluctuations for

the discharge in figure 15.

around R = 0.66 —0.67 m. Other plasma parameters are I, = 1.2 MA, ne = 2.1 x 10* m—3,
Ty = 41keV and T; ~ T,, ng/np = 5%. Rays = 0.682 m. 3He gas was puffed only for 50 ms
in the discharge. The *He concentration is estimated to be nsy./n. = 5% by comparing to

the TORIC simulations.
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FIG. 21: A discharge with on-axis mode conversion. frr = 78 MHz, B,yis = 7.73 T, ni/np = 5%,
nsge/Me = 5%. (a) RF power vs. time. (b) The PCI measured line-integrated fluctuation level vs.

time and major radius.
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FIG. 22: Density fluctuations in 2-D calculated by the synthetic PCI for the discharge in Fig. 21
(t =0.64 sec).

For this discharge, the MC IBW is the only MC wave as seen in Fig. 22, in which the
density fluctuations is plotted from the TORIC simulation of n, = 7. Since Byo/Biot < 1,
mode conversion to IBW dominates. In Fig. 23, the experimental PCI data is compared
with the synthetic PCI data vs. major radius. The short wavelength wave structure is
mostly on the HES of the MC layer (note the MC layer indicated in the figure is from cold
plasma approximation). The detectors in the PCI system are sensitive to wave numbers
up to kim ~ 17 ecm™!, larger than the maximum kg determined by the channel separation,
Fmax =~ 8 cm ™t As a result, waves having k. < kr < kim may be also detected by the PCI,
but appear in the PCI spectrum at kr — 2k due to spatial aliasing. In Figs. 24-(a) and
(b), we plot the kg spectra from both experimental PCI and synthetic PCI. There is a broad
peak at kg < —3 cm™! in Fig. 24-(a). To check whether this part of the spectrum is aliased,
we double the total channel number and reduce the separation between channels by half in
the synthetic PCI, and calculate the kg spectrum again. The broad peak at kg < —3 cm™! in
the synthetic PCI spectrum indeed disappears. Instead, the peak at positive kg is extended
to kg ~ 13 cm™! as shown in Fig. 24-(b). This result demonstrates that 32 channel PCI does
not have adequate spatial resolution for the MC IBW, resulting in spatial aliasing in the

kg spectrum. Assuming the part at kg < —3 cm™! of the experimental PCI spectrum is all
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FIG. 23: Experimental and synthetic PCI line integrated density fluctuations amplitude vs. major

radius for the discharge in Fig. 21. (a) real part, (b) imaginary part, (c) magnitude.

aliased and shifting it by 2kmn.x, we also find a broad MC IBW peak from kg = 2 to 13 cm™!
as shown in Fig. 24-(b), in good agreement with the one from the 64 channel synthetic PCI.
There are also fast wave peaks at kr ~ £0.5 cm™! in this figure. In Fig. 25, we plot the
dispersion curves for the IBW and fast wave. The dispersion curve of the MC IBW shows
that it has the same range of wave number as in Fig. 24-(b). No MC ICW root exists along
the magnetic surface tangential to the MC layer. This is the first definitive observation of
IBW-only mode conversion by PCI in Alcator C-Mod.

In summary, PCI observations of the near axis mode conversion at 50 MHz show both
the MC IBW and MC ICW. The fast wave has also been observed in some discharges. The
up-down asymmetry of the MC ICW, which is more prominent in near axis mode conversion
than off axis, creates a double hump interference structure, seen in both experiments and
simulations. In 8 T near axis mode conversion, the MC IBW is shown to be the only MC
wave because of a small B/ Biot. The experimental kr spectrum of the MC IBW agrees

with the synthetic PCI and dispersion curve after spatial aliasing is considered.

24



0.08f —
[ z—a Experimental

0.04

0.02}
0.00f

10" m? per cm™

ke (1/cm)

[ -8 Expe'rimental
0.06 [~ Synthetic

10" m? per cm™
o
o
=

0.02}
0.00 b Savsssmnnd ; (0)
20 10 0 10 20
kg (1/cm)

FIG. 24: kg spectra of the experimental and synthetic PCI line integrated density fluctuations
for the discharge in Fig. 21. (a) Usual spectra. (b) All kg < 3 ecm™! in the experimental PCI
spectrum are shifted by 16 cm™!, while the synthetic PCI has twice the number of channels of the

experimental PCI.

100.0¢ - - n -

10.0¢

ky(1/cm)

1.0}

0.1 : : I :
0.64 065 066 0.67 0.68 0.69
Major Radius R (m)

FIG. 25: Dispersion curves of IBW and FW calculated at the mid-plane. Both the imaginary and

real parts of the MC IBW are shown.

25



IV. DISCUSSION AND FUTURE WORK

The experimental PCI and synthetic PCI agree very well after multiplying by the cor-
rection factors as mentioned in Sec. IIB. We hypothesize that the absolute calibration of
the heterodyne scheme of PCI is the likely explanation. And the calibration needs to be
improved. The issues to be resolved include the calibration of the detector responses in
the MHz frequency range and the laser modulation efficiency of the AOMs. The up-down
asymmetry of the MC ICW can explain the double hump structure seen in the PCI mea-
surement in 50 MHz near axis mode conversion and is also clearly shown in the TORIC
simulation. However, because of the line integration nature of the present PCI diagnostic,
the up-down asymmetry was not measured directly. In the future, the PCI system will be
upgraded to have the capability of vertical spatial localization [29]. After this upgrade, we
may be able to experimentally study the mode conversion region in 2-D. The MC IBW spec-
trum in 78 MHz near axis MC discharges has a problem of spatial aliasing. By reducing the
separation between the channels, we may be able to obtain the MC IBW spectrum without

aliasing ambiguity.

V. SUMMARY

ICRF waves on multiple spatial scales in the mode conversion region of D(*He) plasmas
have been observed using PCI in the Alcator C-Mod tokamak. Good agreement has been
obtained between the experimental observation and the result of a synthetic PCI based upon
TORIC. The observed waves include the fast wave, MC ICW and MC IBW. When the mode
conversion layer is off-axis, both MC IBW and MC ICW were observed. In near axis mode
conversion discharges at B ~ 5.4 T (frr = 50 MHz), a double hump structure was observed
experimentally and reproduced by the synthetic PCI. Such structure is an indication of the
up-down asymmetry of the MC ICW. The MC IBW has been shown to be the only MC
wave in near axis mode conversion discharges at B ~ 8 T (fgr = 78 MHz). This work is
the first comprehensive experimental and numerical study of ICRF wave phenomena in the

mode conversion region of Alcator C-Mod.
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