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Parametric decay processes have been studied using rf probes and CO 2 laser

scattering during the lower-hybrid wave heating and current drive experi-

ments in the Alcator C tokamak. The most important process is believed

to be the nonresonant decay into ion-cyclotron quasimodes and/or that into

electron-Landau quasimodes. At lower densities W/WLH(0) > 2 [where wo

is the frequency of the injected pump wave and WLH(0) is the lower-hybrid

frequency evaluated at the plasma center], where efficient current drive and

electron heating are obtained, parametric decay is absent or very weak. At

higher densities [wo/WLH(0) < 2] strong parametric decay is observed which

correlates well with ion tail formation near the plasma edge. At these high

densities no significant heating or current drive have been observed. Para-

metric decay may be, at least partially, responsible for loss of wave power

near the plasma periphery.

PACS numbers: 52.35.Mw, 52.35.Py, 52.50.Gj, 52.40.Db
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I. INTRODUCTION

Most lower-hybrid wave heating and current drive experiments suffer degra-

dation of efficiency at high plasma densities such that WC/WLH(0) < 2.1 At such

densities parametric decay is often observed and may be partially responsible for the

deterioration of efficiencies. Here, we present experimental results on parametric

decay processes obtained by rf probes and CO 2 laser scattering during the Alcator

C lower-hybrid experiments. 2 Strong parametric decay is observed for line-average

densities ie > 1.5x10" cm- 3 in hydrogen [corresponding to wo/wLH(O) < 1.8], and

for iie > 2.0 x 1014 cm-3 in deuterium [corresponding to wo/WLH(O) < 2.2]. The

excitation of parametric decay correlated well with the formation of ion tail near the

plasma surface.3 '4 Above these critical densities no significant heating or current

drive have been observed. In this paper, we also compare these experimental ob-

servations with the theory of parametric decay instabilities.5 - The understanding

of parametric processes is important in applying lower-hybrid heating and current

drive to high density plasmas, where W1/wLH(0) < 2.

The plan of the paper is as follows: In Sec. II, theoretical estimates of growth

rates and thresholds are presented. In Sec. III, the results of rf probe measurements

are presented and correlated with the formation of ion tail observed by the charge

exchange analyzer. In Sec. IV, the CO 2 laser scattering data will be presented and

compared with the rf probe data. Interpretation of the experimental results are

also presented. Finally, in Sec. V the summary and conclusions are given.
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II. THEORETICAL ESTIMATES OF GROWTH RATES AND

THRESHOLDS

A. Homogeneous Plasma Growth Rates

The parametric dispersion relation JEq. (1) of Ref. 10] was solved numeri-

cally using the same method as described in Ref. 10. Decay into ion-cyclotron

quasimodes (w ~ nwoc) and decay into nonresonant (electron-Landau) quasimodes

(w ~ kjvtie)5 ,6 were studied in detail. Decay into ion-sound (or ion-Landau) quasi-

modes (w ~ klvoti) was discussed previously."t Here, w and k11 correspond to the

freqiiency and the parallel (to the equilibrium magnetic field) wave number of the

low-frequency quasimode, wei is the ion-cyclotron frequency, n is an integer, and

vte,i E (2Te,i/me,i)1'/2 are the electron and ion thermal speeds. First, we assume

that the plasma is homogeneous in space. No convective losses are considered in

this sub-section. In this case the growth rate is maximized when 0 = 7r/2, where 0 is

the angle between ko_ and k-. The subscript '0' refers to the pump wave whereas

the superscript '-' refers to the lower sideband wave (w- w L - wo, k- = k - ko).

In this sub-section we shall take 0 = 7r/2. The local electric field is calculated by

WKB techniques, assuming resonance cone propagation (see Ref. 10). The calcu-

lated electric field is expected to be close to the real electric field near the waveguide

mouth, but would start to deviate significantly as the waves propagate further into

the plasma (due to spatial broadening of resonance cones).

In Fig. I we show a solution of the parametric dispersion relation for a deu-

terium plasma, with B = 6.7 T (B = 8 T at the plasma center), ne = 1.9 x

1014cm- 3 , T, = Tj = 250eV, which were typical parameters for Alcator C near

r/a ~- 3/4 where the CO 2 scattering data were obtained. We have taken Prf

100kW, ckoji/wo = 3, and ck-/wc = 7. In Fig. 1(a) the growth rate -y and
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the real part of the frequency WR of the quasimode (L -WR + i') are plotted

as functions of the wave number k of the quasimode. and in Fig. 1(b) -y is plot-

ted as a function of WR. The first few ion-cyclotron harmonics are ion-cyclotron

quasimodes ( R| > 1, |Xi1l > IXeil) whereas the peak in the growth rate near

w/w ~- 0.15 is due to decay into nonresonant quasimode which is driven by both

electron Landau damping and ion-cyclotron damping (ICRI > 1, JXill IXeIl).

Here, f(k,Lw) = I + x,(k,w) + xi(k,w) is the dielectric function, Xe and Xi are

the electron and ion components of the susceptibility, and subscripts 'R' and 'I'

refer to the real and imaginary parts, respectively. The transition from decay into

ion-cyclotron quasimodes to decay into nonresonant quasimode is smooth and con-

tinuous. There is a small peak below the ion-cyclotron frequency which corresponds

to the ion-sound quasimode discussed in Ref. 10.

In contrast to the case of decay into ion-sound quasimodes, it is not easy

to obtain a simplified analytical solution for the growth rate and threshold since

different parts of the susceptibilities are usually of the same order of magnitude.

However, scaling of the growth rate and the frequency can be studied by numerically

solving the parametric dispersion relation. First, in Fig. 2 we show the dependence

of the growth rate on density. The maximum growth rate among all ion-cyclotron

harmonics, 3max, and the real part of the frequency corresponding to the maximum

growth rate, Wamax, are plotted as functions of the local electron density. The

growth rate increases rapidly as the density approaches the mode conversion density,

whereas the real part of the frequency changes very little. On the other hand,

WRmax varies linearly with vie or as T when the electron temperature is varied

(PRmax ~- 0.4kjivte with discrete jumps between ion-cyclotron harmonics) as shown

in Fig. 3. This scaling of WRmax with kl1vte still holds when kl is varied with Te

held fixed as shown in Fig. 4. The maximum growth rate Ymax also increases with
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kr. However, Ymax starts to turn over when kl becomes so high that electron

Landau damping at the lower sideband becomes appreciable. Consequently, there

is a maximum in yrmax at around Iw1/k vtel ~ 4.

In Fig. 5 we show the dependences of ymrax and WRmax as functions of the

major radial distance from the plasma center, x = R - RO, for typical Alcator

C parameters. In particular, in this figure we considered deuterium plasma with

the parameters B 8 T, = 2.1 x 1014 cm-, To = 1.5keV, Prf = 100kW,

cko /wo = 3, and ck-/wo = 7. The density profile for r < a = 16.5 cm was assumed

to be ne = neol - (r/an)21/2,11 where an = 17.5 cm, and for r > a it was assumed

to fall off exponentially to ne = 5 x 1012 cm- at r rwg 18cm where the

waveguide array (grill) is located. The electron temperature profile for r < a was

assumed to be Te = Teoexp[-(r/aT)2 ]," where ar = 9cm, and was assumed to

fall off from 20eV at r = a to 5eV at r = rwg. In the region plotted Ti = Te was

assumed. Two curves for the growth rate -y are shown. The triangles are for the

case 0 = 7r/2 (i.e., koL I kI). The coupling is dominated by the E x B coupling

term for this case. The crosses represent the case 0 = 0 (i.e., koL1 1 ki) when the

Ell coupling dominates. The latter case is relevant when considering the convective

threshold near the plasma edge. The maximum in the growth rate occurs near the

limiter radius for the E x B coupling case whereas for the Ell coupling case '- is

finite and positive only near the plasma edge (r/a > 1 for the present case).

The growth rate does not follow a simple power law when the rf power is

varied. From Fig. 6 it is clear that while at medium power levels (10 < Prf ;

100 kW) -y oc pr-75, at higher power levels (Prf > 100 kW) the growth rate increases

less rapidly with rf power, namely -y oc PrS}. (Near the waveguide mouth where

n, ~ 5 x 1012cm-3, the Ell coupling dominates and -y oc Prc-~.) This behavior

should be taken into account when estimating the convective threshold using the
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homogeneous growth rate. Finally, we note that the homogeneous plasma threshold

power in the present case is at Pf ~ 1 kW, and is due to collisional damping of the

sideband cold lower-hybrid wave.

B. Convective Effects

In general, thresholds of parametric instabilities are significantly increased

over the homogeneous plasma values when convective effects are taken into ac-

count. The usual way to estimate convective thresholds is to assume resonance cone

propagation for the pump lower-hybrid wave. 6 ,7 However, finite ko (poloidal wave

number) spectrum, electromagnetic effects (which become important for |n < 2),

and scattering"-" from experimentally observed large-amplitude low-frequency

(wI < -y, wj < WR - we) density fluctuations15 all tend to distort the resonance

cone structure. These phenomena produce two competing effects: convective losses

are reduced, but at the same time the pump wave amplitude and the growth rate

are also reduced. Another extreme is to assume that the pump wave fills the en-

tire flux surface more or less uniformly. For this case we recover the homogeneous

plasma threshold, modified by mismatch effects due to density and temperature

gradients. 6" 6 However, the local electric field for a given input rf power is signifi-

cantly reduced from the case where the resonance cones exist since rf power has to

spread over a larger surface area. The experimental situation should be somewhere

between these two extremes. Near the waveguide mouth we expect strong reso-

nance cone pattern; however, as the wave propagates farther into the plasma the

distortion of the resonance cones become progressively more severe, and eventually

the resonance cones should be completely destroyed after several toroidal transits.

This picture is supported by CO 2 laser scattering .data, at least at relatively high

densities where parametric decay is observed. 17 A quantitative prediction of the
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threshold for this case is rather difficult since one has to follow the decay wave

along its trajectory until enough lusually taken to be exp(27r)] amplification of the

decay wave power is obtained. This condition is given by

W d(_ = 7r,

where C is the coordinate along the trajectory of the decay wave and v 2 . is the

component of the decay wave group velocity along the trajectory. In addition to

changing plasma parameters, along the ray trajectory the pump electric field is

varying because of resonance cone spreading. A better estimate could be made

with the aid of a ray tracing code which includes the effects of scattering by density

fluctuations.13 Below, we shall give some representative examples of the threshold

rf power by assuming a homogeneous plasma but different spatial distributions of

the pump wave. In reality, the decay wave will not stay at the radial location where

the growth rate is maximum, but will propagate to regions of different plasma

parameters and lower growth rate, which contributes to raising the threshold above

the value calculated here. 10

First, we consider the case with undistorted resonance cones. There is an

optimum angle of propagation 0 that k- makes with ko_. This is determined by

the competition between increasing the parametric coupling constant yt and reducing

the convective loss. We shall use the coupling constant given by A- in Eq. (5) of

Ref. 10, namely

2 
2 1/2

e k [k-Eoii ~ kiEoisin0
y~ ., +2

mek WOWce

Two important contributions to the parametric coupling constant are that due to

the E x B motion of the electrons (the second term, which varies as sin 0) and
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that due to the parallel motion of the electrons driven by Ell (the first term, which

is independent of 0 and dominates for small anglesG sine < w e/wowce). The

polarization drift term (which varies as cos 0) is smaller than the parallel term by

at least a factor of woe/4ee. Near the plasma edge we find that the convective growth

factor maximizes when 0 = 0 so that the decay wave can travel nearly parallel to

the pump wave. The coupling for this case is due to Ell. This is true even at

r ~ a where E x B coupling dominates over the Ell coupling in a homogeneous

plasma (see Fig. 5). (The optimum angle becomes finite at higher densities.) We

shall take representative parameters of deuterium plasma, B = 6.2 T, ne = 5 x

1012 cm-", T, = Ti = 5eV, ckoj/wo = 3, and ck 1 /wo = 7, corresponding to

the values near the waveguide mouth in Alcator C where the Ell coupling term is

large. -The homogeneous plasma threshold under these conditions is Prf ~ 5kW.

The convective threshold for this case is Prf ~ 50kW. However, we note that the

distance required for the decay wave power to amplify by exp(27r) is approximately

4 m, which is roughly one complete toroidal revolution. Account must also be taken

of the decreasing Ell driven growth rate as the wave propagate into the plasma

(see Fig. 5). This will further raise the threshold. In order for the decay wave to

have amplified by exp(27r) by the time it has traveled 600 in the toroidal direction

(where the CO 2 laser scattering data were obtained) a growth rate of Y/wo = 0.007

is required which corresponds to an rf power of nearly 2MW.

In the second limit, if we assume that the pump wave spreads over the en-

tire flux surface uniformly, the pump wave electric field is reduced by a factor

[(27r2 Ra 2)/(2LyLz)]1/ 2 from the case of resonance cone propagation. Here, 27r 2Ra 2

is the surface area of the flux surface at r = a, and 2L YLZ is the cross-sectional area

of the two resonance cones (where Ly and L, are the dimensions of the waveguide

array in the poloidal and toroidal directions, respectively). We shall take repre-
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sentative edge parameters of deuterium plasma, B = 6.4 T, n, = 0.9 x 1014 cm- 3 ,

Te = Ti = 20eV, ckoli/wo = 3, and ck /wc) = 7, corresponding to the peak of

the growth rate in Fig. 5. The homogeneous plasma threshold under these condi-

tions is Prf ~ 1 kW. The threshold rf power for this case is 2MW. This model is

not supported by the CO 2 laser scattering data. At 60' away toroidally from the

wave launcher during its first pass, the pump wave appears to be still fairly well

localized. 17
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III. RF PROBE MEASUREMENTS

Externally launched lower-hybrid pump wave, as well as parametrically ex-

cited lower- and upper-sideband lower-hybrid waves and low-frequency quasimodes

were studied with rf probes during the lower-hybrid heating and current drive exper-

iments on the Alcator C tokamak. A relative phasing between adjacent waveguides

of AO = 180c was used for most of our data. The triaxial rf probe had a floating

sheath, and the Molybdenum probe tip was 1 mm long and 0.4 mm in diameter.

The rf probes were also used as Langmuir probes to study edge plasma parameters

and density fluctuations. Several rf probes located at different toroidal and poloidal

locations were used (see Fig. 7). Also shown are the locations of the two 4 x 4 wave-

guide arrays (MW1 and MW2), the CO 2 laser scattering diagnostics, and two sets

of double full-poloidal ring limiters.

The plasma density at the limiter radius, which was at most 1/3 of the peak

density, has been measured with Langmuir probes in carbon limited discharges. For

a line-average density of W, = 2 x 101" cm-', the plasma density at the main limiter

radius a = 16.5 cm, was ne < 1 x 14" cm- 3 and fell exponentially to 5 x 1012 cm-3

at the secondary limiter (radius of r = 18 cm) where the face of the waveguide array

is normally located. The edge density is not a simple function of the line-average

density and is also dependent on the port location. The electron temperature varies

from Te > 20eV at the main limiter radius to Te < 5eV at the secondary limiter

radius. These measured profiles were used to calculate the growth rates in Fig. 5.

A. Low-Frequency Fluctuations and Pump Broadening

A large level of low-frequency density fluctuations was observed in the shadow

of the main limiter when the probe was biased to collect ion-saturation current.

Typically, bn/n ~ 0(1/2) where bn is the amplitude of the fluctuating component
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of the density and n is the time-averaged density. The spectral shape was roughly

exponential with the 1/e width in the range 150-200kHz, with little dependence on

density, magnetic field, or ion species. Similar density fluctuations were observed

with CO 2 laser scattering near the main limiter radius. The frequency width ob-

tained with scattering was an increasing function of k.15

The frequency spectra above 1 MHz were studied with floating rf probes lo-

cated at r = 17.8 cm. The frequency spectra depended on the location of the probe

with respect to the wave launcher. In Fig. 8 we show the pump frequency spectra

(f ~ fo ± 20 MHz), obtained at three different toroidal locations when the wave

was launched by a four-waveguide array located at the C-port (see Fig. 7 for port

locations). Spectrum (a) was obtained with the probe located right in front of the

waveguide array, whereas spectra (b) and (c) were obtained at the D- and F-ports

(60' and 180' away toroidally from the waveguide array). Surface waves which

cannot propagate beyond the main limiter radius into the plasma interior cannot

reach the location (c) because these waves will be reflected from the full-poloidal

main limiters located at both B- and E-ports. We interpret the sharp peak at

the pump frequency to be due to these surface waves. The broadband background

feature is fairly independent of probe position and we interpret it to be due to

waves that have propagated out to the location of the probe from the plasma in-

terior. These waves had to have undergone intense scattering from the turbulent

low-frequency density fluctuations. In the remainder of this paper, we shall present

only the data obtained with rf probes located 1800 away toroidally from the wave

launcher, which we believe give the best indication of wave spectra characteristic of

the plasma interior.

We show the frequency width (FWHM) of the broadened pump wave as a

function of density for deuterium and hydrogen plasmas in Figs. 9(a) and (b). The
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frequency width is independent of the magnetic field, and is also fairly independent

of the injected rf power level. There is also a frequency down-shift of the order of

1 MHz except at low densities, e <- 1 x 10" cm-', where the spectrum is sym-

metric about the pump frequency. In Figs. 10(a) and (b) we show the spectra of

the low-frequency potential fluctuations before and during the rf pulse. There is

significant increase in the fluctuation level in the range of a few MHz. There is

a threshold density i, ~ 1 x 1014 cm- 3 below which this enhancement in the po-

tential fluctuations is absent. There is also a power threshold of a few tens of kW

for this enhancement. These results suggest that parametric decay into ion-sound

quasimodesi0 may be occurring. We note that neither the ion density fluctuation

observed on ion saturation current nor the electron density fluctuation observed

by CO 2 laser scattering change appreciably in the same frequency range with the

application of rf power. " These results are not in contradiction with parametric

excitation of ion-sound quasimodes,'8 but exclude the possibility that this potential

fluctuation enhancement is entirely due to enhancement in drift wave turbulence.

The frequency broadening of the pump is due to scattering from low-frequency den-

sity fluctuations1 4 at densities below threshold. It is not clear at present how much

broadening, if any, is due to parametric decay at densities above threshold.

B. Ion-Cyclotron Sidebands

The high-frequency and low-frequency spectra over a wider frequency range at

two different densities, one above and one below threshold, are shown in Figs. 11(a)

and (b). The ion-cyclotron peaks are separated from each other by less than the

central ion-cyclotron frequency, but slightly greater than the ion-cyclotron frequency

evaluated at the outside (larger major radius side) edge of the torus, suggesting that

these sidebands were generated near the outside plasma edge, not too far from the
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waveguide array. The spacing between ion-cyclotron peaks is independent of the

probe location along the major radius in the range 52 < R < 76cm (the major

radius of the torus Ro is 64 cm). There are two distinct features in the high-

frequency spectrum of Fig. 11(a). Based on our numerical results presented in

the last section, we interpret the first few harmonic lower-sidebands to be due to

parametric decay into ion-cyclotron quasimodes (P ~ nwce) near the plasma edge

where the temperature is low, and the higher harmonics, peaked around |w - /wo ~

0.85, to be due to parametric decay into nonresonant quasimodes [w/kiivte ~ 0(1)]

excited farther inside where the temperature is higher." The higher harmonics

have a higher density threshold than the lower harmonics. In contrast to the lower-

sideband spectrum, the low-frequency spectrum is always monotonically decreasing

and never shows a peak at w/wo ~ 0.15. In Alcator C, the dominant peak is almost

always the first ion-cyclotron lower-sideband. Under the condition of Fig. 11(b),

which we claim to be below the threshold density, there exists an unstable mode

at w = weg (again, evaluated at the outside edge) in the Ohmic plasma. The origin

of this mode is not clear at present. The pump wave is significantly narrower, and

more or less symmetric lower- and upper-sidebands are observed. We believe that

rather than being due to parametric decay, these sidebands are produced by the

passive nonlinear beating of the lower hybrid wave on a pre-existing marginally

unstable ion-cyclotron wave. The amplitudes of these modes are small (50 dB down

from the pump) in contrast to the parametric modes in Fig. 11(a). If these ion-

cyclotron modes were only marginally stable in the density regime where we observe

parametric decay, there is a possibility that they might be driven unstable in the

presence of the pump wave, thus reducing the threshold for parametric decay.

In Fig. 12 we show the frequency-integrated pump power (including the broad-

ening of a few MHz) and sideband power (integrated over all sidebands) as functions
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of density. Above the threshold density of n, ~ 1.5 x 10" cm- 3 , the sideband power

reaches about 30% of the pump power. and both sideband and pump powers de-

crease rapidly with density. In Fig. 13 we show the pump and sideband powers

as functions of injected rf power. Above the threshold rf power of 10kW the side-

band rises to about 30% of the pump power, and both sideband and pump powers

keep increasing linearly with rf power. Therefore, we cannot conclude that pump

depletion due to parametric decay has occurred. The decrease of the pump wave

power at high densities may partially be due to increased collisional damping near

the plasma edge. 20

C. Ion Tail Formation

The correlation between ion tail formation and parametric decay was studied

with a mass-resolving charge exchange neutral analyzer located at the E-port (see

Fig. 7).3'4 The charge exchange (CX) analyzer viewed the plasma perpendicularly

from the larger major radius side through the gap between a pair of main limiters

located at this port. The CO 2 laser scattering diagnostics was also located at this

port. The two waveguide arrays were located 600 (MW2) and 1200 (MW1) away

toroidally from this port. The ion tails were observed only above the sharp density

threshold of ie 1.5 x 10" cm- 3 in hydrogen !corresponding to WO/WLH (0) = 1.8

and wo/WLH (a) 2.9], and ie ~ 2.0 x 1014 cm-3 in deuterium [wo/wLH(O) 2.2

and w(/wLH(a) = 3.6], both at B = 9T. This is shown in Figs. 14(a) and (b)

where the ion tail "temperature" is plotted as a function of density. Here, typical

experimental values of ne(0)/ie = 1.3 and ne(a)/ne(0) = 0.3 have been used to

evaluate WLH. In general, stronger ion tails were observed in hydrogen plasmas

than in deuterium plasmas. In general, stronger ion tails were observed when the

lower-hybrid waves were injected from MW2 (the closer of the two arrays) rather
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than MWI, as shown with the open symbols in Fig. 14(b). The fast decay time

of the high energy CX neutral flux and the absence of neutron rate enhancement

in the case of deuterium plasmas imply that the ion tails did not originate from

the plasma center. These density thresholds for ion tail formation correlated well

with the onset of strong parametric decay observed by rf probes. The frequency-

integrated sideband powers observed by the rf probe during the same runs are

shown in Figs. 15(a) and (b). These results suggest that ion tails are created near

the plasma edge through the excitation of parametric decay, and that this effect

is localized toroidally near the wave launching location. This toroidal localization

is supported by the CO 2 laser scattering data which will be presented in the next

section.
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IV. CO 2 LASER SCATTERING MEASUREMENTS

A. Experimental Setup

Here we present results from CO 2 laser scattering from the first-harmonic

ion-cyclotron lower-sideband.3 As mentioned earlier, according to rf probe mea-

surements, this is almost always the dominant peak in the Alcator C experiments.

Higher harmonic sidebands were not studied with scattering. The scattering vol-

ume was located at the E-port (see Fig. 7), 120' from MW1 and 600 from MW2

toroidally. A relative waveguide phasing of 180' was used in the present experi-

ments. The experimental configuration is shown schematically in Fig. 16. The local

oscillator (LO) beam which is needed for heterodyne detection, 2 ' passed vertically

through the plasma at a distance x _ R - R0 from the plasma center along the

major radius, and was held fixed during a k scan to ensure constant detection effi-

ciency. The main laser beam was oriented parallel to the LO beam at mirror M1

and the two beams were made to cross at the focus of lens L2, which was located

inside the plasma volume. The main laser beam, scattered in the direction of the LO

beam, was detected and optically mixed with the LO beam at the detector (Ge:Cu

photomixer). By translating the mirror MI vertically, the separation between the

two beams could be altered. The spacing between the two beams d, and the focal

length f of the lens L2 determines the scattering angle 0, ~ d/f. and therefore the

wave number of the wave being studied k ~ ki,, where ki is the wave number of

the CO 2 laser beam. We note that in the present configuration only waves with

wave vector k oriented along the major radius could be detected. The typical range

of wave numbers studied were in the range 80 < k < 240 cm- 1 . The waist radius

of the laser beam at the focus was 0.1 cm, which gives a horizontal spatial resolu-

tion of ±0.1 cm and a wave number resolution of ±20cm'. The vertical spatial
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resolution varies inversely with k and was measured to be ±10cm at k = 80cm-

(at k = 200 cm- 1 it would be ±4 cm).' 7 The scattered signal was analyzed using

a 16-channel filter bank for the pump wave and an 8-channel filter bank for the

first ion-cyclotron harmonic lower-sideband wave (or simply referred to here as the

decay wave).

B. Scattering Results

Typical frequency spectra of the pump wave (wj) and the decay wave (first

ion-cyclotron lower-sideband, w(, - ) are shown in Figs. 17(a) and (b). The decay

wave has a wider frequency width than the pump wave by a factor of 2 to 3. In

general, the pump wave frequency spectrum observed by CO 2 laser scattering in the

plasma interior is very similar to that observed by an rf probe located at the plasma

edge provided that the probe is insensitive to the surface waves. As an example, we

compare in Fig. 18 the density dependence of the frequency width (HWHM) of the

broadened pump wave obtained by an rf probe located 1800 away toroidally from

the wave launcher, with that obtained by CO 2 laser scattering at x = +5cm and

at k = 80cm-. 2 2 (The frequency width obtained with scattering is an increasing

function of k. 17) This observation supports our interpretation that these probes are

sensitive to waves that have escaped out from the plasma interior. The frequency

difference between the pump wave and the decay wave is again less than the central

ion-cyclotron frequency but slightly greater than the ion-cyclotron frequency at

the outside edge. As shown in Fig. 19 the decay wave has been observed only

within a narrow density band. The pump wave also becomes unobservable slightly

above the upper end of this density band. This .density band does not exactly

coincide with the density range where the rf probes detect the decay waves. There

is some evidence that this density band moves slightly towards lower density at
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a lower plasma current, but this dependence has not been studied in detail. The

dependences of the scattered powers from the pump and decay waves on injected

rf power are shown in Fig. 20. In this particular case the decay wave is observed

above a threshold rf power of Prf ~ 100kW, which is an order of magnitude lower

than the convective threshold estimated in Sec. I-B. There is no evidence of pump

depletion due to parametric decay by the time the pump wave reaches x/a = +3/4

and 600 away toroidally from the wave launcher.

In the present experiments the scattering volumes were located along the

vertical chords at major radial locations x = R - Ro = 0, +5, +12cm (the limiter

radius is a = 16.5 cm). In addition, a vertical scan was also carried out at x = 0 cm.

In general, the largest scattered decay wave signal is observed at the location where

the largest scattered pump wave signal is observed. The largest scattered signals

(for both the pump wave and the decay wave) were observed at x = +12 cm. This is

the location that the pump wave is expected to be observed (i.e., the toroidal and

poloidal locations as well as the wave number orientation are correct) according

to the predictions of the toroidal ray tracing code with scattering from density

fluctuations included." The decay wave is also expected to be observed where the

pump wave is observed since the maximum growth rate is obtained for those decay

waves that have traveled inside the pump "resonance cone". However, no significant

decay wave signals were observed at vertical positions y = i12cm at x = Ocm,

which correspond to the same minor radial positions (r = 12 cm) as x = +12 cm and

y = 0cm where the largest decay wave signals were observed. The intensity of the

scattered signal from the pump wave was also significantly lower at (X, y) = (0, ±12)

than at (x,y) = (+12,0). One has to be careful in comparing the relative decay

wave (or pump wave) powers at these different locations since scattering samples

different regions of real space and k space. At (x, y) = (+12, 0) scattering is sensitive
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to waves with k, > ko, whereas at (x, y) = (0, ±12) it is sensitive to waves with

k > kr, where k, and k9 are the radial and poloidal components of the wave

vector k. Only the waves with correct wave vector orientation are observable with

scattering. In addition, at both locations the scattering volume is much larger in

the vertical direction than in the horizontal direction. The two waveguide arrays

located at different toroidal positions (MWI and MW2, see Fig. 7) permit us to

study the toroidal localization of the decay process. (Again, we have to be aware

of the fact that the wave vector orientation must be nearly perpendicular to the

laser beam in order for the wave to be observable by scattering.) No significant

levels of decay waves have been observed by laser scattering at any radial location

studied when the lower-hybrid waves were injected from MW1 alone. We note that

the scattered pump wave signal was also typically an order of magnitude higher

from MW2 than from MWI at x = +12cm. 1 7 In addition, as discussed in the

last section, much stronger ion tails (observed at the same port as the CO 2 laser

scattering) were observed when the waves were injected from MW2, which confirms

our belief that the ion tails were created through the excitation of parametric decay.

In summary, from the scattering data it appears that the decay waves are localized

in the poloidal cross section near the outside plasma edge x > + 12cm, and also

localized toroidally to < 900 from the waveguide array.

The power density spectrum, P(N1 ), was deduced from the scattered power

spectrum Pc(k) by using the warm-plasma dispersion relation, including electro-

magnetic effects, to relate k to Nil (where Nl = ckl1/w is the index of refraction

parallel to the magnetic field). The scattered power (which is proportional to eg)

was rescaled in terms of the wave power density.23 In order to obtain Nil from k,

a knowledge of the local density is necessary. Since scattering measures volume

integrated scattered power inside the scattering volume whose vertical dimension
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could be large (especially for small scattering angles), a unique mapping of k into

N11 cannot be made. Rather, a single value of k corresponds to a range of N11's.

Therefore, we shall denote by NJ the value of Nil obtained by using the density at

the midplane of the torus. The data presented in this paper will be in terms of N.

A value of N, gives a lower bound on the true value of Ngi. Some discussion on

differences between the average value of NJ! (based on numerical simulations) and

NH is given in Ref. 17. In the present case this difference (NJ - Nji)/NI should be

smaller than for the case of Ref. 17 since due to the larger values of k, the vertical

resolution is better.

The power density spectra P(N,) for the pump wave and for the decay wave

deduced from the experimentally measured k-spectra are shown in Fig. 21. These

data were obtained at x = +12cm (x/a ~ +3/4), and from three separate k-scans

covering the range 80 < k < 240cm- 1. Data from the different k-scans have been

scaled in amplitude to compensate for the different optical alignments used in each

scan. It can be seen that the decay wave power is concentrated at higher values of

NfJ (Nii ~ 7) than the pump wave. The measured k-spectrum of the decay wave is

consistent with parametric excitation of ion-cyclotron quasimodes. The pump wave

spectrum at this location and this waveguide phasing is peaked at NV ~ 2.6 (which

corresponds to the average value of Nil ~ 3 based on numerical modeling). 1 7 As

noted earlier, the difference between NV and the average value of N11 (which is due to

uncertainty in the local plasma density) is less for the present case since the vertical

resolution is better at larger values of k. If we assume that the k1 distributions of

both the pump wave and the decay wave are isotropic in the perpendicular plane

the frequency- and wave number-integrated power in the decay wave is at most 3%

that of the pump wave. This would be an under-estimate of the relative decay wave

power compared to the pump wave power if k, >> kg for the pump wave and/or
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k > k, for the decay wave. Similarly, there could be significantly more power

contained in higher ion-cyclotron harmonic sidebands which were not studied by

scattering in the present experiments.

The wave number of the decay wave is characterized by Ik-I < 190 cm - which

is consistent with the condition w--/k-vtel > 4 at x/a ~ +3/4 where Te ~ 250eV.

The decay wave observed at x/a = +3/4 probably originated near the waveguide

mouth and propagated inside the pump "resonance cone". Therefore, growth of the

decay wave is influenced by the growth rates at all locations between the waveguide

mouth and the observation point. In general, the local growth rate is an increasing

function of In | up to the Landau damping limit in-1 < c/4vte. While the decay

waves with larger values of InO may have larger growth rates at larger minor

radii where the electron temperature is lower, they are heavily Landau damped

by the time they reach the observation point. Consequently, the wave number

spectrum is determined by the electron temperature at the observation point. The

observed wave number of the lower-sideband decay wave (as well as the pump wave

number) is too small to create ion tails at this location since 1w-/k-vtij > 10 if we

take Ti ~ 250eV at r = 12cm. However, according to our theoretical predictions

the low-frequency ion-cyclotron quasimodes are always strongly damped by ions.

Therefore, the ion tails observed by charge exchange are most likely created by

ion-cyclotron damping of the quasimodes.
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V. SUMMARY AND CONCLUSIONS

Using rf probes and CO 2 laser scattering we have observed parametric decay

instabilities at relatively high densities wo/wLH (0) < 2 in the Alcator C tokamak.

The pump wave data obtained with rf probes sufficiently far from the rf source are

consistent with CO 2 laser scattering data obtained in the plasma interior. However,

there are some differences in the decay wave data obtained with the two techniques.

Comparison of the probe frequency spectra with our numerical analysis suggest that

parametric excitations of ion-cyclotron quasimodes, nonresonant quasimodes, and

possibly ion-sound quasimodes are taking place. The onset of strong parametric

decay is well correlated with ion tail formation near the plasma edge. The decay

region is located near the outside (larger major radius side) edge, x/a > +3/4, and

localized toroidally near the wave launcher. The decay wave has been observed by

CO 2 laser scattering only where strong pump wave signals are also observed. The

ion tails are believed to be caused by heavily ion-cyclotron damped quasimodes.

The measured wave number spectrum of the lower-sideband wave at i/a = +3/4

is peaked at higher values of k (and hence N 11) than the pump wave spectrum, the

peak being determined by electron Landau damping at the lower-sideband at the

observation point. The experimentally observed threshold rf power for parametric

decay is an order of magnitude lower than the theoretically predicted convective

threshold. The reason for this discrepancy is not clear at present. A significant

fraction ( ~ 30%) of the wave power may be deposited near the plasma surface

through excitation of parametric decay at high densities when wo/WLH(0) < 2. A

conclusive verification of pump wave depletion due to parametric decay instabilities

was not demonstrated here. It is possible that some other mechanism(s) may be

playing a key role in preventing pump wave penetration, and central ion heating,

when the density is sufficiently high for the lower-hybrid mode conversion layer to
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be present near the plasma center. However, before more definite conclusions on

the role of parametric decay upon pump wave penetration can be drawn, further

laser scattering measurements of the higher ion-cyclotron harmonic sidebands will

have to be carried out.
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FIGURE CAPTIONS

Fig. 1. Numerical solution of the parametric dispersion relation for a deu-

terium plasma, B = 6.7 T, ne = 1.9 x 1014 cm 3 , = Ti = 250 eV, Prf = 100kW,

ck) 11/wn = 3, and ck /wo = 7, which were typical parameters near r/a ~ 3/4 when

CO 2 scattering data were obtained. (a) -y and WR of the quasimode (LO WR + iy)

as functions of k of the quasimode, (b) -y as a function of WR.

Fig. 2. The dependence of ORnmax and ymx on density. Hydrogen plasma,

B = 10T, Te = T, = 20eV, Prf 100 kW, ckoll/wo = 3, and ck /wo = 5.

Fig. 3. The dependence of WRmax and 1max on Te. The straight line corre-

sponds to WRmax ~ 0.4kgjvte. Hydrogen plasma, B = 10T, ne = I x 1014cm-3

(Wo/LO (0) = 2.3), Prf = 100kW, cko1 /wo = 3, and ck-/wo = 5.

Fig. 4. The dependence of WRmax and ymax on k1l. The straight line corre-

sponds to WRmax ~ 0.4klvt,. Hydrogen plasma, B = 10T, ne = 1 x 1014 cm-3

(WO/WLH (0) = 2.3), Te = Ti = 50eV, Prf = 400kW, and cko 1/wo = 3.

Fig. 5. The dependences of yinax and WRmax as functions of the major radial

distance from the plasma center x = R - Ro for typical Alcator C parameters

when CO 2 scattering data were obtained, namely, deuterium plasma, B =8 T,

ne = 2.1 x 1014 cm-3 , Ten = 1.5keV, Prf 100kW, cko11/wo = 3, and ck /wo = 7.

The triangles show the growth rate for 0 =r/2 (mainly E x B coupling) whereas

the crosses show the growth rate for 0 = 0 (Ell coupling).

Fig. 6. The dependence of the growth rate of the first ion-cyclotron quasimode

(WOR we) on rf power. The straight lines plotted correspond to Y oc PIT 75 and

Y 0C Prf-G. Hydrogen plasma, B = 10T, ne = I x 1014 cm- 3 (WO/WLH(0) = 2.3),

T, = Ti = 50eV, ck 1 j/wo = 3, and ck /wo = 5.

Fig. 7. Locations of the waveguide arrays, limiters, and relevant diagnostics.

Fig. 8. The frequency spectra near the pump frequency fo = 4.6 GHz obtained
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with rf probes at three different toroidal locations: (a) C-port (in front of the

waveguide array), (b) D-port (600 away), and (c) F-port (180' away). Deuterium,

B = 8 T, ii = 3.4 x 1014cm- 3 (wcO/WLH(O) = 1.9), and Prf = 40kW.

Fig. 9. The frequency width (FWHM) of the broadened pump wave as a

function of density for (a) deuterium and (b) hydrogen plasmas.

Fig. 10. The spectra of the low-frequency potential fluctuations (a) before and

(b) during the rf pulse. Deuterium, B = 8 T, i = 1.4 x 10 1 4 cm-3 (WC/WOLH(O)

2.6), and Prf = 140kW.

Fig. 11. The low-frequency (left) and high-frequency (right) spectra at two

different densities. Hydrogen, B = 8 T, (a) iie = 2.1 X 1014cm- 3 (wO/WLH(0)

1.6), and (b) ie = 1.1 x 10" 4 cm- 3 (wo/wLH(O) = 2.0).

Fig. 12. The frequency-integrated pump power (including the pump broad-

ening) and sideband power (integrated over all sidebands) as functions of density.

Deuterium, B = 8 T, and Prf = 280kW.

Fig. 13. The frequency-integrated pump and sideband powers as functions of

injected rf power. Hydrogen, B = 8 T, and ie = 2.6 x10 1 4 cm-3 (WO/WLH(0) = 1.5).

Fig. 14. The ion tail "temperature" as a function of density in (a) hydrogen

and (b) deuterium plasmas.

Fig. 15. The frequency-integrated sideband power as a function of density in

(a) hydrogen and (b) deuterium plasmas (different absolute scales) obtained during

the same runs as Fig. 14.

Fig. 16. The CO 2 scattering configuration.

Fig. 17. Typical frequency spectra of (a) the pump wave (wo) and (b) the

decay wave (wo - wci). Deuterium, B = 8 T, ie = 3.7 x 1014 CM-3, Prf = 280 kW,

x = +12cm, and k = 150cm-.

Fig. 18. The density dependence of the frequency width (HWHM) of the pump
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wave observed by scattering (at x = +5cm, k = 80cm-') and rf probe. The probe

was located 180' away toroidally from the wave launcher so that it is insensitive to

the surface waves. Deuterium, 8 < B < lOT.

Fig. 19. The density band over which the decay wave has been observed

by CO 2 scattering. Deuterium, B = 8T, Prf = 300kW, x = +14cm, and k

140cm

Fig. 20. The dependences of the scattered powers from the pump and decay

waves on injected rf power. Deuterium, B = 8 T, ie = 2.1 x 10 4cm--3 , x = +12cm,

and k = 150 cm- 1 . The pump wave data points are scaled down by a factor of 10.

Fig. 21. The power density spectra P(NI1 ) for the pump wave and for the decay

wave deduced from the experimentally measured k-spectra. Deuterium, B = 8 T,

1.8 < ie(101 cm- 3 ) 5 2.4, Prf = 260kW, and x = +12cm. The pump wave data

points are scaled down by a factor of 20. N is defined in the text.
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