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ABSTRACT 

Lower hybrid waves are studied in the Princeton ACT-I steady-state toroidal 
plasma device using a'radially scanning co 2 laser scattering system with both 
amplitude and phase sensitive detection techniques. Clearly defined resonance 
cones launched from external electrostatic anW^nnas are seen to disappear as the 
plasma density is raised. Scaling of LHW laser signal with RF power in the 
presence of resonance cones, shows nonlinearities associated with RF induced 
changes in the effective laser scattering volume. Absolute fluctuation level 
estimates suggest this occurs when e*/T e 5 1. Wavefront curvature effects can 
cause a complete loss of resonance cone laser signals, even though probes 
indicate that cones are still present. Measurements of the wave k.-spectrun. in 
the plasma show direct evidence for electron Landau filtering of the original 
wave k^-spectrum launched from the antenna at the plasma edge, and strong 
dependence on antenna phasing. Finally, frequency shirts and loss of the 
resonance cone signal are associated with high levels of plasma density edge 
turbulence. 
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I. INTRODUCTION 
The detection of lower hybrid waves < LHVV") by nonperturbing means has become 

more important recently due to promising heating and current drive applications 
1 2 of high power LKW in large tokamaks. The technique of electromagnetic wave 

(CO.? laser) scattering was first applied by Surko and Slusher to driven lower 
hybrid waves in the ATC tokamak in 1976. but no signal was seen down to a 

- —3 density fluctuation level a/a ~ 10 . Microwave scattering was successfully 
used on the Princeton H-l linear device in 1978. but no radial or angle 
scanning capability was availlable. It was not until 19T9 that driven LHW were 
observed at the level H/n - 10 by CO, laser scattering on Aleator A . but 
resonance cones were not detected, and spectra of the LHW laser signal indicated 
probable- heavy scattering by low frequency turbulence. 5 , 5 Lower hybrid waves 
have also been observed by coherent scattering of 3-mm microwaves in the WEGA 
stel lerator/tokamak.' further suggesting that in this case, the LHW are not 
localized in resonance cones. 

To address issurs not .easily answered in large experiments, we utilize a 
small steady-state toroidal plasma In conjunction with CO, laser scattering and 
electrostatic probes to make measurements on LHW launched from antennas at the 
edge of, or in the plasma itself. A high frequency lock-In technique is used 
for signal enhancement, allowing low-level detection while retaining phase 
information, facilitating comparison with probe measurements. We take advantage 
of the steady-state Advanced Concepts Torus (ACT-I), by scanning the laser 
system continuously across the outer radius cf the plasma, while also having the 
ability to sweep the laser scattering angle, corresponding to scattered 
wavenumbers k? = 25 to 120 cm . The lower hybrid wave k..-speetrum can 
therefore be inferred by the laser, but not readily from probes. Such 
information is vital to quantitative understanding of LHW excitation and 
damping. 

This paper reports studies of lower hybrid waves in the frequency range of 
30 - 190 MH2 in the ACT-I hydrogen plasma, using COg laser scattering and probes 
to detect, respectively, the wave density fluctuation n and wave electric 
potential * Lower hybrid waves are excited by electrostatic plate-antenna 
arrays located on the raidplane outer edge af the plasma {in the limiter shadow), 
and detected toroidal ly 15 cm to 340 cm away from the launcher. Most 
measurements are concentrated in the regime 1 < a/a • i 3, close to the lower 
hybrid layer at which u/aitl = 1. where « i n = "«;{! + "ne^ce^ H e r e wni ' 
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u , and « c e have the usual definitions of ion plasma, electron plasma, and 
electron cyclotron frequency, respectively. 

Resonance cones are detected with the Laser system, and wave k,.-spectra are 
measured both by scanning the scattering It-vector (b°) with fixed plasma 
conditions, and by sweeping the density while holding k° constant. [n this 
manner, the effects of antenna phasing and electron Landau damping on the LHW 
^-spectrum in the plasma are observed. Extensive two-dimensional plasma 
parameter profiling shows the importance of planar wave-fronts to aid detection 
of the low (absolute) level RF waves with laser scattering. Power scaling shows 
nonlinear effects associated with background neutral ionization, and subsequent 
buckling of plasma profiles. Finally, high levels of low-frequency turbulence' 
are seen to destroy the laser resonance cone signal. 

In Sec. II. a brief theoretical background relevant to the experimental 
measurements is presented, and in Sec. Ill the experiment is described. Results 
of the experiment are presented in Sec. IV, with a discussion of the data and 
summary in Sec. V. 

11. THEORY 

A. Basic scattering concepts 
The theory of light scattering from plasmas is well-known, and has been 

applied for measuring a wide range of plasma parameters. The particular 
application of CO, laser scattering to study density fluctuations in plasma has 
been pioneered by Surko and Slusher. 

We first establish some fundamental parameters of interest. For the laser 
wavelength A_ = 10.6 um, all plasma waves under consideration will have A, » A 

^ o r X o 
so that scattered light satisfying the Bragg condition 

e B = 2 sin-'t^l . (1) 

will always be at small angles <6 = 3-SO mrad for A = 3 - 0.5 mm) to the 
incident laser beam. From Gaussian optics, a freely expanding Gaussian beam has 
a diffraction limited half-angle AG = Aa/rra0, where a Q is the beam waist, 
defined as the radius where the beam electric field amplitude has fallen to 1/e 
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o' its central value. Choosing a coordinate system with regard to the machine. 
we take the 2 axis along B. the x axis along the midplane radius, and the y axis 
is vertical. The incident Gaussian laser beam is assumed to be linearly 
polarized, as shown in Fig. 1, with the electric field vector lying in the 
scattering plane. E Q and E £ are the magnitudes of the incident and scattered 
electric fields. 

In general, we would like k„ of the plasma wave to be zero, and the driven 
wave to be planar over the scattering region. In practice, these two 
assumptions are violated in various degrees, and must be treated carefully. The 
scattering length in the y direction (essentially along the beam) is defined to 
be.L„ = min (L T, t<A, plasma diameter) , where L v is the length determined by 
when the magnitude of the cross beam electric field amplitude 1E 0E S| has fallen 
to 1/e of its maximum value (see Fig. 1), and L A is the antenna height. In 
ACT-I. we have L„ =• L A in all cases. For a monochromatic plane wave density 
fluctuation with frequency CJ0/2JT, of the form 5 e= S eos(k,x - wt) , it can be 
shown that the laser power scattered into .the coherent solid angle 
dll = it(*0/n&0) , when ^ of the wave matches t° given by the Bragg angle, is 

where r 0 is the classical electron radius e /sic , P s is the scattered power, and 
F0 is the incident laser power. In practice, the wave phase may vary from the 
top to bottom of the laser scattering volume, so that destructive interference 
occurs, reducing the scattering length to a value denoted by L e f f . The phase 
fronts may be tilted with respect to the direction defined by k°, in which case 
l e i i = L„ sin(X)/X, where X s k , © t l l t l /2. Furthermore, the phase fronts may 
have a net curvature, in which L ef f can be approximated by the distance over 
which a relative phase shift of IT/2 occurs. The worst case analysis would be 
random phasing over the laser scattering volume, for which the scattered power 
is proportional to HL. However if this occurs, no signal would be seen in our 
experiment, due to the low absolute density of the ACT—I plasma. We operate 
well into the limit of coherent scattering, that is to say that ct = 1/k.Jvn^ > 1. 
The laser signal corresponds to scattering off electron density fluctuations 
which may be correlated with ion motion, but not to scattering off the ions 
themselves, due ta their small Thomson cross section. 
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B. Dispersion relation 

The fluctuating electron density driven by tower hybrid waves can be 
derived from the Jull electronegnetic wave equation and the continuity equation 

13 for electrons. For completeness, we present a multispecies warm ion approach. 
which can then be reduced to the cold ion approximation when appropriate. 

We will consider electrostatic waves in a multispecies warm-ion, cold 
electron plasma, in the frequency regime u 2 » i h • ft>pj » « cj- Here « . is the 

;th 
is given by a%~ | u ^ d + u ^ /u\^ J"1. 
ion cyclotron frequency af the j ion species, and the lower hybrid frequency 

Experimentally, we operate in the 
parameter ranges shown in Table 1. We will use a local approximation by 
assuming that gradient scale lengths are long compared to X.. ie., that the WH3 
approximation k~ (dk./dx) « 1 can be satisfied (true for ACT-I except near 
turning points and resonances). The full electromagnetic wave equation for a 
Fourier component of the form e i E * r - u " j S then n x (n x &) + K • £ » 0, where 

13 R is the hot plasma dielectric tensor. The geometry is chosen so that B Q is 
along 2, and , with little variation in plasma parameters in the y direction, we 
take k =0. More explicitly: 

I XX 1 n.n. + K 1 1 1 xz 
(S'\ 

*7 77 ys * E 
7 

n . n . + K 
i 1 -X2 7* K « " n l ^ U/ 

e , 

(3) 

where n = kc/u, and ll, l denote components parallel and perpendicular to the 
magnetic field, respectively. In a aondrifting Maiwellian plasma, with T = T.,, 
using k.p- « 1, the dielectric tensor elements of importance can be written J. e 
approximately as 

. XH.-E. + I - 2 2 -
<•> J u It.T, 
ce I J 

expC-bj) 
[ n 2 I ( Z + 2 ) , 

n-1 n n n 
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2 2 
, - -i Jk + 1 1 J j i . «p<-b) i ={ia - i;j(zB- z_j . (4) 

• t.t /.l A f.l !• IT *• «!•• * - « • • • H 
-Et + i J _ l i . «p(-b > I s{l - l') 

ce 1 J 

* u <•> c ce 

where the simulation over j refers to ion species, t is the modified Bessel 
function of argument b:= tfyi/n-jVci' " ^ Z n i s t n e P , B M 1 * dispersion function 1 4 

*ith argument f^E {u + n* ,
c f f)Ai| V

f f. where the index a refers either to ions or 
electrons. We note here that n n . » KJ,Z so we neglect K__, and further that 
K™. = K ^ , so we replace JCy with K—j. In most eases of interest. K_ 2 can also 
be neglected. Setting the determinant of the 3x3 matrix to sero yields the 
dispersion relation D(£.u) '.0. 

At this point, without further appropriation, we have availiable a 
1 E 

numerical code*" which solves for k., given k, and the plasma parameters as 
inputs, keeping up to 40 terns in the Bessel function serias if necessary. 
Contributions to the damping rate from ions and electrons are included (Landau 
and cyclotron), while collisional damping is usually unimportant for ACT-I 
parameters. Inverse damping lengths are calculated from the usual Taylor series 
expansion of the dispersion relation about a root with £ = £ + ifi. , where 
|krl » Ikjl. and E i is given by 

1 & r I ' (5) 
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D has been split into real and imaginary par's. The contribution from linear 
electron Landau damping is appreciable for ( < 3, and can be expressed as 
kj = V'TT k r (^ **P(~$e) • A ray tracing trajectory is followed into the plasma, 
eatimating the wave energy density and energy flow along the way, including both 
the nonelectromagnetic and Poynting fluxes. 

For analytic purposes, away from regions of linear turning points (if 
present in the plasma), the cold ion, cold electron approximation yields the 
usual cold electrostatic lower hybrid dispersion relation in a multispecies 
plasma, 

os k 2 u a - flf 

Furthermore, the lower hybrid waves are expected to propagate into the plasma 
following resonance cone trajectories, where the local cone angle 9 = k B A . is 
dependent only on the electron density if « » a . , u , . 

C. LHW density fluctuation 
Consider the electron density fluctuation n^assaciated with a single wave 

Fourier component. For lower hybrid waves, it is actually possible to have 
n e= 0 even though the wave electric fields are finite. So, in contrast to the 
signal from a probe, the laser signal could be zero, even though the wave might 
be present. From the continuity equation for electrons, one obtains 
£ e= n e£*v e/u, where v e is the electron response to an oscillating field in the 
pIasma 

ma ""pe 
-R* • E . (?) 

The previously defined dielectric tensor has been split into the vacuum, ion, 
and electron terms K = I + K l + E e . Using the cold electron approximation, 
from Eq. (4), we have 



1
 2

 k x E x l a « E 3t E ' " { ' 
m i' "ce x x 

The first term in Eq. (3) eon be identified wi th polarization drift in the x 
direction, the second with ExB drift, and the third with electron inertia alone 
field lines. The ratios of electric fields are found from Eq. (3), setting K _ 
and K„_ to zero. One then obtains the (complex) fluctuating electron density, 
which can be written in two equivalent farms: 

2 2 

° e " i a a T — V x f j T _ 

(9) 

7 ? 
ce cs nc zs J, 

e u Z ( a 2 - K ) u<n*- K )1K ». • -1 * . — a i \ c - a 1 a " + —x

2 " r + 1 ) 0 " n u c , s » ' n u> n,(K - 0 CI I CI I S 

A zero of n g in the LHW frequency range occurs for u = <uDi{l+<5), where d is a 
small positive number, as a result of cancellation between the electron inertia 
and polarization drift terms, and is present in both the cold and hot-ion 
approximations. This can be seen by balancing the first and third terms in 
Eq. 9. while simultaneously satisfying the cold LHW dispersion relation, which 
can be done for a » a ^ . In the ACT-I parameter range, the K _ term in Eq. (9) 
can be neglected, and for a cold LHW, a good approximation for 5., is given by 

-l 4JT e (1 -at/a* | . (10) 

which reduces to the simple Poisson result if a >> &>_; . T o r a > a„. . finite ion 
pi P 1 

temperature effects on neenter primarily through k.. and for lower hybrid waves 
are usually neglected. However, finite ion temperature effects should be 



• included for «£_ < a § u •, due to the large modifications occurring in k 
Warm ion effects tend to shift the zero in n eto slightly lower densities (ie.. 
sooner along a ray trajectory). tf mode conversion of the lower hybrid wave to 
a hot plasma wave is predicted for a particular wave k..-component before the 
zero is reached, then finite ion temperature effects actually cause the zero to 
appear at significantly lower densities than cold plasma theory indicates. For 
ACT-I parameters. n g= 0 at u» 1.1 a ,. Code runs at fixed \.. show this zero to 
occur In such a narrow density band for ACT-I, close to the LH resonance where 
field swelling is also occurring, as to be all but unobservable in an actual 
experimental situation. 

Having related the wave density fluctuation to the wave electric field, it 
remains for us to obtain the associated wave power. The total energy flux 
crossing a surface perpendicular to the y-z plane, is the wave power per unit 
area 

P x E (S + T ) 1 = W 0 vgj_ , ^ ' (11) 

where S is the Poynting flux and T is the nonelectromagnetic energy flux 
associated with coherent motion of the particles. W is the wave energy 

1 C 

density and v is the perpendicular component of the group velocity, 
v = 3cj/3k . For the lower hybrid wave, neglecting the electromagnetic field 
energy, and locally ignoring dissipation, we write 

W. = TT- 2* • T" (« K) * S ° lew 3« 

16ir du 

having used the electrostatic form of the dispersion relation D(K,w) = 0. The 
group velocity can be eliminated in.Eq. (11) to yield 
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2 ^ 
having neglected E,, eoapared to E~. It follows from Eq. (6) for a cold lower 
hybrid wave, that although the field and particle energy density is evenly 
divided, the energy flux is carried by the fields, so that 

E' 2 
p , - a i ^ " - - ? ^ ) • (»> 

where E, is a peak electric field strength, and P, is the wave power per unit 
area perpendicular to BQ for a monochromatic wave. Relating the wave power to 
the density fluctuation via Eq. (10), we obtain 

52 a P J^ ( l.^ / e2, . ( I 5 ) 

2TT e eu 

This shows the lowest order correction as CJ approaches u , from above, and 
reduces to previous results ' for u » u ^. 

III. EXPERIMENTAL APPARATUS 

A. Plasma 
The experiments were conducted in the ACT-I multispecies hydrogen plasma, 

a 
using a hot tungsten filament plasma source. The resulting steady-state 
toroidal plasma can je characterised by n e= lxio 1 0 era-3 to Sxio 1 1 cm - 3, 
1 5 T e ST 4-6 eV, 0.025 ? tv ^2 eV, B Q = 4.5 kG. R = 59 cm. a ^ 9 cm. and 
hydrogen ion concentrations tit = 50-80 55, Jit =30 %, with the remainder H*. 1 9 A 
typical configuration showing diagnostic access, antenna locations, and machine 
geometry is shown in Fig. 2. Twenty-six chamber sections form the torus. 
Straight side limiters, located at r = 6 cm at the outer mi dp lane radius, reduce 
the plasma shape to an inverse D. This was done to match plasma edge conditions 
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to the vertical plate antennas used to launch plane wave lower hybrid waves, as 
we shall see later. Electron tutic floating double probes for wave measurements 
at various toroidal locations, as well as biased probes for monitoring the ion 
saturation current, can be scanned across the outer balf of the torus in an x-y 
fashion. Vertical field correction coils can be energized to correct for minor 
magnetic field errors, thereby enhancing the vertical symmetry of the plasma, as 
shown in Fig. 3. A relatively uniform ion saturation current profile .s 
obtained in the y direction by adding radial and vertical field components of a 
few gauss, thereby affecting the drift of fast electrons from the tungsten 
filament in the inner half of the torus. Wave studies are wade on the outer 
half of the torus, in the diffuse plasma region, free of fast electrons. Ion 

19 temperature was measured by laser scattering on ion Bernstein waves, and 
scales roughly inversely with neutral fill pressure. The electron density is 

13 measured by the lower hybrid resonance cone technique. Here a lower hybrid 
wave is launched from the edge of the plasma with frequency a » u , u . to 
determine the local cone angle 9 • ''IIAI * Ax/A2. found by measuring the 
relative r*rtial displacement Ax of'two Uffl cones launched from antennas with' 
known toroidal separation Az. The electron plasma frequency is determined from 
Eq. (6). By using a range of frequencies, or shifting to adjacent sets of 
antennas (or probes), the entire profile over the outer half of the machine can 
be covered. Hiis is the most accurate absolute local density measurement 
(better than 1<KS), which we then use to calibrate the density inferred from 
Langmuir probe ion saturation current profiles. For densities higher than 
- lxia 1 1 cm , ACT-1 is equipped with an fl-mm microwave interferometer, which 
gives line averaged central chord measurements. 

Typical electron density and low-frequency fluctuation profiles are shown 
in Fig. 4. The electrostatic vertical plate antennas are located in the 
limiter shadow, at r = 6.5 cm for measurements in this paper. Low frequency 
fluctuations peak near the plasma edge in regions of steep gradients, and are 
found to play an important role, affecting the propagation of lower hybrid 

20,81 waves .-"••" 

B. RT antennas 
A series of antennas are employed in conjunction with the laser scattering 

experiment. The simplest is a l"xl" tine mesh , parallel to B 0, which can be 
swung into place in the plasma miriplane, E-5 cm toroidal ly from the laser 
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scattering window. This is called the "close internal grid." An RF voltage 
applied to the grid drives large density fluctuations, observable by the laser. 
It is useful for initial alignment or launching a harmonic ion Bernstein wave, 
which might otherwise be absorbed by intervening harmonic layers if launched 
from the plasma edge. 

The second type of antenna is placed in the shadow of a limiter, and relies 
upon electrostatic excitation of an electron plasma wave in the low density edge 
plasma by RF applied to copper plate(s). These slow waves then propagate into 
the plasma, becoming either ion Bernstein or lower hybrid waves, depending upon 
the frequency regime. Lower hybrid waves are excited by phased arrays of copper 
plates (see Fig. 3), with usually only the inner four of the six .plates being 
driven with RF. If the outer two plates are driven as well, then they tend to 
dominate over the inner ones, and phasing control is lost. Two LHW antenna 
designs have been used here. The first consisted of simple straight plates 
(Fig. 5a), with spacing 1.3 cm per plate, but these tended to excite high n., 
components 3ue to their 6—function-like nature. The second version consisted of 
"bent-plate" 6-element arrays, as shown"in Fig. 5a, with the width of the bent 
piece one-hflf the 1.3 cm spacing. If phased by TT, these should give a dominant 
\ * 2.6 cm. or if phased by ir/2. then A_ = 5.2 cm. In practice, it was found 
that feeding just the center plate gave a better laser signal, perhaps due to 
the broader A., spectrum launched. Finally, as seen in Fig. 5b, these antennas 
could be tilted as a whole while the machine is running. The tilt range is 
small (±30 mrad), but was found to play an important role in optimizing the 
alignment between the launched wave and the laser scattering vector orientation. 

Supporting wave measurements were carried out using both single and double 
tip floating aicrocoaxial probes, usually with tips parallel to the magnetic 
field. These probes could be scanned both radially and vertically, ie., in an 
x-y fashion. Single tip probes respond to the wave potential, while double tip 
probes can be used by subtracting the signals from the two tips, thereby 
enhancing signals from short electrostatic waves, while rejecting long 
electromagnetic components. These techniques have been described before with 
the Princeton L-3 and L-4 devices. •" Any attempt at reliable absolute 
calibration of these probes at RF frequencies is fraught with difficulties. 
Even good calibration in air or vacuum, which was found to be most easily 

23 
performed with an open strip-line cavity, does not take into account 
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differences due to plasma sheath effects. Consequently, one desires u different 
approach, in principle provided by the laser scattering system described nest. 

C. Laser system 
A COj laser scattering system has been built to take advantage of the 

steady-state ACT-I plasma. Since we desired to study density fluctuations with 
k. in the range accessible to a CO, scattering system while scanning across at 
least one half of the plasma diameter, we chose a geometry where the high power 
CO 2 beam traversed the plasma along primarily a vertical chord, allowing 
essentially radial, or k £ components of £ to be observed. A schematic of the 
setup is shown in fig. 6. 

With the exception cf the reentrant cavity design which holds the optical 
windows and their shutters on the vacuum vessel itself, all optics were mounted 
on an optical table riding on a motorized cart. This allowed data to be taker, 
while the cart was in motion, and proved very useful when searching for plasma 
waves localised in radial extent. Mirrors M6 and M7 are attached to stiff 
aluminum channel arms which extend 75 cm off the table into the reentrant 
cavities. Lens IS {4" dia. 215 cm fl). which is 3 meters from the plasma, 
serves both to focus and cross the high power {solid line) and local oscillator 
(dashed line) laser beams in the plasma midplane. By displacing mirror M5, the 
separation between the two beams prior to lens L2 is changed, thereby allowing 
the crossing (scattering) 'angle to be scanned. After leaving the plasma, the 
high power beam is dumped at a power monitor. 

The scattering geometry, with the local oscillator beam actually passing 
though the plasma, rather than some other path outside of the machine, was 
chosen for ease of alignment. The alignment requirements are fairly stringent 
for good heterodyne mixing efficiency. The scattered light beam must be 
colinear with the local oscillator beam to within an angle AS 5 X_/ira_ = 1 nuad, 

° o o 
where a Q = 3.3 mm is the laser beam waist in the plasma. At the same time, we 
need angle (k ) scanning ability. Consequently, the angle definition and 
alignment afforded by this choice of beam path was preferred over the minor 
drawback of running the LO beam through the plasma. Additionally, since two 
beam paths are nearly identical, phase changes due to mirror, vibrations tend to 
be automatically compensated. 
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The detector, a photoconductive Ge:Cu semiconductor element 0.5 ran in 

diameter, is housed in a liquid helium dew&r, and is supported by a y-z 
adjustable platform which sits on an upper level deck (bolted I irmly to the main 
optics table). It has a straight shot at light from mirror M7, The dewar, its 
battery—powered electronics package and bias supply, are all encased in a copper 
shield box, having only a 1" diameter hole for light input, and fiber optic 
leads to carry signals out. In this manner, RF pickup problems were completely 
eliminated. Low noise 5-250 MHz Trontech preamplifiers with a total power gain 
of up to 75 db were used. A bandpass filter between preamp stages prevented 
destruction of the second stage preamp if laser mode-beating occurred. There is 
a substantial impedance nisnatch between the detector and the preamp, which 
although undesirable because it reduces the signal, is not harmful as long as 
the detector shot noise {or gain-recombination noise), which is the dominant 
noise, is itself also reduced in the sane fashion by the impedance mismatch. 
The signal after aiapl incat ion, never more than 1—2 mV in amplitude, was fed to 
a Meret MDL-269 wideband (1-140 MHz) fiber optic link to the outside world. 

0. Absolute calibration 
An important element of this paper lies in the absolute calibration of the 

scattered laser signal so that lower hybrid power levels can be deduced in the 
plasma. We will describe the system calibration in detail. The detector is 
operated with adequate local'oscillator power (-100 mW) to insure that the local 
oscillator induced shot noise (or gain—recombination noise) dominates amplifier 
noise, Johnson noise, and any pickup from the surrounding environment. We 
define the receiver noise equivalent power (NEP) as the pv^er per unit bandwidth 
which gives a power signal to soise ratio (SNR) of unity. For a photoconductor, 
NEP = Shv/rj. where T) is the net .quantum efficiency.2'1' The quantum limit NEP is 

—20 3.7x10 If/Ha. while the best reported values are system NEPs of 
— 19 9fi 1.5x10 W/Hs. We use a blackbody calibration to find the NEP as a function 

of freqeacy (. An interesting feature of this measurement is that the distance 
of the blackbody from the detector does not enter into the calculation, as long 
as the solid angle subtended by the blackbady aperture overfills the diffraction 
limited receiver coherent solid angle fl * J^/A. where A is the detector surface 
area. Peyton provides a good treatment, where a solar radiometer was 
calibrated using this technique, although with a photovoltaic detector. We can 
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write the power received from a blackbody into the coherent solid angle 0 with 
correct polarization for heterodyne detection, as 

p _ a hi/ (3Af) 
b b l h v ,1 

(IT) 

where a is an optical transmission factor (in our case 0.43. due to a ZnSe 
beamsplitter), and because of the double sideband nature of the measurement, we 
use twice the IF bandwidth Af. By mixing the local oscillator beam with light 
from a known temperature "blackbody," we are able to observe the SNK in a given 
IF bandwidth Af, using a chopper in the blackbody beam, and locking-in at a 
350 H2 chopping rate. The setup is shown in Fig. 7a. An Infrared Industries 
Model 643 commercial blackbody source at T = 1263° K with a 1" aperture, 
corrected for spectral emissivity of the surface was used as the "blackbody." 
Both low pass and bandpass filters were, used after a 65 db power gain front end 
amplifier, but prior to squaring with an HI" crystal detector. This signal was 
then fed to a Brookdeal lock-in. looking only at the fundamental chopper 
frequency component, and the output to a strip-chart recorder The SNR was 
found by alternately blocking and unblocking the blackbody beam, while defining 
the noise value as 1/3 the peak to peak noise. Timn constants were typically 
0.3-3.0 sec, with SNRs of 5 to 80. Representative cases are shown in Fig. 6b 
for three different IF filters. 

The signal to noise ratio seen in a given IF bandwidth Af when observing 
the chopped blackhody radiati on P^b can be written as 

S I f f i = _bb_^ 1±_ 
A (NEP Af> 

where r^ is the lack-in post detection time constant, and A = 2 takes into 
account the degradation due to the chopper. Combining. Eqs. 117) and Il8), we can 
write the "blackbody" NEP as 
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<x hu [if r . ) 1 / 2 

NEP = — • . (19) 
SNR (e=cp(g - i)) 

Fig. & shows the resulting system NEP as a function of frequency, with the 
horizontal bars being the if used to make each measurement. Apparently "1/f" 
noise (thought to be contact noise) begins to be a problem below 40 MHz. We 
did not look higher than 250 MHz, although both the signal and shot noise begin 
to roll off above 300 MHa. This NEP talces into approximate account the 
heterodyne mixing efficiency ij^, 1 1 and explicitly includes amplifier noise, 
since the same amplifiers and similar optics are used here as in the actual 
experiment. In the blackbody case, a uniform plane wave signal mixes with the 
Gaussian local oscillator, while in the actual scattering experiment, a matched 
Gaussian signal mixes with the Gaussian local oscillator beam. 

This NEP can be used to relate an observed signal to the scattered laser 
power P . From Eqs. (56-37) of Slushef'& Surko, 1 1 one can see that 

< i G R> lo 

where <>? s
 > i s t a e mean —square current due to the beat term between the 

scattered laser power P s and the local oscillator beam P, , reduced by the 
heterodyne mixing efficiency f H. The beat term is 
pls s 2 ^ H ( P 1 O P S ) cos (at + <p) • By folding $g into the .operational definition 
of NEP. we see that 

psignal _ P s _ < 1 l s > 

NEPAf < j | ( • ( 2 1 ) 
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Expertmentally, for the case of matched Gaussian and local oscillator beams 
hitting a detector with radius comparable to the focussed beam waist, we e::pect 
f H = 0.6-0.9. As an indirect measure of this, an Isoraet 40 MHz acousto-optIC 
modulator was used to generate a frequency-shifted laser beam of known laser 
power." This beam was then introduced into the local oscillator beam path via a 
beamsplitter, and both were focussed in the usual manner on the Ge Cu detector, 
producing a signal of 2.8 V/V at the front end of the preamplifier chain. By 
successively reducing the power to the modulator by over 60 db. the signal was 

is observed to disappear into the shot noise at a level of 2x10 l o W/Hz, which is 
poorer than estimated from the blackbody measurement by a factor of two, 
suggesting fj| = 0,5, This is consistent with Cohen, who predicts under ideal 
conditions of alignment that £jj - 0.95 for the uniform/Gaussian profile as in 

g the blackbody measurement, but ?JJ = ° 6 f o r t h e matched Gaussian case above. 
Naturally, any phase front misalignment on the detector will act to alter f„, 
usually in a detrimental fashion. 

E. Signal processing 
At this paint we depart from the usual signal to noise formulas. ' and 

consider the case where there is a coherent narrowband signal and incoherent 
wideband noise. This is the case of most interest to us. since we look at 
driven fluctuations at a known frequency « 0, whereas the dominant noise is 
gain-recombination noise occurring over a wide bandwidth. The analysis of 
Smith applies, and a good reference far heterodyne signal to noise 

33 considerations is found in Sec. 3 of Sharp et al . "•" The signal from the detector 
was processed in one of three ways, all involving signal enhancement. 

If the desired signal maintains phase coherence with the radio frequency 
pump, we can use a high frequency RF lack-in amplifier, the Princeton Applied 
Research 5302, for frequencies up to 50 MHz. The locki-in reference signal is 
simply split off from the RF applied to the antenna on the torus. Then 
effective noise bandwidths are 10 Hz or less, depending on the lock-in time 
constant. This technique involves a CW laser, a steady-state plasma, and 
continuous RF applied to the antenna. An example, using a 50 MHz lower hybrid 
wave, is shown in Fig. 9a. Accurate measurements of both rms voltage and phase 
with respect to the pump can be obtained, although the exact gain in SNR as a 
result of the lock-in is difficult to quantify. However, A. can be very 
accurately measured as the laser is scanned in radius. 
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If a somewhat larger scattered signal is available, an HP Spectrum Analy2er 
can be used as a tuned rms voltmeter, whose IF bandwidth and center frequency is 
adjustable over a wide range of operating conditions. This technique loses 
phase information, but does not demand coherence with the applied RF, and can 
look at frequencies offset from the pump, as well as retaining direct 
information about the noise level in the IP bandwidth being observed. In a 
stationary plasma, with steady-state waves, IF bendwidths as small as I kHz, but 
more typically 10 kHa, could be used to reduce the local oscillator noise 
without reducing the desired signal. Furthermore, by blocking the beam 
momentarily, the noise contribution due to the root-aean-square LO shot nois.e 
could be measured in the absence of signal, as shown in Fig. 9b. The "hash" is 
not the noise we rafer to, but instead we are interested in the quantity denoted 
as V x. The signal voltage can then be found by noting that 
vdisplay = vx + v y = (vs + v n ) 1 / 2 - T h e h e L s h deternines the accuracy of the SNR, 
but not the SNR itself, and can be arbitrarily reduced by increasing the video 
time constant. To the extent, that the shot noise is the dominant noise, then 
V_ = V_, and one can relate the desired'signal to the observed V„ and V_. In 
x n y n 
fact, with £q. (21), the absolute scattered power can be found from v

s / v
n -

Finally, when the RF or plasma is pulsed, boxcar signal averaging becomes 
useful. Here the bandwidth of the spectrum analyzer is opened up (up to 
300 kHz), while still being used as a tuned rms voltmeter, and its vertical 
output fed to a PAS Boxcar Integrator. Time resolved measurements can be done, 
with time resolution or the gate wjdt.i, while relying on the rapid pulse nature 
of the RF (or plasma) to obtain good statistics. 

IV. EXPERIMENTAL RESULTS 

A. Resonance cone detection 
We begin by demonstrating LHW cone detection with the COg laser system on 

ACT-I. lfe first employ a simple internal grid to excite the wave. In Fig. 10, 
laser radial scans of a 190 MHz lower hybrid wave (actually an electron plasma 
wave in this case) are shown. The launching antenna (located radially by the 
arrow labeled "grid") was 14 cm away toroidalty. so that the cone angle e with 
respect to the toroidal magnetic field was given by &r/az = 1.2/14 = 0.087 . 
The plasma was cold , T- =* 0.2 eV, T = 1 eV, and the local density inferred 
from the cone angle was n. = 5xl0 1 0 cm - 3. No signal in the plane of the grid is 



-19-

observed, but instead, the wave is concentrated in the resonance cone. Each 
trace in Fig. 10 corresponds to a different laser scattering angle, and waves 
are detected with V, = 20 to 90 cm - 1. For u » D„,. different k„ have k given 
by k /k.. = « /«. Since we observe a range of k , we can infer the wave 
k^-spectrum. Later. Eq. (S) will be used to do" this, keeping the ion terms for 
more accuracy as a approaches a . The dashed line indicates a corresponding 
probe trace, which only resolves the cone location. For the top trtiie, the high 
power laser beam was blocked, showing the "zero" angle density disturbance seen 
by the low power local oscillator beam alone. Since the lock-in amplifier and 
fiber-optic link used here have baadwidths of 50 MHz and 140 MHz. respectively, 
the 190 MHz signal was first downmixed with a 215 MHz reference oscillator. 

To make the experiment more relevant to large device plasmas, we can launch 
waves from antennas placed on the edge of the plasma in the limiter shadow. 
Here the LHW must traverse a region similar to that encountered in large 
toroidal devices, i.e., a zone of large amplitude low—frequency density 
fluctuations. In addition, the use of a phased array antenna better defines the 
parallel wavelength than a simple gri-d. Fig. 11 shows lower hybrid resonance 
cones detected by CO- laser scattering, launched from such an array located two 
ports (- 30 cm) toroidally away from the laser location. The density 
n e - l.lxlO1 cm was fairly uniform over the radius r = 2 5 to 5.0 cm. as 
indicated by the linear increase in wave penetration with frequency. The laser 
scattering angle was centered at k? = 30 cm - . Relative amplitudes between 
traces in Fig, II are not meaningful, since the characteristic antenna impedance 
is resonant at some frequencies in this range. 

However, it quickly became apparent that resonance cone detection was not 
to be taken for granted. Changing the magnetic field correction coils, the 
RF power level, the antenna phasing, or the plasma density could eliminate the 
laser signal entirely, even though a probe might still show a localized signal. 
The laser is of course K selective, and integrates over e vertical chord, 
whereas the probe responds to a broad range of k and is local. We now proceed 
to sort out these effects. 

The degree of vertical uniformity is important for the laser signal, which 
is proportional to 5 L e f j . Fig. 12 depicts a vertical cross section of a lower 
hybrid wave front, obtained by an x-y scanning probe, two ports away from the 
antenna. The antenna (at r = 6.5 cm, 13.7 cm tall) hides in the shadow of a 
vertical limiter, drawn in as the straight line at r = 6 cm. The vertical 
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exaggeration is 2.5:1. An unused ring antenna conveniently shows up as a blip 
with a 9-cm radius of curvature, marking the curvature of the outer wall. The 
sis-plate antenna structure (JT/3 phasing) imposes a 5/4 period wave pattern in 
the radial direction, as expected. In this case, the local midplane density at 
the cone is low, n e = 7x10 cm . so that <u/« . = 3. At first glance, the 
wavefront looks very planar, with curvature near the top and bottom indicating 
lower density at the top than the bottom of the machine. However, on the scale 
of X. = 3.8 mm, a phase shift of rt/Z occurs for an x displacement of only 1 mm. 
To minimize cancellation of laser signal, and maximize the effective scattering 
length l-.fi. it is clear that the laser k° should be aligned with the wave k 
vector in angle, at least to within the spread associated with a finite antenna 
height L A in the y-direction, £k„ ~1A A- The general tilt or the wave with 
respect to vertical is = 30 mrad. Assuming that the laser is lined up with this 
"tilt," then due to the remaining curvature of the wave front at the top and 
bottom of the antenna, based on a w/2 relative phase shift, the maximum L ,. is 
estimated to be 6 cm, or half the antenna height. When observing farther away 
from the launcher, the tilt will get worse (far this profile) and the dominant 
\ gets shorter as the wave penetrates to higher densities along its trajectory, 
thereby further reducing L efj- As a further check on the effective laser 
scattering length, it is observed that Insertton of a probe at a distant 
toroidal location causes changes in the laser signal. In particular, when the 
laser is located on a LHff resonance cane:, scanning a probe into the plasma 
causes a decrease in the laser signal beginning when the probe is - 1 cm into 
the plasma, moving the cone seen by the laser inwards, indicating a reduction in 
plasma density from the plasma edge to the cone location as a result of probe 
insertion. By inserting the probe at different vertical) positions, one could 
see the largest decrease in laser signal with the probe in the plasma midplane. 
and less to either the top or bottom of the plasma, indicating that the laser 
signal originates over a several centimeter path length. 

Simply aligning the antennas and laser to better than 1° vertically is 
difficult, let alone controlling the symmetry of the plasma profile. To get 
around this problem, tilting antennas were built. The limiters, which stick 
= 0.5 cm further into the plasma are left fixed. Fig. 13 shows the effect of 
tilting the antenna on a lower hybrid laser signal. The "zero" tilt angle 
denotes only an approximate vertical, due to the small angles employed. 
Destructive interference, characterized by spatial modulation of the signal 
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amplitude with wavelength 27r/k° can be seen as the antenna is moved to either 
side of the optimum tilt angle. The observed full-width, half-mas angle is 
49 <= 14 mrad. For a monochromatic plane wave tilted from vertical. L *, goes as 
L (sin<X),'X) where X s (k L v/2). Half-max occurs at X=1.89, and since 
k = kj^tilt' t n e n t n- fwhm value for A9 would give L = 16 cm. This is too 
large by a factor of -3 (in particular, it is larger than the antenna 
L,= 12.7 cm). One infers instead that the wave has a finite spread in k,,, of 
order ik„ ~k,A8 = 0.5 cm . Indeed, from the geometric effect of finite antenna 
height, one expects Ak^ - 2rr/L, =0.5 cm . 

The exercise above was significant, because for the purpose of k° 
(magnitude) scanning, where the scattering angle is changed by steering the high 
power laser beam while leaving the local oscillator beam fixed, one desires that 
the Ak„ of the wave be broader than the error introduced by changing the 
direction of k°. The widest Bragg angle scans which we use cover - 10 mrad. 
With a 2" antenna, angular mismatch due to rotation of the k° vector while 
scanning one beam is not a problem. 

Summarizing, if the wave phase front alignment problem relative to the 
desired k? orientation has been elimiiiated, then the lase:' signal resonance cone 
envelope should be free of amplitude modulation with wavelength 2«/k°. By 
tilting the antenna and or plasma (see Fig. 3), this condition could usually be 
achieved, and is important when inferring wave power spectra. 

B. LHW power scaling 
Now we consider the scaling of LHW density fluctuations with the applied HF 

power, detected by COg laser scattering. This measurement is made when the 
waves are found in well—defined resonance cones, so that the wave energy is 
known to be travelling into the plasma. 

For this experiment we increase the RF power level, and for each level, we 
scan the laser radially to find the resonance cone. Laser signal corresponding 
to the peak of the resonance cone (amplitude - nL ej f) is plotted against the 
square root of the applied RF power in Fig. 14a. In Fig. 14b, the actual laser 
signals as 'a function of radius for the different power levels are shown. A 
shift of the cone position as the power is raised indicates that the wave is 
perturbing the global plasma parameters. This is seen d'nrtljr in Fig. 14c. 
where an ion saturation current monitor in the top of the plasma at a distant 
fixed position, is seen to change significantly for P r f > 1/3 w. The detailed 



conditions for this example are shown in Table II. At low powers (<l/2 TY), the 
laser signal is observed to scale linearly with. Pjf , as expected if 51 - P_. 
(see Eq. 15). The plasma up-down symmetry is very good initially, and the tilt 
antenna is optimized. Signals could be seen above the noise in a 10 kHz 
bandwidth with applied RF power as low as 5 mW (P < 250 (jHt/cnP) . However, 
maximal signal occurs at only 1.4 W of applied RF power, with no recovery seen 
even if the power was raised as high as 50 W, This type of absolute reduction 
in signal eventually with increasing power is characteristic of all LHW laser 
signals we observed. Switching to different k? does not bring the signal back, 
only lowering the RF power level. 

Absolute fluctuation levels provide the key to the problem. Peak density 
fluctuations (in the range of k.. * 37±8 cm ) associated with Fig. 14 laser 
signals, can be estimated to be greater than 3.2xlQ8 c m - 3 (L e f f=5 cm) and less 
than 1.6x10 cm ( L»ff = 1 c m ) • T h e partial n/n range from 0.7% to 3.5!!, and 
corresponding partial electric fields, obtained using Eq. (10), from 20 to 
90 V/cm. We shall see later that at this laser angle setting, the laser is 
detecting at best 1/4 to 1/3 of 'the wave power present. This means that 

2 2 
1 mW/cm to 30 mW/cra. or 3 - 60S of the applied RF power can be accounted for 
in the wave. If all the power were concentrated in the k? under observation. 

2 « 9 —3 
then P. = 35 mW/cm would drive n = 2x10 cm according to Eq. (15), and an 
electric field E. "115 V/cm. This would correspond to a wave potential of 
* = E J/k 1 =3 V, and a ponderomotive factor An/n = E^ /(airoe(Te+ Tj)] = 0.03 . 
The latter is not large, but a factor of 10 increase in RF power would cause 

35 
significant ponderomotive effects. However, the measured e*/Tg - 1 is cause 
for concern, and indicates nonlinear effects may be occurring. In fact, 
ionization of neutrals by the electron quiver motion in the wave fields is 
significant. As little as 1 W of RF power was capable of sustaining the plasma 
discharge at 1" density levels, and several watts were adequate to restrike a 
discharge that had gone out. 

Radial probe scans were made as a function of increasing RF power. They 
showed the resonance cone moved outward at first, as ionization causes an 
increased n e along the ray trajectory. Eventually this effect is overcome by 
ponderomotive depletion of density in regions of intense fields, causing the ray 
trajectory to penetrate radially further into the plasma than the zero power 
case. The "superlinearity" in Fig. 14 can then be attributed to a change in 
**eff wi*h KP power. 
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An example of the type of steady-state distortion of the plasma profile 
that can occur is shown \n Fig. 15.. The initial contours (solid lines) show ion 
saturation current iso-contours .are obtained by an s-y scanning probe in the 
absence of RF. The central density is - 7xio cm , and the plasma is denser 
in 'the bottom than the top of the torus. Residual field errors at y = -3 to 
-4 cm cause a noticeable bulge out near the limiter position. Then an antenna 
11 ports away (-150^) from the probe is switched on at 50 MHz and 10 w of power. 
The second set of contours (dashed lines) shows the steady-state distortion. 
Plasma density has increased near the edge and bottom of the torus, and a 
reduction in density has occurred near the top of the machine. It is 
interesting to notice that the observed changes are consistent with vortex 
formation (the toroidal magnetic field is into the page), but the initial 
density asymmetry precludes a definite answer. 

One can see how a given profile can become distorted, perhaps causing an 
increase in L e, ( if it was not initially optimal, only to have buckling of wave 
phase fronts at higher RF power force a net decrease in laser signal, even 
though 5 may be increasing. Fig. 16 shows LHW (100 MHz) resonance cone 
amplitude observed with the laser and probe in a 10 kHz bandwidth about the pump 
frequency, in a plasma similar to that previously described in Fig. 14, except 
that the initial plasma profile is tilted, and a 5" instead of 2" tall antenna 
is used. The nonlinearities seen by the laser are not apparent to the probe 
As the RF power was raised from 1 - 25 W, the ion saturation current monitor 
fell by 30%. The probe is positioned two ports from the antenna, while the 
laser is four ports away. The clear recovery of the laser signal, peaking at 
HL ej f= l.oxlO9 cm , occurs with 18 w at applied RF power. fte conclude that 
profile buckling due to asymmetric ionization has occurred. Confirmation of 
this mechanism for the "superlinearity" is obtained using a gated RF burst 
(7 /jsec pulse) and looking at the laser signal with a 4 fisec window boxcar 
aperture. The resulting power scaling is strictly linear up to 16 W, or 
approximately 10 times higher power levels than the steady-state case. Such a 
short time scale is adequate for local density depletion if ponderomotive 
effects are Important, but not for significant ionization of background neutrals 
by the wave. 

The largest LHW signal recorded thus far in ACT-I with the laser system 
corresponds to nL e f f=3.lxlO 9 cm - 2 at k° = 38±6 cm - 1 and f = 100 MHz, using a 
heterodyne mixing efficiency £ =0.7 . The applied power was 6 W, ant1, the wave 
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was detected at a local plasma density of 6x10 cm , 60 cm away from the 
—n 

launching antenna. Corresponding scattered laser power was P •- 3*10 W for 
an incident laser power of 30 w . The antenna power levels used here are quoted 
forward minus reflected power, but the antennas tended to work best at certain 
discrete frequencies, where the reflected power was « 0, even in the absence of 
plasma. This indicates the Q of the antenna is high, but actual antenna 
resistive losses in the liW frequency range were not measured. We conclude the: 
total n/n (maximum values) for LHW range from the 1S-5S level, driven in a 
narrow frequency band about the pump frequency, beyond which significant 
nonlinearlties occur. 

C. U W k..-spectrum 
Determining the actual wave k.-spectrura inside the plasms is of great 

interest, since the eventual fate of the UJW energy depends strongly on that 
parameter. SIusher and Surko have inferred the wave k„-spectrum from a 
waveguide antenna in the Alcator A plasma by parameterizing their data with the 
line averaged density during an RF pulse". This technique relies upon fixed k^ 
measurements made over a range of densities to sample different k,. This type 
of density scan measurement was done in ACT-I, with the added advantage of local 
density measurements, and the localization of wave energy in well-defined 
resonance cones. Additionally, k° (laser angle) scans could be made while 
holding plasma and tave parameters fixed. The two techniques complement each 
other. The first suffers from possible differences in wave coupling, the 
effects of changes in other plasma parameters besides density, or changes in 
laser scattering length as the "density" is changed, while the second suffers 
from possible laser calibration uncertainties and differences in Indirection 
being sampled as the laser scattering angle is changed. Using both methods 
together, a reasonable picture of what is happening inside the plasma can be 
obtained. 

We begin by showing a plasma density scan, parameterized by stepwise 
increases in the ion saturation current monitored at a fixed point in the 
plasma. Fig. 17 shows laser signals obtained at one k° via the lock-in 
technique described in Sec. III. The antenna plates are phased by ir/2 so S,.is 
in the same direction as B 0, that is, towards the laser which is 6 ports 
(-90 cm) away from the antenna. We note here, that probe signals typically show 
a 2:1 wave amplitude directionality (4:1 in power) when the antenna is : 
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alternately phased to the right or left, using four of the six plates, with the 
two end plates left floating. The doirtinant parallel wavelength defined by the 
antenna geometry should be K.j = 5,2 cm. In this case, the neutral fill pressure 
was moderate. (P = 2.2xl0 - 5 Torr. gauge), so the ion temperature was 
T = 0.3-0.4 eV, implying that the waves observed here have k,p1 = 0.7. The key 
features of Fig. 17 are that the resonance cone does indeed move outward with 
increasing density, and that the signal is either lost, or is at least 
decreasing for both high and low densities. The ratio of wave frequency to 
local plasma frequency ranges from f/fpj* 2.3 at I s a t=0.i0 to f/f p i= 1.25 at 
I .= 1.35. ' Peak signal occurs at I s a l = 0.5, corresponding to f/f i= 1.8, for 
tin inferred ?k,,= 6.4 cm. The parallel wavelengths observed here (by inference 
from the local cone angle) range from 5 cm at the lowest density to 10 cm at the 
highest. 

We shall see later that the reason far a decrease in signal at the shortest 
parallel wavelengths is due to electron Landau damping. The reasons for a 
complete loss of signal at the highest density (long parallel wavelengths) are 
more complex. In principle, the antenna*power spectrum should be falling above 
\ = 6-7 cm, while at the same time long parallel wavelengths have a smaller 
density fluctuation associated with them when carrying the same amount of energy 
as shorter V Furthermore, to be sure that the bulk of the wave energy has not 
shifted to higher k', and is therefore simply being missed, several k? need to 
be monitored simultaneously: Finally, frequency shifts of LHW by low frequency 
fluctuations may become more important at higher densities. The lock-in 
technique used here, which looks in a very narrow band about the pump frequency, 
would miss a frequency shifted wave. Th.. issues pointed out here wiil be 
addressed one by one (to the extent this is possible). 

The importance of antenna phasing can be verified by performing laser k*? 
scans far identical fixed plasma parameters, in which only the antenna phasing 
has been changed. Fig. 18 shows peak resonance cone laser signals versus k° for 
•n phasing and jr/2 phasing of a 6-plate antenna. These data were obtained using 
the spectrum analyzer at a 10 kHz bandwidth, to avoid the frequency constraints 
set by the lock-in. It is immediately apparent that higher k, are excited by -n 
phasing than by TT/2 phasing, and that more energy is directed towards the laser 
location in the former, than latter case. The resonance cone was at a local 
plasma density of n = 5.3X101 cm and f/f-j = 2.2 . Other plasma parameters 
were B = 4,3 kG, T, = 0.6 eV, T = 2.5 eV, and the laser was 5 parts from the 
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antenna structure. The range of A. corresponding to the observed k, is from 
6 5 cm to 2.5 cm, while at the same time JfjOj varies from 0.65 to 1.7. The 
laser geometry does not allow one to look at perpendicular wavenumbers smaller 
than - 25-30 cm without losing absolute calibration, due to the fact that the 
full coherent solid angle of scattered light lies too close to the main beam, 
and therefore is not entirely collected. 

We can see from Fig. 18. that for -n/2 phasing, the peak density fluctuation 
at k° = 32 cm - 1 corresponding to A« =* 5 cm, is approximately as expected, while 
for TT phasing the peak at A. = 3.6 cm is longer (compared with 2.6 cm) than 
simple antenna geometry might suggest. We note that electron Landau damping 
shovld (for a thermal distribution) filter the lower hybrid wave for 
uA ( l 5 3 V e, which is true here for A,| ̂  3 cm. Consequently, one suspects that 
the original wave k,.- spectrum has been changed by the plasma. Furthermore, 
even though the density fluctuations peak at A^ * 3.8 cm (k° = 45 c m - 1 ) , most of 
the wave energy resides towards longer parallel wavelengths, since the power in 

2 3 
the wave goes as P w « fi /fĉ  . 

Going back to the density scan"t«hni<jue used to sweep across n n while 
looking at fised n^. the results of an f = 39.9 MHz run are shown in Fig. 19. 
The signals are obtained at local densities ranging from n e *3.fixl0 " cm* 3 at 
f/f j = 1.4 for the longest x„. to n g •> 2.5xl0 9 cm - 3 at f/f x = 4.5 for the 
shortest A u. Langmuir probe measurements showed T e varied from. 1,2 eV to 0.6 eV 
over the range above, and k.Pj • 0.8-0.9 . Since k° is held fixed, the plot of 
{nL ejj) closely resembles the inferred power spectrum, where &»A>_i variation 
has been taken into account. This curve peaks far A.. = 3.8 cm. falling sharply 
on the right (low density) to a limit of A(| *2.4 cm. and falling more gradually 
on the left (high density) to a limit of Aj » 9.5 cm. The sharp fall in signal 
for high n.. is again consistent with u/k.. « 3V e, or electron Landau damping. 
However, the rapid decrease in power for small n.. is not as easy to explain. 
The expected power spectrum /or this case is not directly known, hut the plat* 
spacing is 1.3 cm, and the size of the antenna structure in the z direction is 
- 7.9 cm. so seeing waves from A„ * 2.4 cm to 9.5 cm is not unreasonable, 

There are a number of inconsistencies between the two (density scan versus 
angle scan) methods of measurement. The former usually shows less power at high 
densities for a given A., than one infers from measurements made by the latter at 
fixed, but lower, density. It should be noted that an attenuation of LHW signal 
at high densities, relative to lower densities, has previously been observed in 
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the Alcatnr experiment. We will show that density scans to obtain k..-spectra 
Cat least in the ACT-I plasma) should not be relied upon to yield an accurate 
"snapshot" of the K^-spectrum as it exists m the plasma for any one set of 
plasma parameters. 

We can confirm that electron Landau damping is occurring by consecutively 
monitoring different k° values, while scanning the plasma density to sweep over 
a range of v Since the wave is launched from one antenna (r-6.5 cm) and 
observed toroidally a fixed distance away, the wave trajectory will be seen at 
different radial locations as the density is changed (as in Fig. 17). 
Consequently, the laser must L>e scanned radially for each plasma setting to find 
the resonance cone. Fig. 20a is a composite, showing along each curve the 
amplitude of 32.5 MHz resonance cones seen by the laser, and the radius at which 
the cones were found. Each curve represents a different k?, while moving along 
a curve from left to right corresponds to increasing density during the density 
scan. The local plasma density when the cone was at the minimum radius was 
n e " 2.3xicr" cm . and when the cone was found out at the largest radius, the 
locai density at the resonance cone- was n e * 7.6x10 cm . At any given 
density, the laser signals from any of the four angle settings were observed at 
the same radius, i.e., the waves were indeed in resonance cones, Therefore, 
Fig. 20a represents a 4-point k° scan over a continuum of densities, and the 
intersection of a'vertieal line with the four curves gives relative magnitudes 
of various k' components at a specific density (similar tD Fig. IB). Any one of 
the curves yields information of the type shown in Fig. 19. Fig. 20b shows the 
actual resonance cone signals for each data point on the k° - 40 cm curve. 
For densities above the rightmost cone shown, no resonance cones were seen at 
this frequency for any of the k°, at any radius. 

Fig. 30a has two interesting features. The first is that the signal 
decreases at low densities (short A.,) for each k' at different values of the 
density. Close inspection reveals that the left-hand fall off in signal occurs 
at the same A., (» 2.1-2.5 cm) for each k?. In fact, A.. = 2.3 CM yields fX,,/3 
= 7x10 cm/sec = Vft for an electron temperature of 1.4 eV. Independent 
measurements of T f i range from 1.5 to 2.0 eV, depending on the level at which the 
plasma source was being driven. The second feature is that the laser signal 
disappears towards high densities at approximately the same density for each k°, 
over the range of A., • 3-7 cm. near n e= 8x10 cm - 3, or f/?-j =1.8 In 
particular, signals corresponding to parallel wavelengths that are seen at lower 
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density are greatly reduced at higher density. This is depicted in Fig. 2Dc. 
which tabes cone data from r =1.9 cm and r =2.9 cm in Fig. 20a, and plots 
inferred wave power versus parallel wavelength for the two densities. At 
n e = 5x10 cm . ~ lOx more power is observed for A.. = 5 cm than at 

10 —3 n = 7.5x10 cm . This effect is too strong to be explained by the expected 
reduction in n {see Eq. (15)] at this level of "/" p i• Moreover, searching at 
higher k? does not recover a signal. 

This apparent high density limit can be circumvented by switching to higher 
frequencies. In a different instance, a SO MHz LHW density scan at k° = 40 e n - 1 

lost signal as f/fpi"* 1.4. or ae * 4X10 1 0 cm - 3. Then when the frequency was 
doubled, to- f = 100 MHz. an excellent laser signal could be seen from several 
antennas to even higher density, n e £ 8xl0 l u cm . This verifies that the 
decrease in signal at 50 MHz wets not due to simple tilting or buckling of the 
plasma profile. In this case, the upper limit in density was not reached, but 
was probably greater than IxlO 1 1 en - 3. What was different about this plasma. 
was that the low-frequency edge fluctuations, measured by *I s at/I s e,f w e r e l e s s 

than 10%. and the central region fluctuations less than 4%. This should be 
compared to 30-30% edge, and over 10% central fluctuation levels for the Fig. 20 
conditions. If the effective laser scattering length is somehow being reduced. 
the laser signal would disappear in the fashion described above. A mechanism 
which accomplishes this, decreases at higher frequency, and changes the 
direction of k, of the LHW,' Is scattering by low—frequency turbulence. 

D. LHVf scattering by low-frequency fluctuations 
It has been known for a number of years, both theoretically and 

experimentally, that low-frequency density fluctuations (drift waves) can 
refract and scatter lower hybrid waves. Due to experimental evidence that 
significant scattering may occur in takamaks. theoretical efforts to model the 
scattering have redoubled. 1 J U , , j a It has been estimated on Alcator A that the 
3.45 GHz LHW passed through several 90° scattering lengths to reach the plasma 
interior. No resonance canes were observed, and the UiW signal had a broad 
frequency spread. The low-frequency fluctuation spectral width (-300 kHz) 
resulted in a several (2-6) MHz frequency width for the detected LHW. An 
unexplained frequency dowashift was also observed. 
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Driven lower hybrid waves in ACT-I are observed to be scattered by 
pre-existing low-frequency density fluctuations. The degree of scattering is 
highly dependent on the level of low-frequency edge fluctuations, and tends to 
become more severe as the density is raised. Due to the toroidal geometry of 
ACT-I, and the present scanning capabilities of our probes, it is not possible 
to directly measure k of the drift waves, ar determine their mode number, as 

ED 
was done previously in linear devices with similar plasma parameters. However, 
useful estimates can still be made. We also point out that interesting 
measurements in.the Wlla stellerator have recently been performed characterizing 
its low-frequency turbulence, although under conditions of even higher 
turbulence than in ACT-I. 4 0 

Experimentally, due to the low absolute 5 associated with driven waves in 
ACT-I, the laser netds as high a degree of frequency and spatial coherence (with 
planar wave fronts) as is possible to see good resonance cone signal. The 
presence of a layer of low-frequency (-20-100 kH2), high amplitude 
(<Sn/n = 0 1-0.3) edge fluctuations, usually 1-2 cm thick in the radial 
direction, can scatter the LHW on its wary to the plasma center, thereby reducing 
the (laser signal. 

In the majority of cases observed, we could either see a clean, 
narrow-frequency laser signal, corresponding to a nonscattered LHW resonance 
cone, or no laser signal at all, even though a probe would indicate some form of 
cone was present. Fig. Sla' shows the frequency spectrum of an excellent 
"unscattered" IHM laser signal. However, on a few occasions where the 8 of the 
scattered wave happened to line up with the direction preferred by the laser, 
both the pump frequency and frequency-shifted LJW could be seen simultaneously 
when the laser looked at the resonance cone. This is shown in Fig. 21b, where 
a 35 kHz red-shifted signal is seen, in addition to an unshifted peak. In this 
instance, a probe detected both an up— and down-shifted (f Q ± 35 kHz) signal, 
caused by a fairly coherent 35 kHz drift wave. Another more severe case is 
shown in Fig. Sic, exhibiting both a sharp component and a broader, slightly 
asymmetric "base." There is no observed threshold with RF power for these 
effects, and they appear to be linear phenomena. On one occasion, the laser 
picked up only signal from a broad low amplitude red-shifted wave, with no peak 
at all at the center frequency, even though a probe showed a strong component at 
that frequency. The point to remember is that the laser is ft. selective. 

t 
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Recognizing that biyth coherent and turbulent high level d >it waves are 

present in the ACTM device, especially near the edge of the plasma where 
gradients are large, it is difficult: to def:ne a scattering length. 
Nevertheless, theory predicts that the scattering length goes logarithmically to 
zero as the LHW perpendicular group velocity goes to zero when the wave 
approaches anode conversion point or resonance. Using Ott's formula, lor a 
90° scattering length * 3, in the lissiit that k" » f|, where f0 is a 
characteristic drift wave wavenumber, thep 

<32> 

e *t 

Using the cold LHW dispersion relation, one can estimate for U/SJT = 100 MHz, 
n e = 2xi0 1 0 en - 3, k± = 20 cm - 1, f 0 = 10 cm - 1, and on/n = 0.1 that l s " 30 cm, or 
that i./is = -05, -where t =• l.S cm is the thickness of the turbulent layer, flood 
resonance eon«s would oe seen here. The second tern in the denominator of 
Eq, (22), which is the £xB-coupling term, is smaller than 1 and not significant. 
However, with n e = 5xlO l 0 cm - 3, the second terra dominates, and i/is * 0!S. SI 
in fact (5n/a = 0.3, we see that l/is quickly becomes of order one. Jfo resonance 
cones would be seen by the laser in this case. 

Probe data actually suggest that f a A , - 1 t°r tie scattered UW. although 
the weaKeat link in our picture is the magnitude of f Pig- 22 is a 
transitional case, where scattering is significant, but resonance cones still 
survive. Fig- 35a shows radlat probe scans using a spectrum analyzer as a 
narrow band tuned voltmeter, for a sequence of frequencies offset from the pumr 
frequency. The probe is two ports away from a a-pbase antenna. We first notice 
that a good resonance cone remains at df * 0, i.e., at the pump frequency. The 
initial pump frequency width was less than 100 Hz. However, both to the red and 
blue sides, frequency—shifted waves are observed in broadened "cones" which do 
not penetrate in as far radialJy as the main cone. This is consistent with a 
simple rotation of the original k„ out of the nn dp lane when it was scattered by 
a drift wave Jc component near the plasma edge. The greater the frequency 
offset, the farther behind the main cone one finds the peak amplitude of tbe 
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frequency-shifted LHW. The plasma profile is shown in Fig. 22b. indicating a 
hefty 30" edge fluctuation. Fig. 23a shows the corresponding low-frequency 
spectrum, which consists of coherent drift waves at multiples of 25 kHz. 
superimposed on an unresolved background extending out to -100 kHz or more. 
Fig. 23b shows the LHW power spectrum in this case, integrated over radius. 
The ratio of frequency-shifted to unshifted waves is 5:1. Furthermore, an 
asymmetry (more signal blue shifted than red) is readily apparent, and is 
consistent with an offset in frequency of the same magnitude as the large 25 kHz 
drift wave seen in the low—frequency spectrum. We note that a simple mechanism 
exists to generate a frequency asymmetry in the scattered LHW detected by the 
probe. All that is required is an initial asymmetry in the amplitude of LHW 
launched from the face of the antenna, as might be caused by an initial plasma 
vertical density gradient. In the presence of a preferred direction for the 
drift waves, a LHW which is scattered up or down will have an opposite sign to 
its frequency shift. Then a probe in the mi dp lane, which detects LHW'3 which 
were scattered both up and down from their initial y coordinates, will display 
differing amplitudes for the up-or downshifted waves. A nonlinear mechanism is 
not required, and indeed, no power threshold is observed for the scattered cones 
described above. 

V SUMMARY 
In this article we have reported the observation of lower hybrid wave 

resonance cones using the technique of COg laser scattering in a laboratory 
plasma. Resonance cones may be present, but go undetected if the plasma profile 
and laser scattering geometry are not well-controlled. Curvature or tilt of the 
LHW phas-' fronts are shown to be deleterious ta cane detection. The unique 
ability of continuous radial scanning for the CO- laser was crucial to finding 
the LHW cones as plasma parameters were changed. The techniques for absolute 
calibration of the laser system were presented in detail, as well as various 
types of signal processing. 

The maximum LHW cone signals were in the range of n/n = 0.01-0.05. Scaling 
of laser signal with applied RF power becomes nonlinear as plasma profiles 
change due to ionization of background neutrals, thereby distorting the initial 
profile, and changing the effective laser scattering length. In fact, the 
largest uncertainty in making absolute density fluctuation estimates here, is 
the uncertainty in the effective laser scattering length. 
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The lower hybrid wave k..-spectrum was measured in the plasma by combining 
laser angle scans at ii:ted plasma density with plasma density scans at fixed 
laser scattering conditions. The filtering effect of electron Landau damping 
was seen directly, and at h.xgh densities the wave power in the resonance cone 
was greatly reduced from that observed at the same k„ at lower densities. This 
reduction in wave power could not be accounted for by the approach to u ^ alone. 
Instead, it was observed to be associated with increased scattering by 
low-frequency fluctuations occurring near the edge of the plasma. Switching to 
higher LHW frequency for a given plasma condition did indeed allow the 
observation on resonance cones at yet higher densities. These results are of 
interest to present attempts at driving toroidal current with high power, 
directed LHW. Destruction of resonance cones, by scattering of the lower hybrid 
waves, will reduce LHW current drive efficiency. The value of the ACT-I 
experiment has been to operate in a transitional regime, where cones are still 
present, but the effects of scattering can be observed. 
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F1GUEE CAPTIONS 

FIG. 1 Schematic of the laser/wave scattering geometry. The scattering angle 8, 
is defined by the intersection angle of a low power reference beam, and a 
high power main beam (R 0 > £ j n c ) . 3° that the scattered wave vector, denoted 
by R s, leaves colinear with the reference beam. Ideally, the plasma wave 
wtvefroras WuVd be vertical t& t;jt ; l ") . 

FIG. 2 Top view of the SB-chamber torus showing typical antenna, laser, and probe 
toroidal locations. Side limiters at four toroidal locations provide 
shadowing for Rf antennas. 

FIG. 3 Optimization of plasma ion saturation current profiles for best vertical 
uniformity, by varying the current in magnetic field correction coils. 

FIG. 4 Typical electron density and low-frequency density fluctuation profiles 
over the outer half of the torus, where wave studies are performed. 

FIG. 5 Six-element lower hybrid wave array antennas. (a). Simple knife edge 
configuration, (b). Bent plate, vertically tilting configuration. 12.7—cm 
tall . 

FIG. 6 Schematic of laser scattering system and access to the plasma. An BF probe 
can be scanned across the same toroidal location as the laser for 
comparison purposes. 

FIG. 7 Blackbody calibration of heterodyne detector, (a). Optical layout used to 
introduce blackbody radiation colinear with the local oscillator beam, 
(b). Typical chart recorder traces, showing the blocked and unblocked 
blackbody signal, used to determine NEP as a function of IF frequency-

FIG. 8 System HEP calibration curve versus intermdediate (IF) frequency. Peak 
efficiency referred to the quantum limit is S«. 

* 
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FIG. 9 Two types of signal processing, (a). Laser signal obtained with lock-in 
amplifier. The number of phase oscillations is greater than actually 
present in the wave packet, dependent on the ratio a /\, (&•) Same 
signal acquired with spectrum analyser. No phase information is retained, 
but the shot noise level can be found explicitly by blocking the local 
oscillator beam momentarily. 

FIG. 10 Laser radial scans of a grid-launched 190 MHr lower hybrid vrawe at four 
different k° settings. The grid was located 14 cm toroidally away from the 
laser location. 

FIG. 11 Resonance cone behavior observed by C0 g laser scattering. The lower hybrid 
waves were launched from an antenna at the outside edge of the plasma. 

FIG. 12 Horizontal cross section showing the LHW phase front detected by multiple 
scans of a floating probe. The effective laser scattering volume will be 
much less than the antenna height'.'due to phase front curvature. 

FIG. 13 Lower hybrid wave laser signal (f = 50 MHz. n/Z phasing towards the laser 
location, which is four parts away toroidally) as a function of antenna 
tilt angle. Destructive interference occurs to either side of the optimum 
angle. 

FIG. 14 Power scaling of a 100.7 MHr lower hybrid wave laser signal. (a). Laser 
signal is linear with Pjjp < 1/2 W. (b). Actual resonance cones as power 
was increased. Laser signal could be seen down to 5 mW of applied KF 
power. (c). Remote ion saturation current monitor, showing global plasma 
changes far higher powers. 

FIG. 15. Two-dimensional ion saturation current contours of the steady-state plasma 
in the absence (solid lines) and presence (dashed lines) of RF power. The 
presence of a high level 50 MHz lower hybrid wave launched from an jntenna 
in the limiter shadow at r = 6.5 cm has distorted the equilibrium profile. 
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FIG- 16 Laser and probe signals corresponding to peak resonance cone amplitudes as 
a function of applied RF power. JJonl ineari ties in the laser signal are not 
seen by the probe. 

FIG. 1" 50 MHz LHW laser resonance cone signal using lock-in detection, 
disappearing at fixed kf as the ion saturation current (density) is raised. 

FIG. 16 Laser scattering angle scans with fixed plasma parameters for n and n/S 

phasing. Detector shot noise amplitude was 1 unit in a 10 kHz bandwidth. 
More energy is put into higher k, components with 7* phasing than tr/2 
phasing. 

FIG. 13 Results of a density scan at fixed k?. where locally determined density 
values were.used to assign n.|r values to the observed f =39.9 MHz LHW 
resonance cones. The decrease in laser signal for high n., is caused by 
electron Landau damping. 

FIG. 20 Density scan for four different laser scattering vectors, while monitoring 
the resonance cone at 92.5 MHz. (a). Amplitude of resonance cones seen by 
the laser, and the radial location where they were found. Each data point 
corresponds to one machine operating condition, (b). Actual laser data for 
k° = 40 cm - 1, showing the resonances cones shifting outward as the density 
is raised. (c). Lower hybrid wave power spectrum chosen for two density 
cases from above, showing that the wave is attenuated at high densities 
relative to lower densities. 

FIG. 21 Lower hybrid wave laser signal frequency spectra on linear vertical scales, 
for three eases, (a). Only the unshifted pump frequency is seen . (b) A 
red-shifted 35 kHz sideband in addition to the pump. (c) . Severe frequency 
scattering in addition to a remnant signal at the pump frequency. If the 
laser baam is blacked, the spectrum analyzer gives a straight line in all 
three cases. 

FIG. 32 Low frequency scattering af a LHW resonance cone. (a). Probe data showing 
that the LHW scattered by low-frequency fluctuations lags behind the 
unscattered resonance cone. Frequency offsets from the central frequency 
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show broadened, lagein8 cones. (b). Plasma profile information for this 
case, given by ion saturation current magnitude and fluctuation traces. 

FIG. 23 (a). Low frequency spectrum causing the scattering seen in tbe previous 
figure. Coherent drift waves are seen at 25, 50. and 75 kHz. (b). Power 
spectrum of the lower hybrid wave, integrated over radius, obtained from 
Fig. 22a, showing frequency scattering out of the pump, a ratio -5:1 
scattered to unscattered power. 

j 
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