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LOWER HYBRID WAVE RESONANCE CONE DETECTION
VIA COp LASER SCATTERING

- G. A. Wurden*, K. L. Wong, and M. Ono

Plasma Physics Laboratery. Princeton University
Princeton, NJ 08544

ABSTRACT

Lower hybrid waves are studied in the “Princeton ACT-I steady—-state toroidal
plasma device using a‘radially scanning CO, laser scattering system with both
amplitude and phese sensitive detection techniques. Clearly defined resonance
cones launched from external electrostalic aricnnas are seen to disappear as the
plasma density is raised. Scaling of LHW laser signal with RF power 1n the
presence of resonance cones, shows nonlinearities associated with RF induced
changes in the effective las;er scattering volume.  Absolute fluctuation level
estimates suggest this occurs when r=<b/'1‘e 2 1. Wavefroant curvature effects can
cause a complete loss of resonance cone lasesr signals, even though probes

indicate that cones are stil]l pregsent. Measurements of the wave kl—spectrum in

|
|

the plasme show direct evidence for electron Landau filtering of the original

wave k“-Spectr\m launched from the antenna at the plasma edge, and stirong
dependence on entenna phasing. Finally, f{requency shifts and loss of the

resonance cone signal are associated with high levels of plasma density edge

turbulence.
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[. INTRODUCTION

The detection of jower hybrid waves (LHW) by nonperturbing meens has become
more mportant recently due to promising heating and current drive applications
of high power LEW 1n large tokﬂmaks.1'2 The technigue of eleciromagnetic wave
(CD2 laser) scattering was first applied by Surko and Sfusher3 to driven lower
hybrid waves in the ATC tokamak inm 1976. but no signal was sezn down to 2
density fluctuation level d/n ~ 10_3. Microwave scattering was successfully
used on the Princeton H~1 linear device in 1578.% but no radial or angle
scanning capability was availiable. It was not until 1979 that driven LHW were
observed at the level fi/n ~ 1974 by COp laser scattering on Alcator A , but
resonance canes were not detected, and spectra of the LHW ieser signal indicated
prabable beavy scattering by low frequency turhulence.s'B Lower hybrid waves
have &also been abserved by coherent scattering of 2-mm microwaves in the WEGA
stellerator/toknmnk.T further suggesting that in this case, the LHW are not
localized in resonance cones.

To address issusrs not easily snswered in large experiments, we utilize a
small steady-state toroidal plasma in cénjunetion with COz laser scattering and
electrostatic probe; to make measurements on LHW launched from antennas at the
edge of, or in the plasma itself. A bigh frequency lock-in technique is used
for signal enhancement, allowing low—level detectioﬁ while retaining phase
information, facilitating comparison with probe measurements. We take advantage
of the steady-state Advanced Cancepts Torus (ACT—I),8 by scanning the laser
system continuously across the outer radius cf the plasma, while also having the
ability to sweep the iaser scattering angle, corresponding to scattered
wavenumbers ki = 25 to ‘120 emt. The lower hybrid wave k"—spectrum can
therefore be inferred by the iaser, but npot readily from probess. Such
information is vital to quantitative understanding of LHW excitation and
damping.

This paper reports studies of jower hybrid waves in the frequency range of
30 - 190 MHz in the ACT-I hydrogen plasma, using COE laser scattering and probes
to detect. respectively, the wave density fluctuation 1. and wave electr:c
potential #. Lower hybrid waves are excited by electrestatic plate-antenne
arrays lacated on the midplane cuter edge af the plasma (in the limiter shadow).
and detected toroidally 15 cm to 340 cm away from the launcher. Most
measurements are concentrated in the regime I < o/w i € 3, clase to the lawer

hybrid layer at which “/”lh = 1. where wy, = ”pi(l + wps/mci)'l/z. Here @pj -



-3a

and have the wusual definitions of 1on plasma, electron plasma., end

“pa- ce
electron cyclotron frequency. respectively.

Resonance cones are detected with the laser system. and wave k”—spectra are
measured both by scanning the scattering k-vector (ki) with fixed plasma
conditions, and by sweeping the density while holding kz constant. [n this
manner, the effects of antenna phasing and electron Landau damping on the LHW
k”—spectrum in the plasma are observed. Extensive two—dimensional plasma
parameter profiling shows the importance of planar wave—fronts to aid detectiocn
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 signai.

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

summery 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 plasme parameters.g The particular
application of COp laser 3cattering to study density fluctuations in plasma has
been pioneesred by Surko and Slusher . 10-12

Wa first establish some fundamental parameters of interest. For the laser
wavelength Ay = 10.6 um, all plasma waves under consideration will have Al >> A,

so thet scattered light satisfying the Bragg condition

A
=11
e = " — N
g = £ sin (2Al] (1)

will always be at small angles (8 = 3-20 mred for Al= 3 - 0.5 mm) to the
incident laser beam. From Geaussian optics, a freely expanding Gaussian beam has
a diffraction limited half{-angle 48 = Ao/nao. where 8, is the beam waist,

defined Aas the radius where -the beam electric field amplitude has fallen to 1/e
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of 1ts central value. Choasing a coordinate system with regard to the machine.
we take the 2z axis along B. the x axis along the midplane radius. and the ¥ axis
1s vertical. The incident Gaussian lassr beam is assumed to be linearly
pelarized, as shown in Fig. 1, with the electric field vector lying in the
scattering plane. Eo end Es sre the magnitudes of the incident and scattered
electric fields.

In general, we would like k, of the plasma wave to be zera, and the driven

wave to be planar aver the Yscattering region. [n practice, these two
assumptions are violated in various degrees, and must be treated carefully. The
scattering length in the v direction (essentially along the beam) is defined to
be.Ly = min (Lg, LA' plasma diameter) , where L, is the length determined by
when the maghitude of the cross besm electric fieid amplitude 1B°Esi has fallen
to 1/e of its maximum value (see Fig. 1), and Ly is the antenne height. in
ACT-1, we have Ly = L, in all cases. For a monochromatic plane wave density
fluctuation with frequency w,/2x, of the form H,= & cos(k,x - wt), it can be
shown that the lager power scattered into .the coherent solid angle

an = ﬂ(ha/ﬂao)z. when k, of the wave matches ki given by the Bragg angle, is

12 . (2)

=1 .23 (;
Pg = 5 ToAgPoll Ly

where r, is the classical electron radius ez/mcz. P, is the scattered power, and
F, 1is the incident laser power. In prectice, the wave phase mey vary from the
top to bottom o!_the laser scattering volume, so that destructive interference
occurs, reducing the scattering length to a value denoted by L,,;. The phaée
fronts may be tilted with respect to the direction defined by k%, in which case
Legs = LY sin{X)/X, where X = kLetiltLy/z' Furthermore, the phase fronts may
have a net curvature. in which L, cen be approximated by the distance over
which a reletive phase shift of m/2 occurs. The worst case analysis would be
random phasing over the laser scattering volume, for which the scattered pawer
is proportional to alL. Howéver if this occurs, no signal would be seen in cur
experiment, due te the law absolute density of the ACT-1 plasme. We operate
lfklADe > 1.

well into the limit of coherent scattering, that is Lo say that «
The laser signal corresponds to scattering of!{ electron density fluctuations
which may be correlated with ion motion, but not to scattering off the ions

themselves, due to their small Thomson cross section.



B. Dispersion relation

The fluctuating electron density driven by lower hybrid waves can be
derived from the full electromagnetic wave equation and the continuity equation
for eler:trnms.]':3 For completeness, we present a multispecies warm ion eapproach,
which can then be reduced to the cold ion epproximation when appropriate.

We will consider electrostatic waves in a multispecies warm—ion, cold

electron plasma, in the frequency regime u 2 @pp = “pj >> gy Here @ej is the
ion eyclotron frequency af the jth ion species, and the lower hybrid frequency

2

is given by “ih’ 3 ugj(l + wpo /uﬁe y L

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 Ai' ie., that the WKB
approximation kzz(dkl/dx) << 1 can be satisfied (true for ACT-I except near
turning points and resoneances). The full electromagneiic wave eguation for a
Fourier component of the form AE-F —iwt is then i x (A x E) + R + £ = 0, where
K is the hot plasma dielectric tensor.13 The geometry is chosen so that B, is
along 2z, and , with little variation in plasma parameters in the y direction, we

take ky=0. More explicitly:

E_- l:2 R + 3
= ] xy nJ'_n| Ku Ex ( . )
2
-£ X =2 -
Xy Yy va . Ey e,
na, +K -% -
L1 xz 7z 2z~ BL Ez
where n = ke/w, and i, L denote components parallel and perpendiculer to the

magnetic field, respectively. In a nondrifting Maxwellian plasma, with TL = T",
using k_Lpe << 1, the dielectric tensor elements of importance can be written

epproximaiely as

uF aF exp({~h. )} =
- pe pi 3 2
z .1+_2+): = ann(zn-e-z_n).

L J w klvj 3 =l .
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Z
X .-1_21 +1] —2l .;p(-b)zufz-:')(z-z ), (4)
xy ww J wu kIVJ i o=l e
O
K?z T T w W ( :? ) Eea[ 1+ Eco"o] '
ce
2 2.
Kzz'l“'_uz' [1+zeoo ’

where the sumnaticn over j refers to fon species, ln is the medifjed Bessel
is keT /n,ucj. and zn is the plasma dispersion function14

#ith argument . (w + n“ca)/kn P where the index o refers either to ions or

function of arzument b. =

electrens. We note here that n n,>> xxz so we neglect K*z. and further that
Kyy = Ky 50 Wwe replace Kyy with K. In most cases of interest, Kyz can also
be neglected. . Setting the determinent of the Ix3 matrix to 2zero yields the
dispersion relation D(k.w) = 0.

At this point, without further approximation, we bhave availiable =&

numerical code15

which solves for kL, given kl and the plasma parameters =as
inputs, keeping up te 40 terms in the Bessel function series if necessary.
Contributions io the damping rate from ions and electrons are included (Landau
and cyclotron), while collisional damping is wusually unimportant for ACT-I
perameters. lInoverse danplhg leagths are calculated from the u=ual Taylor series
expansion of the dispersion relation about a root with K = Er + iEi, where

k.l >> Jk;|. end E, is given by

. =Dk

B = —— .

1 B (5)
& ik,
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D has been split into real and imaginary parts. The contribution from |linear
electron Landau damping is appreciable for Ee < 3, and can be expressed as
Rﬁ = v Rﬁ fg exp(-si). A ray trecing trajectory i1s followed intoe the plasma,
estimating the wave energy density and energy flow along the way, including both
the nonelectromagnetic and Poynting fluxes.

For aralytic 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 & multispecies

plasma,
2 2
wr, k W=
_Rel My L~ PRI _
l 2 (kal = o . (8)

Furthermore, the lower hybrid waves are expected to propagate into the plasma
following resopance cone trljectones.l6 where the local cone angle 8 = k /k is

dependeni only cn the electron density if @ >> w_,, w

pi ci’

C. LHW density fluctuation

Consider the electron_denaity fluetuation Eeassucialed with a single wave
Fourier component. For lower hybrid waves, it is actually possible to have

8.7 So,

ﬁe= 0 even though the wave electric fields are finite. in contrast to the

signal from a probe, the laser signal could be zero, even though the wave might

be present. From the cantinufty equation for electrons, omne obtains
g = neﬁ-ae/m. where ¥° ja the siectron reaponse Lo an oscillating field in the
plasme

=g —=2pe . p | 7

The previously defined dielectric tensor has been split into the vacuum, iom,
and electron terms R = T + R + R® . Using the cold electron approzimation,

ifrom Eq. (4}, we have

- RN = g
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- o en, o= o iE}: k,E,
Be =i — kB (-5 -5 ) - {8)
m “la Woe *x xEx

The first term in Eq. (8) can be identified with polarization drift in the x
direction, the second with ExB drift, and the third with electron inertia elong
{ield lines. The ratios of electric fields are found from Eq. (3), setting Kz
and Kyz to zero. One then obtains the {complex) fluctuating electron density,

waich can be written in two equivalent farms:

- ] W W ix )
e =2 B E{ o - mFe 4+
2we Wy v, (Kﬂ- a”) (zz,_— - 99
or, ) ) ()
2.2 T '
- . _ W (aL Kzz) .-)(n‘L Kzz)i.ltxy
3 =-tno ——nF —r + > Z+ 1) .
e auwe z w' n w al® _=n")
ce I ce I xx

A zera of Ee in the LHW frequency ramge occurs for o = "’pi“"‘”' where § is a

small positive number, as a result of cancellation beiween the electron inertis
and polarizetion drif{ 4{erms, and is present in both the cold and hot-ion
approximations. This can be secen by balancing the first and third terms in
Eq. 9, while simultaneously satisfying the cold LMW dispersion relation, which

can be done for w = @ in the ACT-I paremeter range, the ny term in Eq. (8)

Pi°
can be neglected, and for a cold LHW, a goad approximation for Ee' is given by

k E
i =_iJ_x[1-

2
e 4T &

“’gi/“’ . {10)

which reduces to the simple Poisson result if o >> g - TFor w > Gpj . finite ion

temperature effects on Beentsr primarily through ki' and for lower hybrid waves

2

are wusually negiected. 8 However, finite ion temperature effects should be
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. included for @y <@ g due to the large modifications oaccurring in lc-L

@
Waerm 1on effects tend f; shift the zero in ﬁeto siightly lower densities (1e.,
sooner along & ray trajectory). [f mode conversion of the lower hybrid wave to
a hot plasma wave17 is predicted for & particular wave k"—component before the
zero is reached, then finite ion temperature effects actuqlly cause the zero to
appear at significantly lower densities than cold plasmea theory indicates. For
ACT—] parameters. ﬁe= 0at we 1.1 @py - Code runs &t fixed A” show this zerc to
occur in such a narrow density band for ACT-1. cleose to the LH resonance where
field swelling is also ocecurring, 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 perpendiculer to the y-z plane, is the wave power per unit

area

W

P, =(S+7T), =W, Ver ’ ‘ (11}

where S is the Poynting flux and T is the nonelectromagnetic energy flux

associated with coherent moticn of the particle&. Wo is the wave energy
s:lexmii.},rl:3 and vgl is the perpendicular component of the group velocity.
vgl H au/akl. For the lowér hybrid wave, neglecting the electromegnetic field

energy, and locally ignoring dissipation, we write

1 . 3
¥ =— * .
o 16m 2 dw (@ k) &
L IE® 3D (2
16 dw
having used the electrostatic form of the dispersion relation ME,w) = 0. The

group velocity cen be eliminated in Eq. (11} to yield
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osrmIy WARWITY [N

2

0=

g2
E*h 8D, oL
P,o= K, () 3k T (1%

“ /

having mneglected Eg. compared to Ef. It follows fram Eq. (6} far a cald lower
hybrid wave, that although the field and particle energy density is evenly

divided, the energy flux is carried by the fields, so that

Il—mm

P = 2)

. L =g : ‘ (14)

KR _ 2
k) (1 api/w

3

where Ei is a peak eleciric field strength. and Pl is the wave power per unit
area perpendicular ta B° feor a monochromatic wave., Releting the wave power to

the density fluctuation via Eq. (10), we obtain
2 /B _ (15)

This shows the lowest order corrsction as & approaches ”pi from above, and
reduces tc previous results*® for w > @y -

III. EXPERIMENTAL APPARATUS

A. Plasma

The experiments were conducted in the ACT-[ multispecies hydrogen plasme,
using & hot tungsten filament plasma source.d The resﬁlting steady-state
toroidal plasme can Jse characterized by nCQ 1x109 cm.'3 to 2x1011 cm"s,
1 £ Te € 4-6 eV, 0.025 € Ti €2 eV, Bo *4.5 kG, R=59 cm, & €9 cm, and
hydrogen ion concentrations H; = 50-80 %, H; =30 %, with the remainder Hg.la A
typical configuration showing diagnostic access, antenna locations, and machine
geometry is shown in Fig. 2. Twenty-six chasmber sections farm the torus.
Straight side limiters, located at r = 6 cm at the outer midplane radius, reduce

the plasma shape {o an inverse D. This was done to match plasma edge conditions
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to the vertical plate antennas used ta launch plane wave lower hybrid waves. as
we shall see later. Electroziatic floating double probes for wave measurements
at various torcidal locations, as well as biased probes far monrtoring the :on
saturatian current. can be scanned ecross the outer bal{ of the torus in an x-¥
fashion. Vertical field correction coi1ls can be snergized to corréct for minor
magnetic field errors, thereby enhancing the vertical symmetry of the plasma, as
shewn in Fig. 3. A reletively uniferm 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 1n the inner half of the torus. Wave studies are made on _the auter
half of the torus, in the diffuse plesma region, free of fest electrons. Ion
18

temperature was measured by laser scattering op ion Bernstein waves, and

scales roughly inversely with neutral fill pressure. The eleciron density is
measured by the lower hybrid resonance cone technique.le Here a lower hybrid
wave is launched from the g;ge of the plasma with frequency w »> @pj o Way to
determine the Iocal cones angle 9 =« lc“/l{-L = Ax/Az. found by measuring the

relative radial displacement Ax of-two LHW cones launched from antennes with '

known toroidal separation 4z. The electron plasma frequency is determined from

Eq. (6). By wusing a range of {frequencies, or shifting to adjacent sets of

antennas (or probes), the entire profile over the cuter helf of the machine can
be covered. This is the mast accurate absolute local density measurement
{better than 10%), which we then use to calibrate the density inferred from
Langmuir probe ion saturation current prefiles. For densities higher then
~ 1x1011 cmeI ACT-I is equipped with an 8-mm microwave interferometer, which
gives line averaged central chord measurements.

Typical electron density and low-{requency fluctuation profiles are shown
in Fig. 4. The electrostatic vertical plate entennas are located in the
limiter shadow, at r = 68.5 cm for measurements in this paper. Low {requency
fluctuations peak near the plasma edge in regions of steep gradients, apnd are
found to piay an important role, affecting the propagation of lower hybrid
20,21

waves.

B. RF entennas .
A series of entennas are employed in conjunction with the laser scattering

experiment. The simplest is a 1"x1" fine mesh ., parallel to B, which can be

swung 1nto place in the plasma micdplane, 2-5 em toroidally from the laser

A e e g e
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scattering window, This is called the “close internal grid." An RF valtage
applied to the grid drives large density fluctuations, observable by the laser.
It is wuseful for initial alignment or lsunching 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
upan 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. 2), with ususlly only the inner four of the six .plates being
driven with RF. [If the outer two plates are driven us well, then they tend to
dominate over the inner ones, and phasing controi is lost. Two LHW antenna
designs have been used here. The tirst consisted of simple straight plates
(Fig. 5a), with spacing 1.3 cm per plate, but these tended to excite high n,
components iue to their d-function-like nature. The second version consistea of
"bent-plate” S-clement arrays, as shown’in Fig. 5a, with the width aof the bent
picce one-hr!f the 1.3 cm spacing. If phased by m, these should give a dominant
Ay
that feeding just the center plate gave a better laser signal, perhaps due to

= 2.6 cm, or i phased by w/2, then A" = 5.2 cm. In practice, it was found

the broader A“ spectrum launched. Finally, as seen in Fig. &§b, these antenna§
could be tilted as a whaole 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 lsunched wave and the laser scattering vector orientation.

Supperting wave measurements were carried out using both single and double
tip floating microcoaxial 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 potentiel., while double tip
probes can be used by subtracting the signai: from the two tips. thereby
enhancing sigoels from short electrostatic waves, while rejecting long
electromsgnetic components. These techniques have been described before with
the Pripceton L-3 &and L-4 devices.az Any attempt at reliable absclute
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

performed with an open strip-iine eavity.23 does not take into account
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differences due to plasma sheath effects. Consequently, one desires o different

approach, 1n principle provided by the laser scattering system described next.

C. Laser system

A CO, leser scattering system has been built to take advantage of the
steady-state ACT~{ plasma. Since we desired to study density fluctuatiens with
ky
least one half of the plasma diameter, we chose a geometry where the high power

in the range accessible to a CO2 scattering system while scanning across at

CO2 beam traversed the piasma along primarily a vertical chord, allowing
essentially radial, or k., components af £ to he observed. A schematic of the
setup is shown in Fig. B.

With the exception of 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 localized in radial extent. Mirrors M6 and M7 are attached to stiff
aluminum channel arms which extend 75 c¢cm off the table "into the reentrant
cavities. Lens L2 {4" dia, 215 em f1), which is 3 meters from the plasma.
serves both 1o focus and cross the high pewer {(solid line) and jocal oscitlator
(dashed Jine) laser beaﬁ: 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 aligonment requirements are fairly stringent
for good heteradyne mixing efficiency. The scattered light beam must be
colinear with the local oscillator beam to within an engle a8 < Ao/uao =z 1 meed,
whers a, = 3.3 mm is the laser beam waist in the plasma. At the same time, we
need angle (kl) 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.11

S R N St g T P e o
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The detector, & photoconductive Ge:Cu semiconductor element 0.5 mm in
diemeter, is housed in a liquid helium dewar, and is supported by & y-z
adjustable platform which sits on an upper level deck (bolted firmly 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 hoie for light input, and fiber optic
leads to carry signals out. ([n this manner, RF.piclcup problems were completeiy
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 cccurred. There is
a substantial impedance mismatch 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 jtself alsc reduced in the same fashion by the impedance mismatch.
The signal after amplirication, never more than 1-2 mV in amplitude, was fed to
a Meret MDL-259 wideband (1-140 MHz) fiber optic link to the outside world.

D. 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 Qhot noise {or gein-recombination noise) dominates amplifier
noise, Johnson noise, and any pickup {from the surroundicg environment. We
define the receiver noise equivalent power (NEP) as the rswer per unit bandwidth
which gives a power signa) to Doise ratio (SNR) of unity. For & photoconductor,
NEP = 2hv/n, where 7 is the net quantum efficiency.24 The quantum limit NEP is
3.7x10'2° W/Hz, while the best reported values are system  NEPs af
1.5x107L9 W/Hz.e5 We wuse a blackbody calibration to find the NEP as a function
of freqency f. An lnteresting feature of this measurement is that the dictence
of the blackbody freom the detector daes not enter into the caiculation, as long
a3 the so0lid engle subtended by the blackbody aperture overfills the diffraction
limited receiver coherent solid angle 0 = RE/A. where A is the detector surface
area. Peyton25 pravides a good treatment, where a solar radiometer was

calibrated using this technique, although with a photavoltaic detector. We can
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write the power received from a blackbody into the coherent solid angle Q with

correct polarization for heterodyne detection. as

_ ahy (2af) ' -
Pop = "™ . (15
exp(kT - 1)

where a« is an optical transmission factor (in our case 0.43. due to & ZnSe
beamsplitter). and because of the double sideband nature of the measurement, we
use twice the IF bapdwidth Af. By mixing the lecal oscillater beem with light
from a known tempereture "blackbody,” we are able to observe the SNR in a given
IF bandwidih Af, wusing a chopper in the blackbody beam, and lecking—in at a
350 Hz chopping rate. The §etup is shown in Fig. 7Ta. An Infrared Industries
Model. 643 commercial blackbody source &t T = 12830 K with a 1" aperture.
carrected for spectiral emissivity of the surface was used as the "blackbody."
Both low pass and bandpass filters were used efter a 65 db power gain front end
emplifier., but prior to squaring with an RF crystal detector. This signal was
then fed to a Brookdeal Ilock-in. looking only ‘at the fundamental chopper
frequency component, and the ocutput 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. Time constaats were typicelly
0.3-3.0 sec, with SNRs of 5 to 80. Representative cases are shown in Fig. &b
for three different IF filters.

The signal to noise ratio seen in a given IF bandwidth 4f when observ.ng

the chopped blackbody radiation Py, can be written as

1/2
_ Py (a1 7y) /

A (NEP af) ' (18}

where T, is the lock—in post detection time congtant, and A = 2 takes into
account the degradation due to the chaopper. Combining Eqs. (17) and [18), we can
write the "blackbody" NEP as

|
]

et
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« hv [af T1)1/2
NEP = R {19)

svR {exp(2Z - 1))

Fig. & shows the resulting system NEP as a function of frequency, with the
horizontal bars being the Af used to make each measurement. Apparently “l/f"
noise (thought to be contact noise) begins to be o problem belew 40 MHz.27 We
did not look higher than 250 MHz, although both the signal and shot noise begin
to rolt off above -200 MHz. This NEP takes into approximate account the
heterodyne mixing erf{ciency eH,II snd explicitly includes anmplifier naise,
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 ascillator beam. ’

This NEP can be uéed to relate an observed signal to the scattared laser
pawer P,. From Egs. (56-57) of Slushei % Surko,!! one can see that

i 2
< 175> = g Plops (20)
< igR> 2hv Al P,

where <i%s > is the mean -square current due to the beat term between the
scattered laser power Ps and the local oscillator beam Plo' reduced by the
heterodyne mixing efficiency sH' The beat term is
Pig = 2$H[P10Ps)!/2 cos{wt + ¢). By folding $§ into the.operational definition
of NEP, we see that

Psignnl Pg - <ifg> (21)
Pnoise NEP Af <igﬁ
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Experimentally, for the case of matched Caussian and locél oscillator beams
hitting a detector with radius comparable to the focussed heam walst, we expect
&y = 0.6-0.9. As an indirect measure of this. an Isomet 40 MHz acousto-optic
modulator was used to generate a frequency—-shifted laser beam of known laser
power.28 This beam was then introduced into the local oscillatar beam path via a
beamsplitter, and both were focussed in the usual manner on the Ge Cu detector.
producing a signal of 2.2 V/W at the front end of the preamplifier chain. By
successively reducing the power to the meodulator by over 80 db. the signal was
observed to disappear inla the shot noise at a level of 2x[D'13 W/Hz, which is
poarer then estimated from the blackbody measurement by e factor of two,

29 who predicts under ideal

suggesiing €§ = 0.5. This is consistent with Cohen,
conditions of alignment that eﬁ = 0.95 tor the uniform/Gaussian profile as in
the blackbady measurement, but $§ = 0.6 far the matched Geussiean case sbove.

Naturally, any phase front misalignment on the detector will act to alter 3%C

usually in a detrimental fashion.30
E. Signal processing “
At this peint we depari from the usual signal to noise fc:»rm.l.:las.“':31 and

consider the case where there is a coherent narrowbend signal and incoherent
wideband noise; This is the case of most interest to us. since we look at
driven fluctuations at a Known frequency @y whereas the dominant noise 1is
gain—-recombination noise ocaurring over a wide bandwidth. The analysis of
Sm.ith32 applies, and a goad reference for hetercdyne signal ta noise
considerations is found in Sec. 3 of Sharp glmnl,33 The signal from the detector
was processed in one of three ways, all iavolving signal enhancement.

1f the desired signal maintains phase coherence with the radio frequency
pump, we can use a high frequeney RF lock—in emplifier. the Princeton Applied
Research 5202, for frequencies up to 50 MHz. The lockr~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 Jlock-in time
constant. This technique involves a CW laser, & steady-state plasma. and
continuous RF applied to the antepna. An example, using a 50 MHz lower hybrid
wave, is shown in Fig. ©9a. Acecnrste measurements of beth rms voltage and phase
with respect to the pump can be obtained, although the exact gein in SNR as a
result of the lock—-in is difficult to quantify. However, Al can be very

accurately measured as the laser is scanned in radius.
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It a samewhat larger =cattered signal is available, arn HP Spectrum Analyzer
can be used as a tuned rms voltmeter, whose [F bandwidth and center frequency is
adjustable over a wide range of operating conditions. This technique loses
phase informutiﬁn. but does not demand coherence with the applied RF, and can
lock at frequenciez offset from the pump, as well as retaining direct
information about the noise level in the 1P bandwidth being observed. In a
staticnary plasme, with steady-state waves, IF bandwidths as small as 1 kHz, but
more typically 10 kHs, could be used to reduce the local oscillator ncise
without reducing the desired signal. Furthermore, by blocking the beam
momentarily. the noise contribution due to the root-mean—square LO shot noise
could be measured in the absence of signal, as shown in Fig. 9b. The “hash” 1s

not the noise we rafer to, but instead we are interested in the quantity denoted

as V.. The signal voltage can then  de found by noting that
vdisplay =V, + vy = (V§ + Vg]l/a. The hash determines the accuracy of the SNR,
but net 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
Vx = Vh, and one cen relate the desired 'signal to the observed Vy and Vn‘ In

fact, with £q. (21), the sbsolute scattered power can be faund from Vs/Yn.

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
autput fed to a PAR Boxcar Integrator. Time resclved measurements cen be done,
with time resolution of the gate widti, while relying on the rapid pulse nature
af the RF (or plasma) to obtain good statistiecs.

IV. EXPERIMENTAL RESULTS

A. Resonance cone detection

We begin by demonsirating LHW cone detection with the COy laser system on
ACT-I. We first employ a simple internal grid to excite the wave. In Fig. 10,
laser radial scans of a 190 MHz lower bybrid wave (actually an electron plasma
wave in this case) are shawn. The lsunching antennea (located radially by the
arrow labeled "grid") was 14 cm away torcidally. so that the cone angle @ with
respect to the toroidal magnetic field was given by Ar/Az = 1.2/14 = 0.0B7
The plasma was cold , 'I'i x 0.2 eV, T, =1 eV, and the local density inferred

frem the cone angle was n, = 5x101% ™3, No signal in the plane of the grid is
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observed, but instead, the wave is coécentrated in the resonance cone. Each
trace in Fig. 10 corresponds to & different laser scattering angle. and waves
are detected with Fl = 20 to 90 em™ !, For w »> Ypy- different k” have ké given
by kl/k” E] ”o/“‘ Since we observe a range of kL' we can 1nfer the wavg
ky-spectrum. Later, Eg. (6) will be used to do this, keeping the ion terms for
more accurkcy as « approaches @p The deshed line indicates a corresponding
probe trece, which only resolves the cone location. For the top traze, the high
power leser 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 bandwidths of 50 MHz and 140 MHz, respectively,
the 190 MHz signal was first downmixed with a 215 MHz reference cscillator.

To make the experiment more relevant to large device plasmas, we can launch
waves f{rom antennes placed on the edge of the pleasma in the limiter shadow.
Here the LHW must traverse & region similar te that enceuntered in large
toroidel devices, i.e., a zone of large amplitude low—frequency density
fluctuations.3 In addition, the use of a phased array antenna better defines the
parallel wavelength than a simple grid. Fig. il shows lower hybrid resonance
cones detected by CO, laser scattering, launched firom such an arrey located two
ports (~ 30 em) toroidally away frem the laser lacation. The density
- 1.1x1019 cm—a was fairly uniform over the radius r =25 to 5.0 cm. as

o,

indicated by the linear increase in wave penetration with frequency. The laser
scattering engle was centered at ki = 30 em™L. Relative amplitudes between
treces in Fig. 11 are not meaningful, since the characterisiic antenne impedance
is resonant at some frequencies in this range.

However, it guickly 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 signe) entirely, even though a probe might still show a localized signal.
The laser is of course £ selective, and integrates over e vertical chord,
whereas the praobe responds to a broad range of k and is local. We now proceed
to sort aut these effects.

The degree of vertical uniformity is importent for the laser signal., which
is propertional to Leff' Fig. 12 depicts a vertical cross section of a lower
nybrid wave front, obtained by an x-y scanning probe, twa perts away [rom the
antenna. The antenna (at r = 6.5 em, 12.7 cm tall) hides in the shadow of a

vertical limiter, drawn in as the strajght line at r =8 cm. The vertical
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exaggeretion is 2.5:1. An unused ring antenne conveniently shows up as a blip
with a 9-cm radius of curvature, marking the curveture of the ocuter wall. The
six-plate antenna structure (7 /2 phasing) imposes a 5/4 period wave pattern in
the radial directicn, as expected.34 In this case, the local midplane density at
the cone is low, o, = 7210 em™3, so that “/“pi = 3. At lirst glance, the
wavefront looks very plenar, with curvature near the top and bottom indicating
lower density at the top than the bottom of the machine. However, on the scale
of Al = 3.3 mm, a phase shift of #/2 occurs for an x displacement of only I mm.
To minimize cancellation of laser signal, and maximize the effective scattering
length Loy, it is clear that the laser ki should be aligned with the wave k
vector in engle, at leest to within the spreed associated with a finite antenna
height LA in the y-direction, Aky ~1/LA. The generail tilt of 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
bottem of the antenna, based on a n/2 relative phase shift, the maximum Leff is
estimated to be 6 cm, or half the antenna height. When observing {farther eway
from the launcher. the tilt will get Worse (for this profile) and the dominant
hl gets shortier as the wave penetrates to higher densities along its trajectory,
theredby further reducing L_44- As a further check on the effective laser
scattering length. it is observed +that insertion of a probe at =« distant
toroidal Jocation causes changes in the laser sfgnnl. In particular, when the
laser is laocated on a LHW resonance con2, 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 s reductien in
plasma density [Irom the plasma edge to the cone locaiion as a result of probe
insertion. By inserting the probe at different vertical) positions, one could
se¢ the largest decrease in laser signal with the probe in the plasme midplane,
and leszs to either the lob or bottom of the plasma, indicating that the laser
signe) originates over a several centimeter path length.

Simply aligning the antennas and liaser ta 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 em further into the plasme ere left fixed. Fig. 13 shows the effect of
tiiting the antenna on a lower hybrid laser signal. The “zereo” tilt angle
denotes only an approximate vertical, due to the small aengles employed.
Destructive interference, characterized by spatial meodulation of the signal

o

b
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emplitude with wavelength 21/k? can be seen as the antenna is moved to either

side of the optimum L:1lt angle. The observed full-width, half-mex angle is

A8 = 11 mrad. For a monochromatic plane wave tilted from vertical. Leff goes as -

Ly(sin(X)ﬁK) where X = tkyLy/E). Half-max occurs at X=1.89, and since
ky = kletill' then ths fwhm vaiue for A9 would give LY = 16 cm. This 1is too
large by a factor of ~3 (in particular, it is Jlarger than the antenna
L,= 12.7 em). One infers instead that the weve has a finite spread in ky. of

A
arder Aky ~kLAG = 0.5 em™L. Indeed, from the geometric effect of finite antenna

height, one expects Aky ~ 2n/L, = 0.5 em™ L.

The exercise above was significent, because for the purpose of ki
(magnitude) scanning, where the scntterinq angle s chggged by steering the high
power laser beam while leaving the local oscillator beam fixed, one desires that
the Aky of the wave be broader than the error introduced by changing the
direction of ki. The widest Bragg angle scans which we wuse cover ~ 10 mrad.
With a 2" antenna, angular mismatch due to rotation of the ki vector while
scanning one beam is not & problem.

Summarizing, if the wave phase front elignment problem retative to the
desired ki orientation has been elimiaated, then the lase: signal rescnance cone
envelope should be free of amplitude modulation with wavelength Eﬂ/ki. By
tilting the antenna and or plasma (see Fig. 3)., this condition could usueiiy 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 RF
power, detected by C02‘ laser scattering. This measurement iz made when the
waves are found in well-defined resonance canes, 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
gcan the laser radially to find the regonance cone. Laser signal carresponding
toc the peek of the resonance cone (amplitude -~ ﬁLeff) is plottel 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 conme position as the power is raised indicates that the wave is
perturbing the global plasma parameters. This is seen div:ntly in Fig. lde,
where an ion saturation current monitor in the top of the plasma at a distant

fixed position. is seen to change significantly for P.; > 1/2 W. The detailed
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conditions for this example ere shown in Table 1I. At low powers (<1/2 ¥}, the
laser signal 1is observed to scale linearly with. P%{z, as expected if E2 - Prf
(see Eq. 15). The plasma up-down symmetry is very good initially, and the tilt
antenna 1s optimized. Signals could be seen above the noise in a 10 kHz
banﬁwidth with applied RF power as low as 5 mW (Pl < 250 yw/cm?). 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 absclute reduction
in signal eventualily with increasing power is charecteristic of all LHW Jaser
signals we observed. Switching to different ki does not bring the signal back,
only lowering the RF power level, .

Absolute ?fluctuation levels provide the key to the problem. Peak density
fluctuaticns (in the range of kl:s 3748 om~}) associated with Fig. 14 laser
signals, cean be estimated to be greater than 3.2x10% cm™ (Leff=5 em) and less
than 1.6x10° em™ {Lggg=1 cm). The partia} ﬁ/ne range from 0.7% to 3.5%, and
corresponding partial ejectric fields, obtained wusing Eq. (i0), from 20 to
S0 V/em. 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
1 mWchz te 20 mW/cmE. or 3 —~ 60% of the applied RF power can be aeccounted for
in the wave. I! all the power were concentrated in the ki under observation,
then Pl = 35 mW/cm? would drive 8§ = 2x199 em3 according to Eq. (15). and en
electric field EL =115 V/em. This would correspond to a wave poiential of
3 = EL/kL =3 V, and a ponderomotive factor 4n/n = Ei /[Bnne(Te+ Ti)] = 0.03 .
The latier is not Jarge, but a factor of 10 increase in RF power would cause
significant ponderomative qffects.35 However. the measured e%/T, ~ 1 is cause
for concern, and indicates nonlinear effects may b= 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 susteining 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 Ee nlohg 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

L.yy with RF power.
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An example of the type of steady-state distortion of the plasma profile
that can oceur is shown in Fig. 15. The inttial contours (solid lines) show ion
saturalion current 1so—contours .are obtained by an x-v scanning probe in the
absence of RF. The central density 1s ~ 7x10!0 cm'g. end the plasme 15 denser
1n °the bottom +then the top of the;forus. Residual field errors et y = =3 to
-4 ¢m 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 steadv-state distortion.
Plasme density has increased near the edge and bottom of the torus, and &
reduction in density has occurred near the top of the machine. It is
interesting to not%ce that the observed changes are consistent with vortex
formation3® (the toroidal magnetic field is into the page), but the initiel
density asymmetry precludes a definite snswer.

One can see how a given profile can become disteorted, perhaps causing an
increase in L.y, 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 3 may be increasing. Fig. 16 shows LHW (100 MHz) rescnance cone
amplitude observed with the laser and probe in a 10 kHz bendwidth about the pump
frequency. in a plasma similar to that previously described in Fig. 14, except
that the initial plasma profile is tilted, and e 5" instead of 2" tall anteoma
is used. The nonlinearities seen by the laser are not apparent to the probe.
As the RF power was raised from ! — 25 W, the ion saturation current monitor
fell by 30%. The probe is positioned two ports frem the aeantenna, while the
laser is four ports away. The clear recovery of the laser signal, peaking at
ﬁLeff= 1.5x10° cm_z. occurs with 18 W of applied RF power. We conclude that
prafile buckling due to asymmetric iomization has cccurred. Confirmation of
this mechanism for the "superlinearity” is obtained using a gated RF burst
(7 usec pulse)‘ and looking at the Ilaser signal with a 4 usec window boxcar
aperture. The resulting power scaling is strictly linear up to 18 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 iomization of background neutrals
by the wave.

The lergest LHW signeal recorded thus far in ACT-I with‘ the laser system
correspands to ﬁLe”=3.1x109 em™? at ki = 3826 cm~! and f = 100 MHz, using &
heterodyne mixing efficiency ¢ =0.7 . The applied power was 6 W, anc the wave
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ol? cm'a, 60 cm away from the

was detected at a local plasma density ol 6x!
leunching antenna. Correspoﬁding scattered laser power was Ps = BMLO_IB W far
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 = (, even in the absence of
plasma. This indicates the G of the antenne is high. but actual anteona
resistive losses in the LHW frequency range were not measured. We conclude tha:
total O/n (maximum values) for LHW range from the 1%-5% level, driven in a
narrow frequeticy band ebout the pump frequency, beyond which significant

nonlinearities accur.

C. LHW k“-spectrum

Determining the actual wave k"-spectrum inside the plasms is of great
interest, since the eventual fate of the LHW energy depends strongly on that
parameter'BT Slusher 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 puléé. This technique relies upon fiied kz
measurements made over & range of densities to zample different kﬂ. This type
of density scan measurement was done in ACT-I, with the added adventage of local
density measurements, and the locelization of wave energy in well-defined
resonance cones. Additionslly, kg {laser angle) scans could be mada while
holding plasma and wave parameters fixed. The two techniques complement each
other. The firat suffars from ©possible differences in wave coupiing, the
effects of changes in other plasma parameters besides density, or changes in
laser scattering length as the "density” is chenged, while the second suffers
from possible laser calibration uncertainties and differences in Eldirection
being sampled as the leser scattering angle is changed. Using beth methods
together, &8 reascnable picture of what is happening inside the élasma can be
obtlained.

We begin by showing & plasma density scan, parameterized by stepwise
increases in the ion saturation current monitored at a fixed poimt in the
plasma. Fig. 17 shows laser signals nbta;hed at one ki via the lock-in
technique described in Sec. 1I1. The antenna plates are phased by n/2 so Eugi
in the same directian as B°; that is, towards the laser which is 6 p6r£§
{~90 cm) eway from the antenna. We note here, that probe signals typically show
a 2:1 wave oamplitude directionality (4:1 in power) when the eritenna is'h
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alternately phased to the right or left, using four of the s5ix plates. with the
two end plates left floating. The dontinant parallel wavelength defined by the
antenna geometry should be h] = 5.2 em. In this case. the neutral fi1ll pressure
was moderate, (P = 2.2x107° Tarr. .gauge), so the 1on temperature  was
T, = 0.3-0.4 eV, implying that the waves cbserved here have kip1 = 0.7. The key
features of Fig. J7 are that the resonance cone does indeed _move gutward with
increasing density, and that the signal is either losit, or 1s at leasl
decreasing for both high and low densities. The ratio of wave frequency to
local plasma frequency ranges from f/fpi’ 2.3 at leat=0.10 to f/fpi= 1.25 at
[ at= 1.85. Peak signal occurs at lsat= 0.5, corresponding to f/fpi= 1.8, for
_un inferred A"= 6.4 cm. The parallel wavelengths observed here (by inference

from the local cone angle) range from 5 ecm at the lowest density to 10 cm at the

highest.
We shall see later that the resson for a decrease in signal at the shortest
peralle]l wavelengths is due to electron Landau damping. The reasons for a

complete loss of signal at the highest density (lang parallel wavelengihs) are
more complex. In principle, the antenna power spectrum should be felling above
h"= 6-7 e¢m, while at the same time long parmllel wavelengths have a smaller
densgity fluctuation associated with them when carrying the same amouni of energy
as shorter A". Furthermore, to be sure that the bulk of the wave energy has not
shifted to higher kl} and ig therefore simply being missed. several RI 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 locks in a very narrow band about the pump frequency,
would miss a frequency shifted wave. Th. issues pointed oult here wiil be
addressed one by one (to the extent this is possible).

The importance o{ antenna phasing can be verified by performing laser ki
scans far identical fixed plasma parameters, in which only the antepna phasing
has been changed. Fig. 18 shows peak resonsnce cone laser signals versus ki for
w phasing and #/2 phasing of a 6-plate antenna. These data were obtained using
the spectrum anelyzer at a 10 kHz bandwidth, to evoid the frequency constraints
set by the lock—in. It is imnmediately apparent that higher kL are excited by «
phasing than by m/2 phesing, and that more energy is directed towards the laser
location in the former, than latter case. The resonance cone was at a local
= 5‘3x1010 crn_3 and f/fpi = 2.2 . Other plasma parameters

plasma density of n,

were B, = 4.3 kG, T; =0.6 eV, T, =2.5 eV, and the laser was § ports from the
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antenna Siructure. The range of An corresponding to the abserved k; is from
6.5 em to 2.5 cm, while at the same time kLpi varies frem 0.6 to 1.7. The
laser geometry does not allow one to laok at perpendicilar wavenumbers smaller
than ~ 25-30 em~1 without losing abspolute célihra;iun, due to the fact that the
full coherent solid angle of scattered light lies too close Lo the main beam,
and therefo}e is not entirely collected.

We can see from Fig. 18. thet for =n/2 phasing, the peak density fluctuation
at ki = 32 cn1 corresponding te hn = 5 cm, iS approxXimutely as expected, wnile
for m phasing the peak at An = 3.6 cm it longer (compared with 2.8 c¢m) than
simple entenna geometry might Suggest. We note that electron Landau damping
shovld (for & thermal distribution) (filter the Jlower hybrida wave for
u/k“ £ 3V, which is true here far Ay € 3 em. Consequently, one suspecis thag
the criginal wave k"- spectrum has beenl changed by the plasma. Furthermore,
even though the density fluctualicny peak at A, = 3.8 cm (ki = 45 :m-l), most of
the wave energy resides towards longer perallel wavelengths, since the power in
the wave goes ag P, « ﬁa/kla.

Going back to the demsity scay technique used to sweep acrass a, while
looking at fixed n,. the results of an f = 39.9 MHz run are shown in Fig. 19.
The signals are obtained at local densities ranging from Ng =2.6%1010 en™3 at
1/1,, = 1.4 for the longest X, to n, = 2.5x10% em™ ab f/f,, =4.5 for the
shortest Au. Langmuir probe measuremants showed Te varied from 1.2 eV to Q0.6 eV
over the range above, and k p; ¥ 0.8-0.9 . Since k° is held fixed, the plat of
(ELe,f)z clotcly resembles the inferred power spectrum. where ”/“pi variation
has been taken inta accoumt. This ecurve peaks far h" = 3.8 em, falling sherply
on the right (low density) to a limit of Ay =2.4 cm. and falling mare graduslly
on the left (high density) to & limit of A, = 9.5 cm. The sherp fall in signe]
for high n, is again consistent with m/k" = 3V,, or electron Landau damping.
Hawever, Lthe rapid decrease in power [or small n, is nat as easy to explain.
The expected powsr spectrum for this case is not directiy known. but the plata
spacing is 1.3 em, #nd the zize of the antenne structure in the z direction is
~ 7.9 cM, 30 seeing waves from AI = 2.4¢cm to 9.5 cm is not unreasonable,

Thers are o number of inconsistencies between the two (density scap versus
angle scan) metheds of measurement., The former usually shaws less power at high
densities for a given A, than cne infers from measurémﬂnts 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 Alcator experiment.6 We will show that density scans to obtain k“-spectra
{at least in the ACT-! plasma) should not be relied upon te yield an accurate
“snapshot” af the k"-spectrum as it exists 1n the plasma for any one set of
plasma parameters.

We can confirm that electron Landau damping is occurring by consecutively
monitoring different ki values, while scanning the plasma density to sweep over
a range of A". Since the wave is lesunched from one antenns (r=6.5 cm} and
observed toroidally a fixed distance away, the wave trajectory will be geen at
different radial locations as the density is changed (as in Fig. 17).
Consequently, the laser must ue scanned radially for each plasma setting to find
the resoneance cone. Fig. 20a is a composite, showing along each cuyrve the
amplitude of 92.5 MHz resonance cones seen by the laser, and the radius at which
the cones were found. Each curve represents & diffesrent kZ‘ while moving along
a curve from feft to right corresponds to increasing density during the density
scan. The local plasma density when the cone was at the minimum redius was
n, = 2.3x10!° cn~3, and when the cone was found out at the largest radius. the
local density at the resonance conr was n, = 7.6x10t0 em™3, At any given
density. the lagser signals from any of the four angle settings were cbserved &t
the seme radius, i.e., the waves were indeed in resonance cones. Therefore,
Fig. 20a represents a 4-point ki scan over e continuum of densities, and the
intersection of a vertical line with the four curves gives relative magnitudes
of various kz components at a specific density (similar to Fig. 18). Any one of
the curves yields information of the type shown in Fig. 19. Fig. 20b shows the
actual resofance cone signals for each data point on the ki =40 cm~! curve.
For densities above the rightmost cone shown, no resonance cones were seen at
this frequency for any of the k°, at sny radius.

Fig. 20a has two interesting features. The first is that the signal
decreases at low densities (short A”) for each ki at different values af 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 cn yields fth,/3
x 7x107 ch/sec = Ve for an electron temperature of 1.4 eV. Independent
measurements aof '1‘e range from 1.5 to 2.0 eV, depending on the level at which the
plasma source was being driven, The second festure is that the laser signoal
disappears towards high densities at approxzimately the same density for each ki.
over the range of A" = 3-7 cm, near n.= ExlO10 . or f/!'pi =1.8 . In
pertf§tular, signals corresponding to parallei wavelengths that are seen at lower

em~3

T A T oo g e A . .
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density are greatly raduced at higher density. This is depicted in Fig. 20c,
which takes cone data from r =1.9 cm and r =2.9 cm tn Fig. 20a, and plots
inferred wave power versus parallel wavelength fer the two densities. At
ng = 5x101D cm‘a. ~ 10x more power is observed for A” =5 em than at
o, = 7.5x10'% cm 3. This efrect is too strong to be explained by the expected
reduction in R f{see Eq. (15)] at this lavel of u/upi. Moreover, searching ati
higher ki does not recover a signal.

This apparent high density limit can be circumvented by switching to higher
frequencies. In a different instance, a 50 MHz LHW density scan at ki = 40 em”!
last signel as !/fpi* 1.4, or o, = 4x1010 o3, Then when the {requency was
doubled, to"l = 100 MHz, an excellent iaser signal could be seen from several
antennas to even higher density, n, 2 ax1010 o3, This verifies that the
decrease in signal at 50 MHz was not due to simple tilting or buckling of the
piasma profile. In this case, the upper limit in density was not reached. but

was probably -greater than 1x10t! o3,

Whet was different sbout this plasma,
was that the low-frequency edge fluctuaticns, measured by 61 a1/ Tgnt Were less
than 10%. and the central region fluctuations less than 4%. This should bte
compared to 20-307% edge, and aver 10% central fluctuation levels for the Fig. 20
conditions. If the effective laser scattering length is somehew being reduced,
the laser signal would disappear in the fashion described above. A mechanism
which accomplishes this, .decrensea at higher frequency, and changes the

direction of ki of the LHW, is scattering by low-frequency turbulence.

D. LHW scattering by low-frequency fiuctuations

It bas been known for a number of years, both theoretically oend
experimentally, that law-frequency density fluctuations (drift waves) can
refract and scatter lower hybrid waves. Due toc experimental evidence that
significant scattering may occur in tokamaks. theoretical efforts to model the
scattering have redoubled.sa‘ag I+ has been estimated on Alcator A that the
2.45 GHz LHW passed through several 90° scattering lengths to reach the plasme
interior.% No resonance cones were observed, and the LHW signal had a breed
frequency spread. The low-frequency fluctuation spectral width (~200 kHz)
resulted in a seversl (2-8) MHz frequency width for the detected LHW. An

unexplained frequency dowashift was also observed.
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Driven lower hybrid waves 11n ACT-l are observed to be scattered by
pre—existing low-frequency density fluctuations. The degree of scatterxqg is
highly dependent on the level of low-frequency edge fluctuations, and tends teo
become more severe as the dens:ity is raised. Due to the tormidal geometry of
ACT-1, and the present scanning capabilities of our probes, 1t ig not possible
to directly measure ky of the drift waves, or determine their mode number, as
was done previously in linear devices with similar plasma puramezers.ao However,
useful estimates can still be made. We also point out that interesting
measurements in.the Wila stellerator have recently been performed characterizing
its low-frequency turbulence, although under conditions of even higher
turbulence than in ACT-I.40

Experimentally, due to the low absclute { associated with driven waves in
ACT-1, the laser nesds as high a degree of freguency and spatial coherence (with
planar wavefronts) as is possible to see good resonance cone signal. The
presence of a iayer of low~{requency (~20-100 kHz). high ampl i tude
(én/n = 0.1-0.3) edge fluctuations, wusuaily 1-2 em thiek in the radial
direction, can scatter the LHW on its way to the plasme center, thereby reducing
the daser signal. : R

In the majority of cases observed, we could either see a clean,
nerrow—{requency laser signal, corresponding to a nonscattered LHW resonance
cone, or no laser signal at all, even though a probe would indicate some form aof
cone was present. Fig. 2la‘ shows the frequency spectrum of an excellent
"unscattered” LHW laser signal. However, on a few occasions where the E of the
scattered wave happened to line up with the direction preferrsd by the laser,
both the pump frequency and frequency-shifted LHW could be seen simultaneocusly
when the laser looked at the resumance come. This is shewn in Fig. 21b, where
e 35 kH2z red-shifted signal is seen, in addition to an unshifted peak. In this
instance, a probe detected both an up—and down-shifted (f_ = 35 kHz) signal,
caused by a feirly coherent 35 kHz drift wave. Another more severe cese is
shown in Fig. &1¢, exhibiting both a sharp component and a broadsr, slightly
asymmetrie “bagse.” There is no observed threshold with RF pawer for these
effects, and they appear to be [inear phenomena. On one gccasion, the Jlaser
picked up only signal from e broad low amplitude red—shifted wave, with no peak
at all at the center frequency, even though a probe showed a strong component at

thet frequency. The point to remember is that the laser is ﬁl selective.

t
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‘Rscoénizmg that both coherent and turbuilent high level d ..t waves are
present in the ACT-I device, especially near the edge of the plasma wherse
gradients  are large, it is difficult to def:ne a scattering length.
Nevertheless, theory predicis that the scattering length goes logarithmically to
zercs as the LHW perp.endicular group velocity goes o zero when t{he wave

23 farmuia for a

approaches s mode conversion point or resonance. Using Ott's
. . 2
90°  scattering length 2g, in the limit ‘that kT >> (3, where &, is &

L
characteristic drift wave wavenumber, then

2 3D
e DGR "
ls 4 s s :.;-2 . (_2 ( )
£, FRIB f a4 2(=B02 2
9 'n 2 0f? ka.

Using the cold LHW dispersion relatian,} one can =stimate for o/8m = 100 MHz,
B, = 2x15m cm"a. k.L = 20 cm'l, $o l, and én/n = D.1 that 2y = 30 em, or

that 2/45 = .06, where & = 1.5 cm is the thickness of the turbulent layer. Gaod

= 10 em~

v resanance conss would o0& Seen here. The second term 1n the denominatar of
' Eq. (22). which is the ExB. coupling term, is smaller then 1 and not significant.
However, with n, = sx1010 591'3. the second term dominates, and /4, = .15, If
in fact dn/n = 0.3, we see that Jl/!s quickly becomes of order onre. No resopance
cones would be seen by the laser in this case.

Probe data actuslly suggest that c;'o/l:L -~ 1 for the scattered LEW, although
the weakes? link in our pictuce is the magnitude of ¢o- Fig. 22 s a
transitional case, where scaitering i3 sigpificant, but resononce cones stiil
survive. Fig. &22a shows redlel probe scans using a spectrum analyzer as a
parrow bapg tuned voltmeter, for a :equefxce of frequencies offset from the pump

frequency. The probe is two ports away from a n-pbase sntenna. We firsi aatice
that e good resomance cone remains at Af = 0, {.e., at the pump frequency. The
initial pump frequency width was less than 100 Hz. However, bolh to the red and
blue sides, frequency-shifted waves are observed in broadened “cones’ which do
y not penétrate in as far radialdy as the main cone. This is consistent with a
simple rotation of the original kx out of the midplane when it was scatiered by
a drift wave ky component near the plasma edge. The greater the Irequency
offset. the farther behind the mein cone one finds the peak smplitude of the
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frequency-shifted LH¥. The plasma profile is shown i1n Fig. 22b. indicating a
hetty 30% edge {luctuation. F1g. 23a shows the corresponding low=frequency
spectrum, which consigts of coherent drift waves at multiples of 25 kHz.
superimposed on ap unrescolved background extending out to ~100 kHz or more.
Fig. R23b 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 reedily appareni. and is
consistent with an offset in frequency af the same magnitude as the large 25 kHz
drift wave seen in the low-Irequency spectrum. We note that a simple mechanism
exists to generate a Irequency asymmetry in the scattered LHW detected by the
probe. All that is required is an initial asymmetiry in the amplitude of LHW
launched from the face of ihe 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
1ts frequency shift. Then a probe in the midplane, which detects LHW's which
were scattered both up and down frem their initial y coordinates, will display
differing amplitudes for the up-or dewn—-thifted waves. A nonlinear mechanism is
not required. and indeed, no power threshold is observed for the scattered cones

described above.

V. SUMMARY

[z this article we have-reported the observaticn of lower hybrid wave
resonance cones using the technique of CO; laser scattering in & laboratory
piasma. Resonence 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 to cone detection. The unique
ability of continuous radial scanning for the C02 laser was crucial to finding
the LHW cones as plasma paraneters were changed. The techniques for absolute
calibration of the laser system were presented in detail, as well as verious
types of signal processing.

The maximum LHW cone signals were in the range of fi/n = 0.01-0.05. Scaling
of laser signal with epplied RF power becames nonlinear as plasma profiles
change due to icnization of background neutrals, thereby distorting the imitial
profile, and changing the effective laser scattering length. In fact, the
largest uncertainty in making absolute depsity 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 scens at {ixed plasma density with plasme density scans at tfixed
laser scattering conditions. The filtering effect of electron Landau demping
was seen directly, and at high densities the wave pawer in the resonance cone
was greatly reduced from that observed at the same krl at lower densities. This

reduction in wave power could not be accounted for by the approach to w alone.

1
Instead, it was observed to be associated with increased scattiring 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 resultﬁ are of
interest to present attempts st driving toroidal current with high power,
directed LHW. Destruction of resonance cones, by scattering of the lewer hybrid
waves, will reduce LHW current drive efficiency. The value of the ACT-I
experinment 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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FIGURE CAPTICONS

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 (Ro. Einc)' so that the scettered wave vector, denoted
by RS, leaves colinear with the reference beam. [deally, the plasma wave

wavefronts wouid be vertical (Btiltz 0).

2 Top view of the 28-chember torus showing typical antenna, laser, and probe
toroidal Jocatiohs. Side limiters at four torcidal locations provide

shadowing for RF anternas.

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

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

5 Six—element lower hybrid weve array entennas. (a). Simple knife edge
configuration. (b). Bent plute, wartically tiliing configuratiecn., 12.7-cm

tall.

& Schematic of laser scattering sysiem apd access to the plasma. An RF probe
can be scanned across the same toroidal location as the leser for

comparison purpoxes,

7 Blackbody calibration of hsterodyne detector. (a)}. Optical layout used to
intreoduce blackbody rediation colinear with the local oscillator beem.
(b). - Typical chart recorder iraces, showing the blocked and unblocked

blackbody signal, used to determine NEP as & function of IF frequency.

8 Sy:tem NEP celibration curve versus intermdediate (IF) frequency. Peak

effigiency referred to the gquantum limit is 5%.
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g Two types of signal processing. {a}. Laser signal obtained with lock~in
amplifier. The number of phase oscillations is greater then actually
present in the wave packet, dependent on the ratio a /i, . (b.} Same
signal acquired with spectrum analyzer. No phase informetion 1s retained,

but the shot neise level can be found explicitly by blocking the local

ascillator beam momentarily.

10 Laser radial scans of a grid-launched 130 MHz lower hybrid wave at four
differeat ki settings. The grid was located 14 c¢m toroidally aeway from the
laser location.

11 Resonance cone behavior observed by CO2 laser scattering. The lower hybrid

waves were Jaunched from an antenna at the outside edge of the plasma.

12 BHorizontal cross section showing the LHW phase front detected by multiple
scans of a floating probe. The effective laser scatiering volume will be

much less than the antennes height- -due to phase front curvaturs.

13 Lower hybrid wave laser signal {f = 50 MHz, n/2 phasing towards the laser
jocation, which 8 four ports away toroidally) as a function of antenna
tilt angle. Destructive interference occurs to either side of the optimum

angle.

14 Power sceling of & 100.7 MHz lower hybrid wave laser signal. {a). Laser
signal is linear with Ppp < 1/2 W. (b). Actual resonance cones as power
was increased. Laser signal could be seen down to 5 mW of applied RF
power. (c). Remote ion 3aturation current mon_it:r. showing globel plasma

changes for higher powers.

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 antenna

in the limiter shadow at r = 5.5 cm has distorted the equilibrium profile.

-
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16 Laser and probe signels corresponding to peak resonance cone amplitudes as
a function of applied RF power. Nonlinearities in the laser signal are not

seen by the probe.

17 30 MHz LHW laser resonance cone signal using lock—in detecticn,

disappearing at fized k? as the ion saturation current (density) is raised.

1B Laser scattering angle scans with fixed plasma paramesters for m and =/2
phasing. Detector shot noise amplitude was 1 unit in & 10 kHz bandwidth.
More ener,; is put into higher kL components with =« phasing than =/2
phasing.

19 Results of a density scan at fixed ki. where locally determined density
values were used to assign n vaiues to the observed { = 39.9 MHz LHW
resonance Ccones. The decrease in laser signal for high 9, is caused by

electron Landau damping.
[ ]

20 Density scen for four dififerent laser scettering 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
kz = 40 cm—l, showing the resonances cones shifting outward as the density
is raised. (c}. Lower hybrid wave power spectrum chosen for two density
cases from abave, showing that the wave is attenuated at high densities

relative to lower densities.

21 Lower hybrid wave laser signal frequency spectra on linear verticel scales,

for three cases. {(a). Ouly the unshifted pump frequency is seen . (b). &
red-shifted 35 kiz sideband in eddition to the pump. (c). Severe frequency
scattering in addition to a rempant signal at the pump frequency. If the

laser be2am is blocked, the spectrum analyzer gives & straight line in all
three cases.

. .
22 Low [requency scattering of 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 {requency
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show broadened, lagging cones. (b). Plasma profile information for this

case, given by 1on saturation current magnitude end {luctuation traces.

. 23 (a). Low frequency spectrum causing the scattering seen in the previous
figure. Coherent drift waves are seen at 25. 50, and 75 kHz. (b). Power
spectrum of the lower hybrid wave, integrated over radius. obteined from
Fig. 22a, showing frequency scattering out of the pump, & retio ~ 5:1

scattered to unscattered power.
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