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SECTION I. PROGRESS REPORT FY90

Task IIIA

I. INTRODUCTION

Over the last several years, reflectometry has grown in importance as a diagnostic for
both steady-state density profiles as well as for the investigation of density fluctuations and
turbulence. As a diagnostic for density profile measurement, it is generally believed to be
well understood in the tokamak environment. However, its use as a fluctuation diagnostic
is hampered by a lack of quantitative experimental understanding of its wavenumber sensi-
tivity and spatial resolution. Several researchers(I.2), have theoretically investigated these
questions. However, prior to the UCLA laboratory investigation, no group has experimen-
tally investigated these questions. Because of the reflectometer's importance to the world
effort in understanding plasma turbulence and transport, UCLA has, over the last year,
made its primary Tasl" IIIA effort the resolution of these questions. UCLA has taken the
lead in a quantitative experimental understanding of reflectometer data as applied to the
measurement of density fluctuations.

In addition to this, work has proceeded on the design, construction, and installation
of a reflectometer system on UCLA's CCT tokamak. This effort will allow a comparison
between the improved confinement regimes (H-mode) observed on both the DIII-D and
CCT machines with the goal of achieving a physics understanding of the phenomena.

Preliminary investigation of a new diagnostic technique to measure density profiles as

a function of time has been initiated at UCLA. The technique promises to be a valuable
addition to the range of available plasma diagnostics. Work on advanced holographic reflec-
tometry techniques as applied to fluctuation diagnostics has awaited a better understanding
of the reflectometer signal itself as discussed above. Technological development work on the
necessary sources, detectors, arrays, etc. has proceeded as described in Task IIIB. Efforts to
ensure the transfer of the diagnostic developments have continued with particular attention
devoted to the preliminary design of a multichannel FIR interferometer for MST.

II. INTERPRETATION OF REFLECTOMETRY

Reflectometry is currently being used to investigate density fluctuations and turbulence
in tokamak plasmas (as well as to determine density profiles). However, there are unresolved
questions about the spatial resolution and wavenumber sensitivity of this diagnostic which
impact the interpretation of the data. Given the growing world wide usage of this diagnos-
tic (JET, DIII-D, TFTR, TEXTOR, ASDEX, etc.) it is vital to provide an unambiguous
interpretation of the measurements. This will be of even more importance in the future
since this will be an essential diagnostic in devices such as CIT and ITER. These ques-
tions are currently being addressed at UCLA using a cylindrical, pulsed filament discharge
plasma where ioa acoustic waves, launched into the unmagnetized plasma, are studied with
a reflectometer system.

An overview of the program results to date are:



1) Experimental apparatus.. A cylindrical, pulsed filament discharge plasma device (see
Fig. 1) has been configured to study the ion acoustic wave-reflectometer interaction.
The device is 88 cm 10ng and 60 cm in diameter and produces a magnetic-field free
argon plasma. A typical plasma discharge lasts for 2 msec with a 6 Hz repetition
rate, reaching peak densities and electron temperatures of ,,, 3 x 101_m -3 and _2
eV, respectively. Microwave radiation is launched from the bottom of the chamber
with the single horn acting as both launch and receive antennas. The plasma device
has good accessibility and is well diagnosed by Langmuir and resonance probes. Two
directions of ion acoustic wave launch axe available: parallel and perpendicular to the
direction of microwave propagation (Fig. 1: grids 1 and 2 respectively). Figure 2(a)
shows signals from the reflectometer system and from a Langmuir probe, biased into
electron saturation current, for a typical plasma discharge. The Langmuir probe signal
first increases as the plasma discharge begins, attains a steady state period of _,1 msec
length, then decays as the plasma dies. The reflectometer signal initially acts as an
interferometer, passing through several 2a"phase changes, until the cutoff density is
reached, at which time the signal shows a d.c. response. As the plasma dies away,
the initial phase shifts are repeated. Note that aal ion acoustic wave was launched at
approximately 1520 psec into the discharge and can be seen on the reflectometer at
approximately that time (small blip in reflectometer signal in Fig. 2(a)).

2) The delay between the time of the ion acoustic wave launch and the received reflectome-
ter signal was consistent with the wave propagating down the density gradient at the
ion acoustic velocity, v. = x/kBTe/mi. Figure 2(b) is a time expansion of Fig. 2(a)
showing the reflectometer signal and the launch voltage for the ion acoustic wave. A
delay of approximately 50 psec between the launch time and the perturbation in the
reflectometer signal is seen indicating that the ion acoustic wave traveled _,10 cm (for
these conditions v, = 2 x 10s cm/sec) before a_fecting the reflectometer. Figure 2(c)
is from a similar discharge but with a lower microwave frequency )ro, thus placing the
cutoff region further away from the ion wave launch grid. Consistent with this, the
delay time increased from _,50 to -,,100 #sec. This is in qualitative agreement with a
movement of the critical layer away from the launch grid gs f0 was decreased. The
received signal was also found to have the same frequency and number of cycles as

the launched wave (see Figs. 2(b-c)). These observations indicated that the signal

was highly localized in space. Further evidence of this was obtained by positioning
a Langmuir probe such that the perturbation due to the ion wave occurred at the
same time as that on the reflectometer. This also conclusively determined the phys-
ical position of the reflectometer signal within the plasma. The density profile was
obtained using a microwave resonance probe which allowed a determination of the po-
sition of the critical density layer. Initial results showed that the reflectometer signal
originates before the critical density layer for the microwave frequency used. This is
an unexpected result and may be due to errors in the density profile measurement.
Work is underway to install an interferometer in order to independently measure the
density. Other possible explanations axe diffraction and refraction of the microwave
beam. This result is very much an area of current research.

3) Ion acoustic waves were also launched perpendicular to the injected microwave beam.
The response of the reflectometer depended sensitively on the wavenumber kion of

the ion wave, with the response decreasing as k_on increased (see Fig. 3). This is
in qualitative agreement with the picture of the microwave beam being scattered by



the ion wave but can also be explained on the basis of a movement of a density
layer (caused by the io_ _coustic wave) along with finite reflectometer beam size. A
more detailed study of-this phenomenon in conjunction with a 2-D numerical code is
planned.

4) Initial results from a one dimensional numerical simulation of the reflectometer system
were obtained. The code predicts the phase changes induced in the microwave signal
by an ion acoustic wave in the plasma. As the code accepts arbitrary plasma density
profiles, a large range of parameters, from the laboratory plasma to the DIII-D toka-
mak, are possible. The magnitude of the phase change was predicted (by the code)
to decrease rapidly as kin increased above 2ko, in qualitative agreement with the
result expected from a wave scattering picture. Here, k0 is the vacuum wavenumber
of the reflectometer system. Experimentally, the reflectometer response was found to
be in qualitative agreement with the code prediction of a diminishing (but nonzero)
response for kio,_ )'- 2ko. A quantitative investigation of this observation is currently
underway.

During the coming year, we plum to continue the above investigations as well as initiate
the following:

1) By adding another power supply and new filaments, higher plasma densities and density
gradients can be obtained. This will allow a study of the gradient sensitivity of the
reflectometer and its comparison to theoretical predications.

2) A microwave interferometer to accurately measure the plasma density will be installed.

3) The reflectometer signal depends on both the phase of the returned beam as well as its
amplitude. The relative influence of these two effects has not yet been determined.
Initi_ly, using a quadrature detector and, subsequently, full heterodyne detection, the
dependence on these quantities can be studied in a controlled laboratory experiment.

4) A numerical code is under development at UCLA in conjunction with E.A. Williams of
LLNL. Currently, the code is one dimensional and predicts the phase change in the
reflectometer signal due to an ion plasma wave with an arbitrary density profile. A
quantitative comparison between the laboratory experiment and the numerical calcu-
lation will be made. Since the ion acoustic waves are more heavily damped at higher
frequencies, the amplitude of the ion wave will be monitored by placing a Langmuir
probe in the interaction region. The ion acoustic wave launch voltage will then be
adjusted so as to maintain a constant amplitude in that region. Efforts are also un-
derway to expand the code to two dimensions and to include diffraction and refraction
effects.

5) Eventually, the laboratory plasma measurements can be extended to include turbulent
waves by using a noise excitation source.

6) Comparison between the laboratory plasma and the turbulent plasma of the CCT
tokamak at UCLA will begin this summer. This will allow a unique comparison
between two very different regimes.



II. CCT

By injecting a radial electric current, the CCT tokamak (Dr. R.J. Taylor, Director)
at UCLA achieves an improved confinement regime similar in all measured parameters
to the H-mode seen on larger tokamaks around the world. Work is underway to instal]
a reflectometer system on CCT in order to study this H-mode regime and compare to
similar regimes on the DIII-D tokamak. The UCLA group is in a unique position to make
this comparison since it operat,._s reflectometer systems on both machines. Evidence from
DIII-D suggests that the turbulently induced transport is reduced at the L to H-mode
transition, possibly due to shear stabilization of the turbulence. Is this the cause or is
there another route to improved confinement (H-mode) as may be the case on CCT? If
turbulence suppression is the cause of improved confinement, what is it due to and what
are its properties (eg. width of suppression region, dependence on parameters, differences
between CCT and DIII-D, etc.)? Correlation between the reflectometer signal and Langmuir
probes is also planned.

A port/window assembly has been constructed that allows a simultaneous microwave
launch and Langmuir probe insertion. A homodyne reflectometer system, utilizing a single
antenna for launch and receive, has been designed and tested in the laboratory. Initially, a
frequency range of 8 to 12 GHz will be used which will cover the outside edge of the torus,
including the H-mode confinement region. A higher frequency range (12-18 GHz) will also
be available for future use. A stand-alone data acquisition system, including digitizers
and computerized data acquisition and data analysis capability, is under construction. A
Langmuir probe system, consisting of probes, probe drive, and the necessary biasing and
amplifier electronics, is also being fabricated. It is planned that the reflectometer system
will be operational by the end of summer 1990. Both O and X-mode launch will be possible
and a detailed comparison of the two types of operation is planned. Finally, the knowledge
gained on the laboratory plasma will be used to complement and compare with the turbulent
tokamak plasma.

III. ADVANCED REFLECTOMETRY

How do the tokamak density profiles evolve during the L to H-mode transition? How
are the density gradients related to the fuctuation levels and to the occurrence of ELM's?
Are there modifications to the profiles during periods of high MHD activity? The density
profiles also impact the interpretation of the fluctuating reflectometer signal during the
L to H-mode transition as well as at other times (during ELM's, Ohmic, L and H-mode
away from transition, etc.). There is, therefore, a large amount of interest in knowing the
tokamak density profile as a function of time.

At UCLA, we have conceived of a new technique which may make it possible to determine
the edge density profile continuously as a function of time. A preliminary study of this
method has been initiated at UCLA in conjunction with the UCLA team at DIII-D. It
utilizes reflectometer equipment already existing on the DIII.D tokamak. The technique
consists of using X-mode system to determine the profiles at several fixed times during the
discharge. The 0-mode system is then used to interpolate continuously between them, using
the X-mode profiles as benchmarks. The method depends on correct alignment of the 0-
mode system so as to give the low frequency phase shifts associated with the density profile
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development.Data havebeenobtainedfrom theDIII-Drefiectometersystem,asillustrated
inFig.4,showingan exampleofsuchlow frequencyphaseshifts.A remotecontrolledmirror
isbeinginstalledduringthe machine down time,June-August1990,which willfacilitate

thisprocedure.The requiredsoftwareiscurrentlyunderdevelopmentand a preliminary
studyofthemethod willbe carriedoutearlyinthenextDIII-Drun period.

IV. DIAGNOSTIC SYSTEM AND TECHNOLOGY, DISSEMINATION

We continued our efforts at disseminating the results of our diagnostic system and tech-
nology developments to the fusion community. A planning design for an interferometer
system for the Wisconsin MST device was produced. Preliminary discussions for possible
reflectometers systems for both TFTR and LSX were held. Continued support was pro-
vided to MTX in the form of maintaining the corner cube detectors for the 185/zm FIR
multichannel interferometer.

Figures 5 and 6 illustrate the proposed experimental arrangement for the MST multi-
channel FIR interferometer which would jointly be constructed and operated by UCLA and
Wisconsin. The support structure and optical system are indicated in Fig. 5. In order to
maximize the number of interferometer channels and not create problems with distortion
in wall currents, the channels are interleaved toroidally. Optics are therefore mounted on
the two sides of a wedged optical table (see Fig. 5) providing a maximum of 11 radially
viewing channels. The small spatial offset toroidally is not expected to cause difficulties in

interpretation and analysis of data. The location and size of the ports were chosen to coin-
cide with the existing pattern of pumping duct holes in the MST device. In this manner,
distortion of wall currents are known to be small from earlier calculations.

A C02 pumped, twin frequency FIR laser will be used as the radiation source for the

interferometer. A suitable location has been identified close to the device (see _ig. 6).
_emovable overmoded dielectric waveguide will be used to transport the laser radiation to
the optical tables mounted in a vertical plane close to the machine. The UCLA developed
laser is capable of operation at a variety of wavelengths. Typical high power lines suitable for
interferometry are 118, 185, 398, 432, 743, 985, and 1222/zm. This wavelength range ensures
that the interferometry system on MST can be fully optimized for a variety of operating

conditions. Calculations of the line integrated phase shifts suggest that a wavelength of
-_ 500/zm will be suitable for typical plasma conditions existing in MST.

The receiver system will consist of corner cube, quasi-optical Schottky diode mixers
designed for optimal operation at __ 500/_m. These mixers operate at room temperature,
are relatively broadband and possess ample sensitivity for use at both longer (1222/_m) and
shorter wavelengths (185/zm). A reference IF signal together with the above signals are sent
to electronic phase comparators which determine the necessary line integrated phase shifts
experienced by the various channels. Standard Abel inversion is then applied to deduce the
actual density profile.

Finally, it should be noted that the above system can also be configured in the fu-
ture to perform Faraday rotation or collective scattering measurements. This would allow
important information on the internal magnetic field to be obtained, as well as internal
fluctuation data. Interpretation and inversion of the FaJaday rotation data represents the

greatest challenge for these measurements. UCLA is currently investigating Faraday rota-
tion at the University of Texas (see Task IIIB progress) and the experience gained there will
be important when the same diagnostic approach is pursued on MST. Collective scattering



will be limited by port access. Probably the best approach will be to operate at short

wavelengths (< 500 #m) so that each port will be able to view a larger range of fluctua-
tion wavenumbers. This wilt also allow correlation of high order MHD activity as well as
permitting some degree of spatial resolution along the incident beam.
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Figure 1. Diagram of experimental setup.
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Figure 3. Reflectometer signals for ion acoustic waves launched perpendicular to mi-
crowave path. In ali three photos fry = 3.4 GHz while in (a) fi_ = 20 kHz, (b) fio_ -- 30
kHz, azd (c) f_ = 40 kHz. The response decreases as fio,(Oc k_) increases. 50 #sec/dJv.
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SECTION I. PROGRESS REPORT FY90

" Task HIB

I. ADVANCED TECHNOLOGY DEVELOPMENT FOR NEXT
GENERATION REFLECTOMETER AND HETERODYNE ECE

SYSTEMS

During the past few years, the importance of millimeter wave reflectometry has been
clearly demonstrated. This has resulted in a spate of systems being installed on devices
around the world (JET, DIII-D, TFTR, TEXTOR, ASDEX, ATF, etc.). In a relatively
short period of time, these systems have been found to be indispensable in fluctuation
studies as well as capable of providing density profiles with excellent spatial resolution.
For example, these capabilities are essential in understanding the physics of the L-to-H
transition in DIII-D.

The use of reflectorneters is anticipated to be even more essential to future devices
such as ITER and CIT as well as devices nearing operation such as C-MOD. The limited
access and/or higher fields and densities of these plasmas will preclude the use of many
techniques which are currently utilized leaving reflectometry as one of the few viable ap-
proaches. The problem to be faced, however, is that the required operating frequencies
are considerably higher than those currently employed. For example, the DIII-D systems
employ sources in the 15-70 GHz range while ITER requires sources in the 70-200 GHz
region and CIT and C-MOD up to __ 400 GHz. In the case of heterodyne ECE measure-
ments, the high field devices require operating frequencies up to __ 1 THz, The difficulty
is that commercially available millimeter wave devices and components are essentially
only available up to __ 94 GHz (the last real military operating band). Therefore, a
major focus of the Task IIIB program has been the development of new devices and com-
ponents which will permit this essential diagnostic to be implemented on these machines.
The specific items under active development include quasi-optical monolithic arrays of
solid state frequency multipliers, electronic beam steering arrays, and imaging detector
arrays. Our progress in a number of these areas is described below. Details can be found
in the papers and abstracts listed at the end of this report.

A. Monolithic Frequency Multiplier Arrays

In order to fully utilize the capabilities of reflectometry, sweepable sources will be
required at frequencies up to __ 400 GHz with heterodyne ECE measurements requiring
even higher frequencies (__ 1 THz). Unfortunately, conventional solid state sources such
as GUNN devices have limited tunability and are restricted to frequencies _< 90-140
GHz. Electron beam devices such as BWOs operate at higher frequencies, but suffer

from narrow sweep bandwidths at the higher frequencies as well as extremely limited
lifetime and large size and high voltage requirements.



A common approach to obtaining high frequency is to utilize the nonlinearities of
solid state devices for frequency multiplication. This has resulted in output frequencies
as high as 1 THz albeit kt very limited power levels due to the low power handling
capability of the diodes. To provide the required power levels for fusion applications, we
have employed spatial power combining of the outputs of large planar arrays of nonlinear
frequency multiplication devices.

The concept of a monolithic diode-grid doubler array was previously implemented
under Task IIIB in a proof-of-principle experiment with Schottky diode grids fabricated
on GaAs wafersO). The measurements indicate that the diode grid is a feasible device
for generating watt-level powers in the millimeter and submillimeter wave region, and
that substantial improvement is possible by increasing the diode breakdown voltage and
reducing the series resistance. The theoretical model provides confidence in predictions
of achievable CW output power levels of 2.5 W at a frequency of 188 GHz with an
edge-cooled grid containing 1000 diodes. Such an array is currently being fabricated.

In an extension of the GaAs Schottky diode doubler array studies, a back- to-back
configuration of BIN (barrier-intrinsic-N+) diodes has been developed (3-5) (see Fig. l(a))
which incorporate a thin (1000 ,_) undoped semiconductor layer (I) on a heavily doped
layer (N+) serving as a back contact. On top of the undoped layer there is an ultrathin
(100 _) electron-blocking barrier layer (B) in contact with a metal top layer. This
blocking layer can be formed by an insulator, a semiconductor with a very wide band
gap, or a Mott barrier. The device can be switched rapidly between two capacitance states
which correspond to accumulation of electrons at the barrier and depletion of the intrinsic
layer, respectively, by the applied bias. This results in a highly nonlinear capacitance-
voltage characteristic thai: is needed for efficient harmonic generation (see Fig. l(b)).
Due to the blocking barrier of the BIN structure, two diodes can be operated back-to-
back (see Fig. 1) generating a sharp symmetric spike in the capacitance-voltage curve,
which eliminates even harmonics and thus favors tripler and quintupler operation (4'5).
For an optimized input power of 9 mW per diode, a maximum tripling efficiency of 24%
at an output frequency of 100 GHz is predicted (see Fig. 2) for the particular GaAs BIN
array that has recently been fabricated.

A novel grid structure has been designed for the BIN diode tripler array as shown in
Fig. 3(4). The metal grid consists of a columnar mesh of aluminum strips with Schottky
electrodes on each end. The two neighboring Schottky electrodes are designed to provide
the back-to-back configuration. There is no need for dc bias lines in the diode-grid design.
The grid requires only one metal pattern, which greatly facilitates the fabrication.

We are currently involved in fabricating both doubler arrays (individual diodes) and
tripler arrays (back-to-back diodes). We will be initially testing them as multipliers in the
100-200 GHz region. If successful, this will permit us to use them in a system planned for
TFTR. This will result in both qualification tests for ITER application as well as physics
results. Extensions to the higher frequencies required for C-MOD and CIT continue.



B. Electronic Phase Shifter and Beam Steering Arrays

..

There is considerable need for an electronic beam steering and focusing capability
on the microsecond timescale for the reflectometer systems to be used on the next gen-
eration of tokamaks. This capability can be provided by the diode grids. Specifically,
the Schottky diode-grid used for the first doubler tests was also used for phase shift
measurements (2) with the ultimate goal being an electronic beam steering array. Chang-
ing the bias applied to the diode rows changes the diode capacitance, thus controlling
the quasi-optical impedance of the diode grid. A different phase shift can be produced
for each row by applying a different bias voltage. It has been shown that a complete
360 degree range of phase control could be obtained from a two layer stack of properly
designed diode grids (see Fig. 4). Initial proof-of-principle tests were performed on the
single diode grids described in the preceding section. In agreement with theory, a phase
shift of 70 degrees with a 7 dB loss was obtained at 93 GHz when the bias on the diode
grid was changed from -3 V to 1 V in agreement with theory. Using the parameters of
the diodes currently under fabrication, we anticipate significant improvement for a full
two layer structure. Using a realistic diode resistance of 10 ohms, a reflection loss of 2.5
dB is predicted. Bandwidth, which will be limited by scan angle, should be about 7%
for a 45 degree scan angle.

C. Imaging Horn Arrays

The next generation of reflectometers also require sensitive detector/mixer arrays.
The approach that is being carried out under our subcontract to Cal Tech is to fabricate
monolithic arrays of etched horns and detector elements.

I. Horn Aperture Efficiency

Last year, the work had concentrated on improving the aperture efficiency of the
horn array elements. Earlier work(°) demonstrated efficiencies of 44% from horn antenna
configurations exhibiting 2 dB of mismatch loss and 1 dB of conduction loss in the
horn sidewalls. We have been able to almost eliminate these effects, obtaining aperture
efficiencies of 72%(7). Figure 5 shows our recent results of measured aperture efficiency
versus antenna length. The points indicated by stars were obtained from horns whose
walls were entirely coated with gold. The points indicated by squares were obtained from
horns whose walls were gold coated, except for the region on the edge of the silicon wafer
bearing the membrane. The maximum aperture efficiency is 64% for a 0.185A half-length
antenna for the partially coated case. The curve for fully coated horns moves up because
resistive loss on the side-walls of the membrane wafer is eliminated, but the aperture
efficiency for 0.25A is lower than partially coated case, due to extra inductive loading
produced by the gold near the antenna ends. The maximum observed efficiency is 81%
and the repeatable highest efficiency is 72% at a half-length of 0.185)I.

Table 1 gives the breakdown of the losses for the fully coated case at maximum
efficiency. The total calculated losses are -0.6 dB, composed of intrinsic pattern loss (taper



loss of the horn), coupling loss to adjacent horns, loss to the cross-polarized component,
and impedance mismatch loss between the 50 ft antenna and the 67 ft bolometer. The
total measured loss is -0.9 dB corresponding to an efficiency of 81%. In the partially
coated horns, there is the additional 0.7 dB of resistive loss in the uncoated portion of
the horn sidewalls giving a calculated loss of-1.3 dB, compared with the measured -1.9
dB (64%). The maximum theoretical aperture efficiency of the 1 A square horn is 88%.
These results are very encouraging. The effciencies are competitive with machined horns
and are among the highest efffciencies obtained from integrated circuit antennas.

Intrinsic Pattern Loss 0.2 dB
Mismatcl_ Loss 0.1 dB
Cross-Polarization Loss 0.2 dB

Horn-to-Horn Coupling Loss 0.1 dB
Total Calculated Loss 0.6 dB
Total Measured Loss 0.9 dB

Table 1. Horn aperture efficiency losses.

The system coupling efficiency with a lens has also been measured. This is the ratio of
the power received by a single horn placed at the focal point to the total power incident
on the primary lens. Figure 6 shows a plot of coupling efficiency versus f-number. The
highest system coupling efficiency with a lens is 36%, when the f-number is 0.78. We
estimate that the loss from reflection and absorption in the lens is 28%, indicating that
it should be possible to achieve a system efficiency of 50% with reflecting optics.

_. Diode on Membrane

The frequency response of resistive bolometers is inadequate for most magnetic fusion
diagnostic appfications. In the long term, we plan to use monolithic Schottky diodes
fabricated directly on gallium arsenide membranes. In the short term, we plan to build
hybrid circuits made with beam lead diodes mounted on the existing silicon oxynitride
membranes. Initial results have been obtained in collaboration with Aerojet. Caltech
supplied the arrays and Aerojet personnel bonded the diodes onto the free membrane
surface with gold epoxy. Pattern measurements were made by Aerojet and the diode
functioned as expected in the video mode.

,



3. Back-to-Back Horn Antenna Arrays

The crucial question for horn array mixers is the introduction of local oscillator power
to each of the horn elements. We have chosen one configuration called the displaced back-
to-back horn array. The design (see Fig. 7) consists of a set of forward and backward
looking horns sharing the same membrane wafer. The front side is used to receive the
signal, and the back side is used for the LO. The incoming signal and LO are fed down
monolithic transmission lines on the membrane surface to be combined in a mixer located
between the horns.

D. Solid State Grid Oscillator Arrays

To pump the frequency multiplier array, it is convenient to employ a so-called grid
oscillator array wherein either two or three terminal devices are arrayed in a planar grid
which is incorporated into a quasi-optical cavity resonator. The grid essentially serves
as a two dimensional gain medium in this "laser-like" configuration. Most of this work
is being carried out by Cal Tech under separate funding.

The grid oscillator concept was first demonstrated using GUNN devices. More re-
cently, 25, 36 and 100 element MESFET grids oscillating at 10, 3 and 5 GHz, respectively,
exhibited power-combining and self-locking(s-l°). Currently, a collaboration has been ini-
tiated with Rockwell to produce a monolithic array of heterojunction bipolar transistors.
It is estimated that up to 50 W can be obtained at _ 94 GHz so that this will easily be
able to provide pump power for the nonlinear frequency multiplier arrays.

UCLA efforts in the grid oscillator array have been to investigate the feasibility of
employing arrays of resonant tunneling devices to directly serve as reflectometer oscilla-
tor sources. The results of these design studies have been extremely encouraging with
projected operating frequencies up to _ 1 THz. An additional advantage is that the
fabrication steps are essentially identical to those utilized for our diode grid frequency
multipliers and phase shifters.

II. HIGH POWER COz/FIR LASER DEVELOPMENT FOR
MULTICHANNEL SCATTERING AND

INTERFE RO METRY/P O LA RIM E TRY

The operation of interferometry, polarimetry and collective scattering systems can
potentially be significantly improved through recent development work at UCLA. Work
has concentrated on two different, yet complementary, approaches to increasing the avail-
able power from such lasers. This is essential for the 2-D scattering and interferometry
systems to be employed on TEXT upgrade.



A. Development of 350 W CO2 Pump Laser

The existingCO2 pump lasergrew out ofa collaborationwithApolloLasers,and
a formerUCLA graduatestudent,AlainSemet. The splitdischargedesigneliminates

theneedforBrewsterwindows,aswellasglass-blownl'_sertubes.The lasertypically
produces135W outputpowersand isextremelystable.Detailsregardingthislasercan
be foundinRefs.11-13.

Recentdesignworkhasconcentratedon doublingthedischargelengthoftheexisting
laserby basicallyfoldingthelasercavity.ThisisillustratedinFig.8 where theexisting
and new laserdesignsareillustrated.The new designwillbe structurallya singleunit,
utilizingturningmirrorstoreducetheoveralllength.Physically,thelaserwillbeidentical
inlengthbutextendedverticallyby _,8 inches.

The laserisexpectedtoproduce,,,350W operatingcontinuously.Thisshouldatleast

doubletheoutputpower oftheFIR laseratallwavelengths,whileproducingnegligible
deteriorationinfrequencyand powerstability.The systemwillimmediatelyfindapplica-
tionatTEXT, whereincreasedpowerisnecessaryforthe2-D interferometer/scattering
systempresentlyunderconstruction.

B. Metallic-Waveguide Far-infrared Laser

Optically pumped FIR lasers generally employ overmoded dielectric waveguide in
their cavities. Such waveguide supports EH11 modes that couple effectively to Gaussian
modes in free space. At frequencies exceeding _,, 400 GHz, attenuation is very low in
such waveguides and so their use is ideal for the majority of wavelengths employed in
optically pumped FIR lasers. However, at wavelengths _ 1 mm (300 GHz) the losses in
such waveguide can be substantial and consideration has therefore been given to the use
of lower loss metallic waveguides at these frequencies.

Generally, the use of cylindrical, smooth metallic guides has been shown to produce
higher output powers accompanied by non-Gaussian like modes often possessing random
polarization. Recent work at UCLA has shown that when the distance between the

output coupler and the guide is changed, the coupling losses between the two play an
important role in determining resonator modes. Adjustment of the position of the FIR
coupler has produced a linearly polarized, quasi-Gaussian mode with output powers _ 3
times those obtained with dielectric waveguide. This improvement in output power has
motivated the next phase in development in collaboration with General Atomics.

In order to achieve EHll mode operation routinely in metallic, overmoded guide, it is
necessary to groove the interior of the cylindrical guide periodically at a spacing < A/2.
This results in EH11 modes having the lowest insertion loss in such guide. General
Atomics have developed the necessary fabrication techniques for such waveguide within
their gyrotron heating program. John Doane (General Atomics), an expert in the design
of such systems, has agreed to help UCLA in this effort and General Atomics have
agreed to supply the necessary waveguide for test at 245 GHz. It is expected that output
powers will, at lea.st, triple, while mode quality and polarization properties should remain
Gaussian and plane polarized.



C. FIR Ring Laser Development

The twin frequency optically pumped far-infrared laser system developed at UCLA
(see Fig. 8) for plasma diagnostics applications has been extremely successful in practice.
Apart from its use on TEXT, such a system is being used on DIII-D, at FOM in the
Netherlands, one is being planned for MST and another is under consideration for use
at the Los Alamos National Laboratory, and the C02 pump laser itself is being used at
the University of Sydney in Australia. However, there are circumstances under which
feedback of the radiation into the laser resonator cavity can adversely affect the stability
of the FIR output power and its frequency. This frequency and/or power variation
can cause problems in the tracking and frequency resolution for heterodyne detection
systems which rely on extremely stable operation of the sources. With the linear cavity
design currently i._,use, feedback from an experiment (i.e. the DII-D scattering system)
enters the cavity and pulls the absolute frequency of the laser. If the frequency is pulled
by only one part in 96, the heterodyne scattered signal is lost in the frequency pulled
sidebands. To a lesser extent, this laser system also experiences instabilities when C02
laser radiation feeds back from the FIR cavity into the C02 laser, pulling its frequency
and power (which is followed in the FIR laser). The effects of feedback on both lasers
can be entirely eliminated by use of a ring laser cavity, which is shown in Fig. 9. For
certain operating conditions (inhomogeneous broadening in the FIR medium), the FIR
feedback radiation is not resonant with the same subset of particles being pumped, so
the frequency pulling is eliminated. Also, it is impossible for the C02 radiation to reflect
back on itself once it has entered the ring cavity. Under some operating conditions,
the FIR ring laser should demonstrate unidirectional operation as the geometry allows
asymmetric pumping of the velocity distribution. Thus, the cavity mode selects only
molecules having a specific axial velocity to participate in the inversion and a preferred
direction is established.

Given the need for a feedback stable FIR laser and the possible ring laser solution,
a program to investigate its potential has been established. After an initial ring laser
of modest dimensions (2.5 cm diameter waveguide cavity 2.2 m long) was operated with
reasonable power levels at wavelengths of 118 pm and 393 pm, another ring laser with
dimensions suitable for use in plasma diagnostics has been built and operated. Improved
operation in Methanol at 118 pm and in formic acid at 393, 419, and 432 pm has been
achieved along with an output of 2 mW in isotopic methyl fluoride (C13H3F) at 1.22 mm
(245 GHz). The laser line at 245 GHz has been combined in a Schottky diode mixer with
a high harmonic of an ultra stable source so the absolute laser frequency can be monitored
under a variety of conditions. Under the influence of strong feedback, the laser frequency
for linear and ring configurations has been measured and shown to be improved for the
ring cavity (see Fig. 10). In addition, several unexplained features in the gain profile for
the two directions have been observed which may be related to a Lamb dip or standing
wave or traveling wave gain asymmetries. Thus, advances in laser research may result
from the ring laser program, as well as a more stable source for plasma diagnostics.



III. POLARIMETRY MEASUREMENTS OF CURRENT PRCFILE

As mentioned in last year's progressreport, the purpose of the present work is not
only to establish a routine polarimetric measurement of the current density profile on
TEXT, but also to extend the measurement to higher densities and fields. Therefore, the
major emphasis has been on the investigation of the possibility of measuring both the
Faraday rotation and elliptization of the incident electromagnetic wave in order to more
accurately compensate for the expected large elliptization at submiUimeter wavelength
on device such as C-MOD, MTX and CIT. We have proposed and tested two detection

schemes for polarimetry which are different from that of Soltwisch (on TEXTOR) in
using a small wire spacing polarizer as beam combiner.

Here, we will oriefly summarize the proposed systems. The schematic of the two
interferometer/polarimetry systems is shown in Fig. 11. Parabolic cylindrical mirrors
are used to expand the probe ana reference beam in one dimension to view the entire

plasma cross section. The two beams are combined and detected using a linear array
of corner cube GaAs Schottky barrier diode mixers. In the first detection scheme, the
polarization change due to the plasma yields two output signals whose amplitude ratio
is given by

R - .I (1 + e_) - (1 - ¢_) sin 2_p
(1 + e_) + (1 - e_) sin 2_p

__ cot(_p + 4 ) when % _ 1

Here, _p is the Faraday and e_ is the wave elliptization. In addition, there is a phase
difference between equivalent detectors given by

A, = tan-'[% tan(e, + )] - tan-l[% tan(_, - _.)1

In the second detection scheme, a polarization transforming reflector (PTR) is used as a
quarter-wave polarizer to rotate the polarization direction of the probe beam by 45° and
quadrature phase-sensitive detection technique is used to measure the Faraday rotation
and elliptization simultaneously, which are given as follows

2
1 - ep

R cos A_ = tan Op1 + e_ tan 2 _p

___tan _p when ep << 1

R sin A_ = ep
cos2 _,[1 + e_tan 2 _,p]

__ep when _ _ 1

In principle, therefore, measurement of the amplitude ratio and phase difference, or
quadrature output from the phase-sensitive detection system, allows one to indepen-
dently evaluate _p and ep. It should be noted that compared to the Soltwisch method
the Faraday rotation measurement with both our techniques is very insensitive to the
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elliptization. Also, the accuracy of _p from our second technique is the same as that of
Soltwisch, and better than our first method.

In order to be able toperform meaningful measurement of the current density pro-
file on a number of devices with our polarimetry/interferometry systems, these proposed
systems need to be carefully assessed and demonstrated through prototype laboratory
experiments. Therefore, during the past year, extensive laboratory experimental studies
have been performed to assess the feasibility of measuring both the Faraday rotation and
elliptization simultaneously. First, we have tested the principle of the proposed ellipti-
zation measurement, as shown in Fig. 12, where a quartz plate was used to introduce
a known elliptization and rotation to the incident beam. The experimental results are
shown in Figs. 13 and 14, where the phase difference Ad and the quadrature output
are plotted as a function of the quartz rotation angle and compared with theoretical
prediction. The results with both schemes show excellent agreement between theory and
experiment.

In addition, because the accuracy of measuring Faraday rotation and eUiptization
with our methods is highly dependent _n that of the signal amplitude, techniques must
be established to overcome unfavorable effects, such as the mixer's nonlinear response
and beam deflection due to plasma refraction. Therefore, we have measured the mixer
response to the input FIR power by using rotating wire polarizer to introduce a known
change of input power, and have found that in some regions of operation the mixer re-
sponse is linear (within 2%), as shown in Fig. 15. Furthermore, we nave the modified the
small parabolic mirror and beam combiner, and tested their capability of compensating
for beam deflection by rotating a mirror to simulate the effect. The experimental results
show that for a well-aligned system, the output amplitude ratio of two equivalent mixers
can be kept constant (within + 5%) when the beam deflection angle is smaller than or
equal to 4-1°. These tests provide confidence that we will be able to improve the accuracy
of the measurement.

In order to demonstrate the feasibility of improving the accuracy of the measurement
of _p with these compensation techniques, a modified 5 channel test system was con-
structed and installed on TEXT to perform measurements of the central-q value and also
the current density profile by scanning the entire system from shot to shot. The Faraday
rotation data are shown in Figs. 16 and 17. It was found that there remain a number
of unresolved effects that may limit the accuracy of measurements. They are as follows:
(1) mixer dc and RF 'bias shifts cause the mixer to operate in the nonlinear region; (2)
system alignment on TEXT is not as good as that in the laboratory experiment; (3)
FIR radiation reflected by the plasma and optics enter the FIR cavity and cause the
output power and frequency to become unstable. The effects mentioned above need to
be checked and overcome through laboratory experiments prior to use of our system in
current profile measurements on TEXT.

Therefore, in the coming year the major effort will be directed towards accurate
current density profile and central q measurements on TEXT. The goals in the coming
year are as follows.

1. Identify the obstacles that limit the accuracy of the measurement and establish
techniques to overcome them.



2. Modify the system, optics and electronics to ensure that the system works reliably.

3. Demonstrate the possibility of accurately measuring both the Faraday rotation and
eUiptization simultaneously with our detection schemes.

IV. ECRF WAVE SCATTERING

After construction and laboratory tests of a 185 GHz low noise heterodyne receiver,
the system was installed on DIII-D to enable scattering from ECRH waves. The receiver
was used with the FIR laser operating at 245 GHz to detect the frequency down-shifted
radiation scattered by the electrostatic component of a 60 GHz wave. The DIII-D toka-
mak employs X-mode ECRH with up to 1.7 MW available from 10 gyrotrons. It was
hope_dth_g severe problems of poor accessibility limiting the scattering geometry to far-
forward scattering and a large separation between the X-mode launch waveguidesand the
scattering system could be overcome by the extreme sensitivity of the receiver system. In
the initial tests, no scattered radiation from the laser could be detected; however, strong
third harmonic electron cyclotron emission from the plasma interior was detected. The
exceller'_ signal-to-noise ratio of this signal suggested the use of the technology for highly
sensitive radiometric measurements of ECE. Initial design and tests of a crossed waveg-
uide harmonic mixer to detect the broadband ECE from DIII-D show promise for the
investigation of heat pulse propagation, time resolved temperature profiles, and possibly
temperature fluctuations. Longer term development will involve a scattering system for
the 110 GHz waves.

V. ADVANCED HOLOGRAPHIC REFLECTOMETRY

The advanced holographic reflectometry development has thus far involved a study
of related techniques in other fields. An example is the hologram matrix radar which
has been employed in tile microwave region to measure the thickness of ice caps or mine
beds and in the acoustic region for profiling the tissue layers of an organ (14,15).This
technique determines the distance by the spatial distribution of the amplitude and phase
of the scattered wave rather than by the lapse of time as in conventional radars. We
have now located two graduate students with excellent microwave antenna and circuits
backgrounds who will be developing the laboratory experiments.
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FIGURE CAPTIONS

..

Figure 1. Two back-to-back connected GaAs BIN diodes.

Figure 2. Predicted tripling efficiency versus input power at various input frequencies
for the experimental GaAs BIN diode grid.

Figure 3. BIN diode tripler array.

Figure 4. Schematic of two layer phase shifter and diode grid layout.

Figure 5. Aperture efficiency versus dipole length.

Figure 6. Coupling efficiency versus f-number.

Figure 7. Displaced back-to-back horn array.

Figure 8. Schematic of linear and folded C02 laser configurations.

Figure 9. Outline sketch of C02/FIR laser system developed at UCLA for use in plasma
diagnostics experiments.

Figure i0. Far-infrared ring laser diagram.

Figure 11. Plots of the absolute frequency pulling of the FIR laser in linear (upper) and
ring (lower) configurations under the influence of strong feedback which sweeps the
gain. Note different spans.

Figure 12. Schematic of the multichannel far-infrared interferometry/polarimetry sys-
tem.

Figure 13. Experimental arrangement utilized for the elliptization measurement.

Figure 14. (a) Experimental results illustrating the phase difference between two equiv-
alent mixer outputs versus the quartz rotation angle and (b) theoretical prediction
curve.

Figure 15. (a) Experimental results showing the quadrature output of locking amplifier
versus the quartz rotation angle (b) theoretical prediction curve.

Figure 16. Mixer response calibration.

Figure 17. Faraday rotation measurements on TEXT.

Figure 18. Faraday rotation measurements on TEXT.
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SECTION I. PROGRESS REPORT FY90

Task VIIA

The research efforts described below have been performed in support of the overall
TEXT Research Program. They naturally fall into two categories. First, research activities
pursued primarily by UCLA with the support of TEXT program staff (e.g. "Experimental
Evidence for Coupling of Plasma Particle and Heat Transport in the TEXT Tokamak," PRL
65, 337-340 1990). Second, research activities where UCLA has been providing a supportive
role for research projects initiated by TEXT staff (e.g. "Electron Thermal Confinement
Studies with Applied Resonant Fields on TEXT," Nuclear Fusion 29, 547-562 1989).

The contributions in both categories have been broadbased and relevant to the mandate
of the Transport Task Force Initiative of the DOE. The reference list at the end of this
Section indicates the major contributions over the last year. These numerous contributions

to the TEXT Program involved a major UCLA commitment (three full time staff at TEXT),
requiring hardware maintenance and operation, data acquisition and analysis, as well as

generation of publications.
As mentioned above the UCLA FIRSIS (Far-Infrared Scattering-Interferometry System)

on TEXT has been involved in several areas of magnetic confinement fusion research over
the past year which are particularly relevant to the mandate of the Transport Task Force
Initiative of the DOE. These include the study of

A. electrostatic drift wave turbulence and transport,

B. ion-pressure-gradient-driven turbulence and transport,

C. spatial localization of fluctuation measurements,

D. MHD physics and relation to turbulence and transport

(i) Mirnov oscillations

(ii) sawtooth phenomena

(iii) disruptions

E. density profile parameterization and tomography, and

electron cyclotron resonance heating effects on

(i) electron density profiles

(ii) microturbulence

Each of the above areas of research will now be briefly reviewed. Details may be found in
the references listed at the end of this section.



A. Electrostatic Drift-Wave Turbulence and Transport

Efforts to relate measurements of broadband electrostatic turbulence to heat and particle
transport in the TEXT tokamak have shown that fluctuations can indeed account for the
measured transport when the mean wavevector is k = 2-3 cm -1. These results are described
in a paper by R.V. Bravenec et al.l and will be presented as invited talks at the IAEA-1990
meeting by R.L. Hickok 2 and the APS-DPP 1990 meeting by D.W. Ross. This work involves
a detailed comparison of the UCLA FIR scattering data with the RPl HIBP data and the
Texas Langmuir probe measurements. In addit. _n, the UCLA interferometer measurements
were essential for the modulated gas feed experiments.

B. Ion-Pressure-Gradient-Driven Turbulence and Transport

An active ion feature (i.e. turbulence propagating in the ion diamagnetic drift direction)

in the density fluctuation spectra has been identified in high density gas-fueled discharges
on TEXT via FIR scattering and can be suppressed by hydrogen pellet injection. Transport
models indicate that this mode can account for the high-density saturation of the global
energy confinement time observed in tokamaks. These results are detailed in recent papers
by D.L. Brower et al.3 and W.L. Rowan et al.4.

C. Spatial Localization of Density Fluctuation Measurements

The spatial localization of the density fluctuation measurements represents a crucial
issue when relating microturbulence observations to transport. During the past year, this
has been addressed by using an externally applied resonant field (see papers by D.L. Brower
et al.s and W.A. Peebles et al.e) and correlations between multiple scattering volumes (see
W.A. Peebles et al., IAEA- 1990_). The latter technique determines the correlation of signals
from overlapping scattering volumes at the same wavevector. By moving one scattering
volume with respect to the other, the decorrelation of the signs!s versus distance offers
information on the spatial distribution of fluctuations.

D. MHD Physics and Relation to Turbulence and Transport

(i) Mirnov Oscillations: Both naturally occurring (S. McCool et al.s, j. Chen et al., APS-
DPP-1990) and externally imposed (S. McCool et al.9) magnetic island structures
have been studied in the past year. Mirnov oscillations are observed to modify the
plasma potential profile which in turn has dramatic implications for the fluctuation

spectra and amplitude. By imposing the applied resonant field (EML), a strong shear
in the poloidal rotation velocity is induced which results in the stabilization of the
density fluctuations. This type of phenomena can be directly related to the rotation
increase and confinement improvement observed at the L-to H-mode transition (C.X.
Yu et al., APS-DPP-1990).



(ii) Sawtooth Phenomena: Experimental evidence for the coupling of plasma particle diffu-
sion and heat flow was recently published in papers by D.L. Brower et al. in Physical
Review Letters I° and the EPS-90, Amsterdam Proceedings 11. These results were also
discussed at the TTF-Hilton Head meeting and will appear in the Transient Transport
Session Summary by T. Simonen et al.12. Particle transport has also been measured

by employing oscillating gas puffing (OGP) techniques. Here, the relation between
heat and particle transport appears to be different. These results are discussed in
publications by K. Gentle et al., EPS-8913, EPS-9014, and will also appear in APS-
DPP-90 posters by K. Gentle et al. and B. Richards et al.

(iii) Disruptions: A major new result during the past year pertains to the physics of high-
density limit disruptions in tokamaks and the long-time (5 × I"_) precursors observed
in the density fluctuations, heat transport and particle transport. Understanding dis-
ruptions and devising schemes to avoid them is an area of research especially relevant
to the next generation devices such as CIT and ITER. Preliminary results and analysis
will be presented at the IAEA-90 meeting T and a full report is currently in progress.

E. Density Profile Parameterization and Tomography

In a paper by W.L. Li et al.,le Gaussian and parabolic functional fits with three free
parameters are made to the measured profiles and compared. Scaling of the equilibrium

density profile shape with plasma current, toroidal magnetic field and density profile shape
with plasma current, toroidal magnetic field and density is clearly observed. By perform-
ing a regression analysis on each free parameter for the functional fit, one can construct
a set of analytical relations describing the TEXT density profile for steady-state ohmic
discharges. In addition, a new tomographic approach which takes into account diffraction
from density irregularities was investigated. The relevance for multichannel interferometry
measurements was demonstrated numerically and the technique applied to the inversion of
TEXT multichannel interferometer data as described in a paper by J. Howard et al.1_.

F. Effects of Electron Cyclotron Resonance Heating

The UCLA FIR interferometer system was employed to study the effects of ECRH on
the density profile and density fluctuations with the results described in papers by D. Sing et
al., EPS-90, Amsterdam is and B. Richards et al.19. Typically, one observes a small increase
in the density fluctuation level despite large changes in Tc(r) suggesting that VTe is not an
important driving term for the microturbulence in these discharges, is OGP measurements
of the particle diffusion coefficient during ECRH indicate a marginal increase towards the
edge 19.
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SECTION I.PROGRESS REPORT FY90

Task VIIB

I.INTRODUCTION

The Task VIIB Program at UCLA isprimarilydirectedtowardsidentifyingthe roleof low
frequencymicroturbulenceinvariousconfnementregimeson theDIII-Dtokamak.Advanced fluc-

tuationand profilediagnosticshavebeeninstalledoverthelastyearand initiMresultshaveprovided
new insightto a varietyofresearchtopics.Emphasis,to date,has been placedon characterizing

the roleofedgeturbulenceat the L-IItransitionutilizingthe rellectometersystem.In addition,
preliminarywork,utilizinga heterodyneFIR laserscatteringsystem,was performedduringFY90
to searchforITGD turbulence.This willbe followedinFY91 by operationoftheimprovedcar-

cinotrontrackingreceiversystemwhich willincreasesignalto noiseand eliminatethe effectsof
feedbackthatlimittheexistingsystem.

ltshouldbe notedthatTask VIIB primarilysupportsefforton thescatteringmad correlationre-
flectometersystems.Profilemeasurementsusingan X-mode reflectometerareprimarilysupported

from a separateDIII-Dsubcontract.Developmentofnew refectometrytechniqluesmad theasso-
ciatedadvancedtechnologyissupportedunderTasksIlIA& B. However,sincethemeasurement

capabilitiesfrom allthesesystemsar_ utilizedsynergisticallyto optimizeacquisitionof physics

information,Ml aspectsof the DIII-Dwork will_e summarized withparticularemphasison the
Task VIIB supportedcomponents.

IntegrationoftheUCLA permanentstaffintotheDiI!-DGroup isnew complete.The UCLA
staffoperateas partoftheDIII-Dteam and initiatephysicsstudiesofinterestthroughthe"Mini-

Proposal"System and participationinvariousworkinggroups.The lastyearhas been extremely
productivefrom both a technicaland physicsviewpoint.Major progressachievedin thelastyear

issummarized below,where physicsand technicalachievementshave been separatedintotwo
categories.InvitedpaperswillorhavebeenpresentedattheAPS 1990TopicalConferenceon High

TemperaturePlasma Diagnostics,the 1990 APS Plasma DivisionalMeeting;and the 1990 IAEA
Conferencetobe heldinWashington.

A. TechnicalAchievements

1. Densityprofileshavebeen obtainedon DIII-DinOhmic, L and H-mode plasmas.Excellent

agreementhas been observedwithprofilesdeterminedusingThomson scatteringand chord
averagedinterferometrydata.Profilescan presentlybe obtainedevery2.5ms. Inthecoming

yearitisintendedtodemonstratethisasa routinemeasurement,ltisalsoplannedtoupgrade
thesystem to furtherimprovemeasurementaccuracyand providea continuousmeasureof

densityprofileevolution.

2. Constructionofthe firststageofthecorrelationreflectometerwas completed,testedinlab-

oratoryand installedon DIII-D.Preliminarydataisdescribedbelow.Based on thesuccess
offuturemeasurements,thecorrelationreflectometerwillbe upgradedto providetheability

to studybothphaseand amplitudefluctuationsindependently.This shouldallowthespatial

profileofdensityfluctuationsto be determinedthroughcomparisonwiththedensityprofile
X-mode measurements.



3. Construction, testing and installation of the multichannel heterodyne, FIR laser scattering

system was completed.. Data is described below. Expected difficulties with feedback of laser
radiation were found to limit the frequency resolution and wavenumber range able to be
studied.

4. A carcinotron, heterodyne scattering system was constructed and recently installed on DIII-
D. The system utilizes a tracking receiver to eliminate the frequency pulling effects caused
by feedback. In addition, the increased power available from the carcinotron (_ 300 mW)
will significantly improve signal to noise, thereby allowing access to longer wavenumbers and
improved spatial resolution. The system was thoroughly tested in the laboratory prior to
installation on DIII-D and met all expectations. Preliminary data is expected prior to the
1990 APS Meeting.

B. Physics Achievements

1. Rapid suppression (_ 100 _s) of edge turbulence is observed coincident with the initial drop in
Ha emission. Suppression is limited to an edge spatial region which extends from the scrape-
of-layer in past the separatrix _ 5 cre. Coincident with the observation of edge fluctuation
suppression, a substantial increase in edge poloidal rotation and creation of sheared plasma
flow is observed on DIII-D (Rich Groebner et al.). These observations are qualitatively
in agreement with recent theories of the L-H transition which predict stabilization of edge
turbulence by sheared poloidal flow and/or electric field effects (Refs. 3_4).

2. A two-point current scan has been performed to determine the effect on the depth of the sup-
pression zone. Preliminary results indicate that the suppression zone increased significantly
(,,_ a factor of two) when plasma current was increased from 0.8 to 1.6 MA. This is important
information that can be directly compared to theory. Initial comparison suggests disagree-
ment with expectations from Shiang's theory, which, from a simplistic point of view, would
indicate that the suppression zone should actually decrease. However, this conclusion requires
more careful assessment of both theory and experiment before any definitive statement can
be made.

3. Preliminary measurements utilizing the correlation reflectometer suggest that the radial cor-
relation length significantly reduces during II-mode operation as compared to L-mode. This
is consistent with theoretical expectations for the improved confinement H-mode plasmas.
However, the existing data could possibly also be consistent with a measurement of the depth
of the reflection layer, which also decreases in H-mode plasmas. In order to eliminate this
possibility, data has to also be taken in Ohmic plasmas where the depth of the reflecting layer
increases compared to L-mode but the correlation length is expected to decrease.

4. A variety of interesting observations have been made of ELM activity in DIII-D. In particular,
various forms of precursor activity have been observed which often axe seen to originate
spatially inside the separatrix. These quasi-coherent fluctuations then grow spatially until
they reach the separatrix where they apparently trigger an ELM.

5. Preliminary attempts have been made on DIII-D to confirm observations on TEXT of density
fluctuations propagating in the ion diamagnetic drift direction in the saturated Ohmic plasma
regime. Difficulties with feedback of laser radiation have caused some frequency resolution



limitationsin the presentscatteringstudieswhich may be preventingobservationofITGD

turbulence.However,the data,to data,does no....3.tconfirmthe TEXT observations.Fluc-
tuationspropagatingin theion diamagneticdriftdirectionhave been observed.However,

theyappeartobe generallyconsistentwithmodificationstodrift-waveturbulencecausedby
plasmarotation/electricfieldeffects.

6. ScatteringmeasurementsduringL and II-modeoperationindicaterapidsuppressionoflow
frequencyturbulenceat the L-IItransition.The k0 spectrumappearsto narrow mad the

frequencyspectrum moves to higherfrequencies.The propagationof the fluctuationsbe-
comes progressivelyin theiondiamagneticdriftdirection.Thisdirectionisconsistentwith

modificationsinthefluctuationspectrumcausedby thelarge,beam driventoroidalrotation
which increasesduringll-mode.However,themodificationsinthespectrumoftenoccurtoo

rapidlycompared to thetoroidalrotationalone.The effectsofgradientmodificationson the
fluctuationspectrumarenow under studyas a possibleexplanationfortheobservedrapid

changes.In addition,thepossibilityofthe appearanceofITGD turbulenceduringH-mode
isalsounderinvestigation.

II.BROADBAND X - MODE SYSTEM AND PROFILE MEASUREMENTS

A 50 to 75 GHz, X-mode, broadband reflectometersystem isinstalledmad operationalon
DIII-D.This system was initiallyintendedasa dedicatedprofilemeasurement system.However,

the frequencytunabilityof the system has alsoenabledus to improveour densityfluctuation
measurement capability,as describedin detailin othersections.The system was installedin

March/April1989,and hasbeeninregularoperationsincelastsummer. Densityprofileshavebeen

obtainedundera wide rangeofoperatingconditions,includingOhmic, L and H-mode operation,
and good agreementhas been foundwithprofilesobtainedby Thomson scattering,but onlywith
theuseoffastsweeps.

As thename implies,broadbandreflectometersystemsemployfrequencytunableBWO sources

to sweep through a range of plasma critical densities, while monitoring the phase of the returning,

reflected, probe beam. The measured phase data are line integrated quantities related to the density
profile through the same expression as for interferometry, so the profile can be recovered through

the use of numerical inversion techniques. Such broadband reflectometer systems have been used

with some success on several machines (TFR, Petula, TJ-1). However, none of these systems had
to deal with H-mode or high beam power L-mode discharges, such as are frequently encountered

on DIII-D, nor could they be considered routine diagnostics.

A. System Description

The systemutilizesa 50 to75 GIIz,V band,BWO assourceand X-mode propagation.Thus,

thedensitycoverageisdependenton thetoroidalfieldstrength;at fullfield(2.1T) thedensity
coverageis_ 2.3x 10Isto4.0x 1019m -3 in thevicinityoftheplasmaedge.A schematicofthe

microwavecircuitisshown in Fig.1. Overmoded waveguideisusedto reduceattenuation,while
mode conversionatbends isminimizedby the useofreducedheight,de Ronde bends.A bistatic

horn arrangementisused,with the beams collimatedusingpolyethylenelenseslocateda focal

distancefrom thehorn throats.Foreaseofaccess,alltheequipmentislocatedoutsidethevacuum



vessel,sotheseparatetransmitand receivehornsviewtheplasma througha 35 cm diameterfused

quartzwindow and an adjustablemirror,locatedon thevesselhorizontalcenterline.This portis
sharedwiththe7 channelO-mode fluctuationmonitoringreflectometer.The systemisalignedand
calibrationdataareobtainedfrom a translatablemirroron themachinecenterlineduringmachine
vents.

The tubecanbe sweptfullband inaslittleas200ps and,allowingfortheresettimeofthetube,

densityprofilescan be measured every2.5ms. Currently,theminimum sweep time employedis

500_s,due tothedataratesathighersweepspeedsbeingbeyond thebandwidthoftheelectronics.
Fringesaremeasuredusingan automatedfringedetection,timingand countingsystememployinga
zerocrossingdetectorand a DSP model 2904timer/countermodule. Profilesarecurrentlyobtained

atsevenselectabletimesperdischarge,expandableto 132 profilesperdischarge.Fluctuationdata

can alsobe obtained,simplyby usingthe tube inCW mode, and directlydigitizingthe mixer
output.

B. Profile Inversion

The measured data, ¢,n(f), the phase of the reflected signal as a function of BWO frequency,
have three components; ¢,n = ¢v + ¢w + Cp, where ev, ¢w and Cp are, respectively, the contributions
from the air/vacuum path length, waveguide, including dispersion, and plasma density profile. The
air/vacuum and waveguide contributions are determined from an in-vessel calibration, so the desired

plasma contribution can be obtained by subtraction. The Cp(f) are line integrated quantities related
to the density profile through the same expression as for interferometry, viz:

rc(f)Cp(f)- 2ko #(r,f)dr- _r/2
JrQ

where, ko is the wavenumber of the probing beam, # the plasma refractive index, and ra and rc are
the limiter and cutoff radii, respectively. For O-mode propagation, this integral can be analytically
solved for the density profile using an Abel inversion. For X-mode propagation, however, no
analytic solution exists and numerical methods must be used. A numerical algorithm has been

developed to invert the data which is similar in outline to that given in Ref. 1. However, it does

not suffer from the numerical instability problems encountered with that work.

C. Effect of Density Fluctuations

In measuring Cp(f), and hence profiles, the largest experimental problem is the effect of the
intrinsic plasma density fluctuations. These impart a random Doppler shift to the frequency of
the measured fringes and can distort or entirely mask the desired profile information. While this
Doppler shift is determined by the plasma conditions and cannot be modified, its effect on the

measured fringes can be minimized by utilizing the fastest possible sweep time. This can be

understood as follows: If the IF frequency is low, the signal voltage will be close to zero for an
appreciable time during each half period. Thus, only relatively small fluctuations are necessary

in order to generate additional, spurious, zero crossings, increasing the measured phase. These
spurious counts can only increase the measured phase, and their number is directly proportional

to t, the sweep length. If the sweep is sufficiently fast to minimize these spurious counts, the

fluctuations can still modulate the counting rate by both advancing and retarding the time of the



zero crossings. In this case, using a random walk type argument, the rms deviation from what the
count would be in the absence of fluctuations is proportional to t1/2. Therefore, the influence of
both forms of phase distortion can be minimized by reducing the sweep length, while the desired
profile induced phase shift, _bp, is independent of t.

D. Results

Using the techniques described above, good agreement has been found with profiles obtained by

Thomson scattering in Ohmic, L- and H-mode discharges under a variety of conditions. Examples
of reflectometer density profiles, and comparison Thomson profiles, are shown in Fig. 2. The
reflectometer profiles have not been fitted with a spline smoothing function as have the Thomson

data. The error in the absolute position of the profiles is due to uncertainties in calibration values
(4- 1 cm), and the existence of a modelled edge profile region. The size of the latter varies with
plasma conditions and can be the dominant contribution. An example of the fringe quality during

an Ohmic discharge phase is shown in Fig. 3. Fringes obtained during H-mode are similar, while
those for L-mode are considerably more distorted during high beam power discharge phases.

The use of this system has been affected by changes in priority within the U.S. magnetic fusion
program (the transport initiative) and within General Atomics. This resulted in a decision to
make use of of the frequency tunability of the system to increase the spatial resolution of our
measurements of the fluctuation suppression zone created at the plasma edge during H-mode, and
also to adapt the system to function as a correlation reflectometer by the addition of a second
BWO and mixers. These developments occupied the run time available after the new year, and are
more fully described in their respective sections, below. Thus, very encouraging results have been
obtained to date within a relatively short period of time.

During the next year, attention will return to the profile measurements, with the objective of

demonstrating a reliable and routine "stand alone" profile measurement capability, necessary for
CIT and ITER,. For example, one problem to be addressed is the unexpected observation that
the plasma VSWR can change such as to affect the measurements. During H-mode, the plasma
can become a very good reflector, with signal levels comparable to those of actual mirrors. Under
these conditions, a spurious second harmonic signal component can be generated due to multiple
reflections, which can cause distortion unless filtered out.

III.CORRELATION REFLECTOMETER

The basic principle of correlation reflectometry is that if two co-aligned reflectometer systems

operate at the same probing frequency, they should reflect from the same spatial location and
see identical plasma fluctuations. Thus, the fluctuation signals from the two systems will also be

identical, with a coherence between the two signals of unity. If the frequency of one source is
detuned from the other, the reflecting layers will no longer be coincident and the fluctuations seen

by the two probe beams will no longer be identical, by an amount depending on their correlation

length, so the coherence between the signals will be reduced. Thus, by varying the frequency
separation of the two sources the spatial separation of the probe beams can be varied, and the
radial correlation length of the fluctuations measured directly.

In order to measure a radial profile of the correlation length, two frequency tunable sources are
necessary. Previous correlation reflectometers (JET, ATF) have been limited in this respect as they



have employed fixed frequency sources, either Gunn's alone or a combination of Gunn's and BWO's,
such that only a very limited density range could be investigated. The UCLA system by contrast,
employs two frequency tunal_le BWO's, such that the correlation length can be measured at many
different plasma densities and a profile obtained. In utilizing any microwave sources for such work,
the main difficulty lies in how to compensate for, or eliminate, differential frequency jitter/drift
effects. While BWO tubes can be phase locked, this is both difficult and the lock bandwidth can be
small. UCLA opted instead to utilize tracking receiver techniques, which eliminates the frequency
stability problem by having two mixers, one with the plasma signal plus frequency jitter, and
another with jitter alone, such that when these two signals are combined, in yet another mixer, the
jitter is cancelled and the desired plasma signal alone remains.

This system has worked very well in practice and preliminary data have been obtained on
DIII-D. As illustrated in Fig. 4, the cross-coherence between the two signals clearly decreases
with increasing probe frequency separation. Also, _he cross-coherencies, and hence the correlation
length, clearly decrease when the plasma transitions from L to H-mode operation. This is the
first measurement to show a decrease in this quantity at the L-H transition, and is in agreement
with expectations. If der.sity fluctuations are responsible for the anomalous transport observed
in tokamaks, then the correlation length should decrease with the improved transport in H-mode
discharges.

In summary, a novel correlation reflectometer system has been developed which is both simpler
(no phase locking) and more capable (radial profiles) than alternate systems. The system seems
to work well in practice and the preliminary data have provided the first measurement showing a

decrease in the correlation length at the L-Ii transition. Significantly more data need to be taken,
with the goal of understanding the temporal evolution of the radial profile of the correlation length.

IV. O - MODE REFLECTOMETER RESULTS

Within the past year, substantial progress has been made in understanding the behaviour of

edge density fluctuations within DIII-D II-mode plasmas. At all L-H transitions, high frequency (_>

50 kHz) fluctuations are dramatically suppressed in a localized region near the edge of the plasma,
on a timescale of _ 100#s. This is of direct relevance for all the theories of the L-H transition,

and for the existence of a transport barrier at the plasma edge. The significance of these and other
related DIII-D results have been recognized by the award of an APS invited talk on this work to

UCLA. In addition, several types of ELM precursors have been regularly observed.

A. System Description

The reflectometer system normally used for fluctuation studies is an O-mode, homodyne, system

utilizing 7 discrete channels at 15,24,32,40,50,60 and 75 GHz, with corresponding critical densities
of 2.8 x 10is to 7.0 x 1019 m -3. Radiation fl'om each Gunn diode source is transmitted in

fundamental waveguide to the machine (_ 4m). The first four channels are combined in a compact

suspended stripline multiplexer and the radiation is then transmitted and received by a single horn,
with a similar arrangement for the three highest frequency channels. Ali the equipment is located
outside the vacuum vessel for ease of access, so the monostatic horn/lens arrangement views the
plasma through a 35 cm diameter fused quartz window and an adjustable mirror, located on the

vessel horizontal centerUne. The previously described X-mode system has also been used to obtain

fluctuation data. In particular, it has been used to observe density layers lying between the discrete

O-mode channels, thus markedly increasing the spatial resolution of the measurements.



B. L- H Transition

The unique ability of reflectometer systems to provide radial density fluctuation measurements..

with high spatial resolution (of the order of _( centimeters, localized to the critical layer, Ref. 2)
is ideally suited to the study of the edge plasma modifications associated with H-mode operation.
In addition, DIII-D is ideally suited for such studies since it is a major device noted for its robust
H-mode operation and excellent basic plasma profile diagnostic information. Thus, while several

previous scattering experiments on a variety of tokamaks have shown that the relative density
fluctuation level decreases during H-mode operation, the improved spatial localization associated
with reflectometry has yielded significant further information: An invariable observation with the
reflectometer system at all L-li transitions is that high frequency (_50 khz) density fluctuations are
dramatically suppressed in a localized region near the edge of the plasma. That the suppression zone
is localized to the vicinity of the sepaxatrix is demonstrated by the fact that higher density channels,
reflecting from deeper into the plasma, show no change at the transition itself. With such data,
and knowledge of the density profile from the Thomson scattering and broadband reflectometer
systems, the depth of the region in which the fluctuations axe suppressed has been estimated. The
edge fluctuation suppression zone extends from the scrapeoff layer inwards to _ 5 cm. past the
separatrix, or _ 2-9 poloidal ion gyroradii. As illustrated in Fig. 5, this suppression typicMly occurs
on a fast timescale of _ 100 ps, commencing at a time coincident with the first observable change
in the D_ emission.

Recently, the X-mode system has been utilized to improve the accuracy of these estimates
by probing density layers lying between the narrowband channels showing a change/nochange be-
haviour at the transition. In general, as the X-mode reflection layer is moved inwards, it is observed
to agree in both time evolution and spectral width with successive fixed frequency channels. The
data obtained using this technique are as yet limited, but detailed measurements made during a
two point current scan show a linear increase in the depth of the fluctuation suppression zone with
current, viz 4.5 4- 1.5 cm at 0.8 MA, and 10.4- 2.0 cm at 1.6 MA. Some of the data showing the
extent of the suppression zone for a 1.6 MA discharge are displayed in Fig. 6.

Coincident with the observation of this edge fluctuation suppression zone, a substantial increase
in the edge poloidal rotation and the creation of a region of sheared flow is also seen on DIII-D.
The theory of Biglaxi et al. (Ref. 3) predicts the stabilization of edge turbulence by such sheared
poloidal flow. However, it would also seem that the depth of the fluctuation suppression zone
exceeds that of the region in which rotation induced shear exists. Also, the linear dependence of
the zone depth on plasma current is contrary to what might be inferred from Shaing's theory of
the H-mode transition (Ref. 4). Thus, while the experimental data axe in rough agreement with
recent L-H transition theories, 3,4 discrepancies may be emerging as more detailed measurements
are made.

C. ELM Activity

The behaviourofthe densityfluctuationsduringELM activitypresentsa considerablymore

complexpicturethanthatfortheL-H transition.Thisismainlydue tothewidevarietyencountered

intheamplitude,frequency,and typeofELM. However,forallELMs, thefluctuationsareobserved
toreturnto L-mode likeconditionsinamplitudeand widthinfrequencyspace.Again,thisoccurs

on a fast timescale, typically __300 #s, supporting the hypothesis that an ELM is a transient
reverse bifurcation to L-mode. However, in contradistinction to the L-H mode transition, precursor



fluctuations of various forms have frequently been observed before any observable change in the
Da emission. These precursors are observed first on inner channels and then sequentially on outer

channels, indicating a spatial growth towards the plasma edge. An example of such precursors
showing a clear spatial grow.rh is shown in Fig. 7. Another observation is that the maximum time
before an ELM at which precursors have been seen is proportional to the time between ELMs,

suggesting that when ELMs are less frequent, the relevant plasma instability limit is simply being
approached more slowly.

ELM precursors have been observed on both ideal mad resistive timescales and axe of two distinct

types. Qua.si-coherent modes of _ 30 to 120 khz are sometimes seen on timescales ranging up to

30 ms before an ELM is triggered. The other form of precursor activity is a general rise in the overall
broadband fluctuation amplitude and spectral width, again on timescales of from 100/_s to several

milliseconds before the ELM. Finally, in high normalized beta (_n) discharges, a wide spectrum of

high frequency coherent modes, such as those illustrated in Fig. 8, have been observed prior to the
beta collapse. These modes are entirely absent in low/3n discharges and their amplitude is observed
to rise with/_n, reaching a maximum at the highest beta,/_n > 3.5. As with the quasi-coherent

ELM precursors, these modes are also observed by outboard rnidplane Mimov probes, and their
identification is at present under active investigation.

V. FIR SCATTERING SYSTEM

The far infrared scattering experiment on DIII-D consists in the present first stage, of a twin
frequency laser system with modest beam power but a well established heterodyne detection tech-

nique. In a second planned stage, the system will be upgraded using a backward wave oscillator
[BWO], high frequency radiation source (Carcinotron), delivering up to 300 mW of power at a wave-

length of approximately one millimeter. Heterodyne detection will be provided using a frequency
doubled klystron as local oscillator source, with the differential frequency jitter compensated using
feedforward tracking techniques.

A. Current Status of FIR Laser System

Currently, the scattering system uses a 245 GHz (A = 1.22 mm) twin frequency laser with an
output power of up to 5 mW on each of the two cavities. The output of a 130 W CO2 laser is

equally split and focused into the two far infrared lasers. The cavity producing the local oscillator
radiation (LO) is usually maintained at the maximum of the gain curve, providing sufl_cient RF

drive for at least three quasi optical mixers. An intermediate frequency (IF) of 1.25 MHz between
the two laser beams is achieved by slightly detuning the probe beam cavity from the maximum gain.
From the laser, which is located outside the tokamak pit area, the two beams axe transmitted by

two overmoded circular dielectric waveguides, over a distance of about eight meters to the tokamak
entry port.

Limited vertical access on DIII-D dictates the use of a radial port for the FIR scattering where
an entry port assembly provides access for the probe beam and the scattered radiation (see Fig.
9). In the equatorial plane of the tokamak, the laser probe beam is directed radially into the vessel

and reflects from a special carbon tile on the centerpost of DIII-D (90% reflection at A = 1.22 mm).

The laser beam enters slightly above the midplane of the tokamak and is angled downward by 1.5"
in order to isolate the probe laser cavity from modulation caused by feedback laser radiation. The
originally planed horizontal alignment scheme, reflecting the probe beam perpendicular from the



tile, produced an external cavity which caused strong frequency pulling in the probe beam laser.
Unacceptable IF frequency shifts were observed to be strongest during inside limited discharges mad
were enhanced during neutral beam injection. The use of a powerful BWO radiation source in the
future, together with tracking receiver techniques is expected to overcome the present limitations
resulting from the changed geometry. Gaussian beam propagation locates a beam waist Wo-- 2.8 cm
in the vicinity of the reflecting tile. Scattered light from the returning probe beam is reflected out
of the machine by a large metallic mirror and through two 25 cm diameter fused quartz windows.
The metallic mirror is adjustable between 320 and 40°, to optimize the observable wavenumber
range.

A vertically mounted optical table (see Fig. 10), close by the machine holds the optical compo-
nents for the distribution and mixing of the LO- and scattered radiation into the different receiver
channels. Collection mirrors (CM) reflect a selected part of the total scattered radiation to their
respective detectors. The angular positions of the collection mirrors selects the chosen wavenumber,
while their lateral positions determine the spatial location of the scattering volume in the plasma.
Currently, three receiver channels are available to study poloidally propagating fluctuations along
the entire midplane of DIII-D in the range of 0.2 _ k±pq _ 2. The system is currently limited to
wavenumbers of 2.5 - 16 cm -1 at the outside edge, 2 - 10 cm -1 at the center znd 2 - 7 cm -1 at
the inside edge because of the required misalignment described above (see Fig. 11). Simultaneous
measurements of different wavenumbers and or different spatial locations can be made. The beam

geometry of the system dictates a wave-number resolution of Ak ,_ 0.7cre -1 and a radial spatial
resolution of +20 cm at k -- 10 cm -1. The propagation direction of the fluctuations is determined
via the use of heterodyne detection techniques. Quasi optical biconical Ga.As Schottky barrier diode
mixers are used for the optical mixing of the local oscillator and the scattered light. The mixed
signal is amplified and digitized at a sampling rate of 5 MHz using Le Croy Model 6810 digitizers
which provide a measuring time window of 100 ms per channel.

B. Experimental Observations

I. Ohmic Measurements

Density fluctuation studies were initially made in the Ohmic regime of DIII-D plasmas. At the

outside edge of the plasma (R. = 220 cm), measurements show strong, narrow, frequency spectra
with fluctuations up to 250 kItz, predominantly at small wavenumbers in the range of 2-5 cna-1.

Fluctuations extend to higher wavenumbers and higher frequencies but decrease strongly in scat-
tered power (drop of two orders of magnitude in power from k = 2.5 - 7.5 cm-1). In general, the

characteristics of density fluctuations in Ohmic DIII-D plasmas are in accord with observations

made on other tokamaks. Frequency range and wavenumber spectra are comparable as well as the
scaling of density fluctuation level with mean density (5/n ,_ constant). However, the propaga-

tion direction of fluctuations has been found to be dependent on plasma parameters and plasma
shape. In the laboratory frame of reference, measurements show fluctuations propagating in the ion

and/or the electron diamagnetic drift direction. In limiter plasmas, density fluctuations propagate

dominantly in the electron diamagnetic drift direction for all plasma conditions, except the locked
mode which shows fluctuations propagating in the ion direction. Divertor plasmas however, show

fluctuations propagating in the ion or electron direction depending on magnetic field, plasma cur-

rent and density. Scattering data have been contrasted with charge exchange recombination (CER.)
spectroscopy measurements, which in these Ohmic plasmas utilized short beam pulses. These mea-

surements indicate that the plasma possessed large toroidal rotation velocities with strong radial



dependence (see Fig. 12). Relative changes in the propagation direction of the fluctuations fol-

low changes of toroidal rotation consistently in both sign and magnitude. These observations are
evidence for correlation between shifts in fluctuation spectra and toroidal rotation.

Ohmic fluctuation spectra measured simultaneously with three receiver channels are shown in
Fig. 12. Two channels measuring wavenumbers of 3 cm -1 and 6 cm -_, respectively, are set up in
the outside edge of the plasma (R - 220 cre) while a third channel measures fluctuations at 6 cm -1

at the inside edge (R = 120 cre). Spectra from the outside edge show fluctuations predominantly
shifted to positive frequencies which indicate fluctuations propagating downwards in the tokamak

corresponding to the ion diamagnetic drift direction. The spectrum measured at the inside edge
shows its main signal shifted to negative frequencies, which indicates an upwards propagation, and
hence reveals the same ion diamagnetic drift direction. These measurements, demonstrating spatial
resolution at 6 cm -l, were made in a low density double null divertor deuterium plasma at 2.1 T
and 1 MA of plasma current.

2. Measurements during L.mode, H.mode and ELMs

The narrow long frequency fluctuation spectra measured in the Ohmic regime are typically
enhanced in amplitude with injected beams. During the L-mode phase preceding the H-mode,

frequency spectra are slightly shifted in the ion diamagnetic drift direction. Strong low frequency
turbulence is observed at low wavenumbers (k = 2 - 5 cm -1) which increases with beam power
and duration of the L-mode phase. At the transition into H-mode, a significant drop of the low
frequency fluctuations is observed coincident with the drop in D-c_ light. This is followed by a

gradual rise of a high frequency component clearly shifted in the ion direction. The high frequency
component evolves typically in the first 10 to 50 ms of the quiescent H-mode phase before settling

to a frequency several hundred kHz on the ion side. Figure 13 shows the time evolution of density

fluctuations, propagating in the electron diamagnetic drift direction a), and the ion diamagnetic
drift direction b), around the L- to H-mode transition. Broadband low frequency fluctuations,

propagating dominantly in the ion diamagnetic drift direction, are observed during the L-mode
phase preceding the L to H transition which occurs at 2236 ms. At the transition, fluctuations are
suppressed and a high frequency component grows within a few milliseconds on the ion diamagnetic
drift side of the spectrum. These spectra have been measured in a single null divertor plasma with
a field of 2.1 T, 1.75 MA of plasma current, a density of 6 x 101Sm-3 and 9 MW of co-injected
deuterium beams. The apparent broadening of the frequency spectra as well as the frequency shift
during the L-mode phase are in reasonable quantitative agreement with the measured increase of
toroidal rotation. However, at the L to H transition and during H-mode operation, the observed
frequency shift often occurs on faster time scale than the development of the measured toroidal
rotation. This discrepancy remains a topic of active study. ELMs basically show very similar
fluctuation characteristics to those measured in L-mode, supporting the hypothesis that ELMs
present a transient return to L-mode.

C. Carcinotron Scattering

The far-infrared (FIR) collective Thomson scattering system operating on DIII-D is being up-

graded by the development of a carcinotron backward wave oscillator (BWO) based scattering
system. The FIR laser which is currently used suffers significantly from frequency pulling due to

the special radial geometry necessary to circumvent the problem of poor access to the plasma.

This geometry sends the incident beam directly back to the laser after traversing the plasma. This
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radiation, though weak, can. pull the frequency of the laser quite significantly, as seen in Fig. 14
which illustrates the system intermediate frequency (I.F.) as a function of time. Note the large

frequency pulling which is dependent upon the optical path length through the plasma which is
modified by plasma turbulence. The pulling causes a time dependent broadening of the IF and,
thereby, a significant deterioration in the frequency resolution.

In order to supply more power to the incident beam and eliminate the frequency pulling problem,
a millimeter wave carcinotron will be substituted for the laser. The carcinotron is tunable from

260-290 GHz producing a maximum of 320 mW. Th.is is a factor of 60 more than that of the laser

so a comparable signal-to-noise ratio improvement is expected. A frequency doubled klystron at
280.2 GHz will provide the heterodyne local oscillator for the mixers.

Heterodyne measurements require extreme frequency stability of the oscillators since the signal
appears as a sideband at the IF. The signals of interest for microturbulence studies are generally

less than 1 MItz, but these oscillators can drift 5-10 MHz even after warming up. Furthermore,
the FM noise bandwidth of the carcinotron is greater than the expected frequency shift due to
plasma fluctuations. A phase lock frequency synchronizing system used to control the klystron has

eliminated the FM source noise and the long term drift, but it has had trouble keeping up with

frequency pulling which can be very large and relatively fast. Thus, a wide-band phase-locked loop
is currently being developed to keep up with the feedback.

Previously, a feedforward tracking circuit has been proposed and used for BWO based interfer-

ometer and scattering systems. 5 The technique was employed to remove the FM noise and frequency
drift. Here, the tracking system (Fig. 15) is being used to prevent frequency pulling of the sources

from degrading the heterodyne signal. The feedforward tracking system eliminates common mode
frequencies seen by mixers MI and M2 while preserving the heterodyne information of the scat-

tered signal. Thus, it is vital that the IF from M1 and M2 reaching M4 be exactly the same. The

electrical delay times through the reference and signal legs of the circuit (in dotted lin_.s) must be
within about 10 ns of each other depending on how fast the sources are modulated by the feedback.

The use of delay line DL1 allows the equalization of these two delay times.

The effectiveness of the tracking system at removing phase/frequency drift and frequency pulling
was tested in a laboratory scattering experiment. The plasma fluctuations are simulated by a TPX

acoustic cell fabricated so as to produce a single sideband on the scattered radiation. Frequency

pulling is simulated by frequency modulating the carcinotron by 5 MHz at f=20 kHz (akin to
frequency pulling at MltD frequencies). With no modulation, the scattered signal is as shown in
Fig. 16(a) where the heterodyne resolution is seen by a stronger upshift than downshift. Under
modulation, the signal has sidebands at the modulation frequency at a level determined by the

relative delay time. Figure 16(b) shows the scattered signal with frequency modulation when the
delay times are optimized and when they are about 20 ns different. When optimized, the parasitic

sidebands are only about 1% of the already low scattered signal. Thus, even under these extreme

frequency pulling conditions, the system works well, removing phase noise, frequency drift, and
wideband frequency pulling.
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FIGURE CAPTIONS

Figure 1. Schematic showing the microwave circuit of the broadband reflectometer.

Figure 2 a,b,c. A comparison of reflectometer and Thomson profiles for Ohmic, L and H-mode
Discharges, respectively. The continuous curves.axe spline fits to the raw Thomson data, while
the dashed lines are error estimates on the fit. The reflectometer profiles are represented by

the unconnected "box" symbols.

Figure 3. Measured fringes from a portion of a 500#s sweep during an Ohmic discharge phase.

Figure 4. Example showing a decrease in the measured cross-coherencies with increasing probe
beam frequency, and hence spatial, separation.

Figure 5. Power Spectrum showing the suppression of density fluctuations at a typical L-H tran-
sition.

Figure 6. Ratio of the fluctuation power immediately before and after an L-H transition as a
function of plasma radius for a !.6 MA discharge.

Figure 7. Spatial growth of a quasicoherent ELM precursor (signal spreads from channel to
channel).

Figure 8. Wide spectrum of coherent modes observed in a high normalized Beta discharge.

Figure 9. DIII-D section at elevation 195°, with entry port assembly for the FIR scattering system.

Figure 10. Entry port assembly and vertically mounted optical table holding the components for
the receiver channels. Ray tracings indicate the role of the collecting mirrors (CM) selecting
a restricted part, of the total scattered radiation, for a chosen wave number and a determined
spatial location.

Figure 11. Wave number range available with the present laser based scattering system in the
outside edge, center and inside edge of DIII-D plasmas.

Figure 12. Density fluctuation measurements during Ohmic discharges.

Figure 13. Time evolution of density fluctuation spectra, propagating in (a) the electron dia-
magnetic drift direction and (b) the ion diamagnetic drift direction, around the L-to H-mode
transition.

Figure 14. Spectrum of the intermediate frequency of the twin FIR laser as a function of time.
Moderately low density plasma turns on at t=2000 ms which pulls the laser frequency by 300
kHz.

Figure 15. Block diagram of feedforward IF tracking system which removes broadband FM noise,
and frequency drift. Delay line DL1 must equalize propagation times through signal and
reference legs within 10 ns.
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Figure 16. (a) Scattered signal spectrum from the acoustic cell laboratory tests (100 kHz/div.),
linear scale, signal at 167 khz). The upper sideband is from the stronger direct acoustic wave,
showing propagation direction resolution capability of heterodyne technique. (b) Scattered
signal from acoustic cell with frequency modulation applied to carcinotron (100 kHz/div.,
10 dB/div.). The upper trace is taken with the reference delayed by 20 ns compared to the
signal. The lower trace is taken with the delay line optimized.
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reference delayed by 20 ns compared to the signal. The lower trace is taken with the
delay line optimized.
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