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INTRODUCTION

Last year (1988), the Office of Magnetic Fusion of the DOE approved a Grant for
a program on “Applications of Computer Modeling to Fusion Research” at UCLA. This
Grant was provisionally approved for three years. The first year of this grant has
been very productive and we propose that the second year of this grant be funded.
This proposal contains a progress report for 88-89 and a list of publications and
papers presented at meetings.

The major thrust of the program are to pursue a vigorous program of the
development and application of Gyrokinetic Particle Codes to Tokamak Transport;
development of Techniques to Take Advantage of Parallel Computers; Model Dynamo
and Bootstrap Current Drive: and in general maintain our broad-based program in

Basic Plasma Physics and Computer Modeling.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States

Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-

bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or

process disclosed, or represents that its use would not infringe privately owned rights. Refer-

ence herein to any specific commercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United States Government or any agency thercof. The views [l ;I’\a

and opinions of authors expressed herein do not necessarily state or reflect those of the “‘ g‘x 0 )

United States Government or any agency thereof.

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED
«f@



[ Progress In 1988-89

1). Three Dimensional Gyrokinetic Tokamak Code

Here we report the progress made during the past year in the areas of
applications of gyrokinetic plasma simulation models for tokamak transport.

(i) Particle Code Developmen

We have undertaken to develop three dimensional electrostatic and
magnetostatic gyrokinetic plasma simulation models and apply them to problems of
anomalous transport due to microinstabilities as well as interaction of energetic
particles with low frequency MHD modes. In collaboration with PPPL (W. Lee and T.S.
Hahm) and IPP, Nagoya University, Japan (H. Naitou and T. Kamimura), we have made
significant progress in the development of the algorithm and application of the
model over the past year. The simulation code follows the guiding center motion of
several hundred thousand particles in their self-consistent electric and magnetic
ficlds with appropriate gyrophase averaging in order to include the FLR effects.
Wave-particle resonances are naturally retained since exact particle motion along
the magnctic ficld is followed. This is important in the high temperature regime of
tokamak operation since ion and electron Landau damping are important dissipation
mechanisms. Listed are the recent developments and improvements in the
algorithms:

a) Extension of our three dimensional electrostatic slab model
to a bounded cylindrical model with square cross section has been made. Inclusion of
the curvature, gradient-B drifts and magnetic mirroring effect in the parallel
equation of motion in the particle pusher. We have carricd out studies to verify that
the code gives the correct particle drift motion in model tokamak magnetic fields,
valid in the large aspect ratio limit; i.e., we see the correct banana orbits.

b) The addition of the induction electric field as well as the

perpendicular nfagnetic field perturbations due to parallel currents has also been



completed. The simulation code accurately produces the shear Alfven wave
dispersion and the fluctuation energy per mode obeys the correct thermal
equipartition law. Two separate algorithms have been implemented - one using a
direct solution of the induction electric field (Vz - E) and the other using the
canonical momentum (Pz ) and solving for the vector potential (A).

c) Electron-ion collisions using an energy-conserving,
Monte-Carlo pitch angle scattering method, has been introduced and is shown to
produce a Spitzer-like resistivity with correct temperature dependence. Further
improvements have been made in the algorithm in order to improve its efficiency
without loss of energy conservation or numerical stability oproperties. These
improvements have resulted from a collaboration with LLNL (B. Cohen and T.
Williams) and are as follows:

d) Inclusion of electron subcycling which is possible because
of the disparate time scales between electrons and ions. Implementation into a two
dimensional gyrokinetic code has shown we can gain a factor of three in speed up of
the simulation runs, pushing the electrons nine times as often as the ions.

e) Vectorization of the particle charge assignment to the
mesh and force assignment on the particle has been under development on the Cray-
2 and another factor of two is possible in the run times.

(ii) hysi Problem rrentl n Invesiigation
A number of problems are now being attacked and preliminary results show
that a number of interesting regimes in anomalous transport can be studied:

a) Ion _Temperatur

The saturation of the energy confinement time with increasing density and
increase in the ion thermal conduction channel is conjectured to be a result of the
ion temperature gradient driven modes. We have obtained results of the saturation

amplitudes and wavenumber dependence of the electrostatic fluctuations as well as



the resultant ion thermal diffusivity using the three-dimensional electrostatic slab
model. The value of the diffusivity and shape of the fluctuation spectra compare well
with some of the TEXT measurements using laser scattering methods.
b) Collisionless and Collisional Trapped Electron Mode

We have made simulations with the bounded cylindrical model in order to
study the heat and particle diffusion resulting from the trapped particle modes. A
model tokamak ficld is chosen in order to give rise to trapped particles and we have
neglected toroidal curvature effects in the Poisson equation as a first approximation.
We have shown that the correct linear growth of the modes can be simulated and the
runs are being extended into the nonlinear regime with many more modes included
in the simulation.

c) Internal _Kink M

The codes with the induction electric field are able to investigate current
driven ideal MHD type modes. Using the cylindrical model with a current profile
such that @ < 1 on axis, we have been able to obtain the correct linear growth rate of
the internal kink mode. This is important because it allows us to study the regime
where reduced MHD is valid with addition of wave-particle effects.

2). imulation of B r nd Dynam rrents inTokamak

We have been modeling dynamo and bootstrap currents which can be
generated by plasma flows in Tokamaks. We use a 2-1/2 D model which is fully
electromagnetic; the model includes the effects of toroidal field gradients and a
vertical magnetic field. During the last year we have improved the model in a
number of ways. We have replaced the periodic boundary conditions in the field
solver with conducting boundary conditions; we have introduced a Monte Carlo
collision operator in the particle pusher.

To date we have investigated only transient conditions. We introduce a neutral

plasma cloud in the high fiei? region. The cloud is expelled outward and in doing so



crosses the vertical magnetic field; this generates a current in the =z dircction
(equivalent to a toroidal_-current in a Tokamak). The 2z current crossed with the
vertical magnetic field ultimately establishes a plasma equilibrium. The z current is
large enough to form closed magnetic surfaces. We find that with collisions the z
current can be larger than with out it; however, the collision rate we must use to scc
this effect is unrealistically large. @ We expect ihat with collisions and appropriate

sources and sinks for plasma we will be able to study steady states.

3). Parallel Computing

Parallel Computation represents one of the most promising mecthods of
obtaining the computing power needed to handle realistic three-dimensional plasma
models. With this in mind we developed a new algorithm (in collaboration with P. C.
Liewer of JPL) for implementing plasma particle-in-cell (PIC) simulation codcs on
parallel computers. The algorithm, called the universal concurrent PIC algorithm
(UCPIC) has been used to implement an electrostatic PIC code on the 32-node JPL
Mark Il Hypercube parallel computer. This algorithm has lead to very efficient
parallel implementation of a well-benchmarked one dimensional code; the
parallelism that is achieved is close to 100%. The performance of the Mark Il
Hypercube is about twice that of the MFE Cray Il for this problem; with the usc of
faster hardware and more nodes this power will increase. Similar impressive
performance should be obtained with other particle codes (such as the gyrokinetic
code) when properly coded for such a parallel computer.

4). Particle Simulation of ICRF-Edge Plasma Interaction

The edge plasma region in Tokamaks plays an important role in the overall
plasma confinement, particularly in H-mode discharges. Furthermore, when ecdge
plasmas are 'driven', for example, when fast waves, lower hybrid or ion Bemstein
waves are launched from an antenna structure nonlinear effects can produce

particle acceleration, and hence impurity release when these particles interact with



the limiter. Because of the generation of nonthermal distributions, particle
simulations are a vital ”t.ool for the analysis of antenna plasma coupling problems.
The development of good models for this study requires codes with multiple species,
ionization and recombination as well as inclusion of wall sputtering. As a first step,
we have studied the collective plasma behavior near the edge, in the large amplitude
regime, when the plasma is strongly driven. We have used two dimensional
clectromagnetic particle codes with oscillating current sheets and dipole current
sources, launching ion cyclotron waves into a uniform plasma slab. Pondermotive
cffects, surface wave heating and nonthermal electron distributions have been
obscrved. Although the particle boundary conditions were only simple reflection
methods the next step will be the inclusion of more realistic sources and sinks.

We have also used one and two-halves dimensional guiding center electron,
full dynamic ion clectrostatic particle codes for the study of AC-RF sheath formation
near Faraday shields. These sheaths are capable of forming potentials which can
spawn impurity's from these shields. From the simulations we have found sheath
formation on scale lcngths the order of the ion gyroradius and have demonstrated
the RF-rectification cffect leading to large paricle fluxes into the shicld, with
encrgies capahle of causing sputtering.

5). Vlasov lon-Fluid Electron Model

We have used the Vlasov lon-Fluid Electron Model we had developed to
investigate waves (ion Bernstein waves) generated by energetic ions (either injected
ions or fusion reaction products). We found waves at integral and half intcgral
multiples of the energetic ion cyclotron frequency for energetic protons in a
deuterium plasma or in a deuterium proton plasma. The spectra look very much like

those observed on JET and TFTR.



6). Basic Plasm tudies

In connection wiq; our University Mission of Training Students in Plasma
Research we have maintained a strong basic plasma physics program. In this area
we have carried out studies on dynamic Debye clouds in a magnetized two-

dimensional plasma and on waves in a bounded magnetized plasma.
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TASK 1IIA

SECTION It PROGRESS REPORT Y89

1. INTRODUCTION

The purpose of the Task A program at UCLA is to develop innovative
systems capable of providing the detailed diagnostic information cssential to
the success of the fusion program, while the associated Task 111B program
is concerned with the development of advanced technology and concepts re-
quired to clucidate critical physics issues.  In undertaking this work, the
philosophy has always been that the development program should not be
carried out in isolation, but respond to the nceds of the fusion community
in general, and in particular to those of the mainline devices, TFTR, DIII-
D and CIT. Examples of this work include the development of mixers for
the TFTR ECE and interferometry systems, the design of the MTX FIR
interferometer/polarimeter system, and the DI-D 1 mm scattering system.

Another major goal of the UCLA program has always been the dissemi-
nation of the diagnostic expertise and technology developed under Task 11TA,
both through publication and collaborative projects. This aspect of the pro-
gram has continued to expericince exceptional success during the last year
with many collaborative projects completed, initiated, or under discussion.
These include the DIT-D systems mentioned above, the M'TX high resolu-
tion FIR interferometer/polarimeter system, high power optically pumped
FIR laser requests from Los Alamos-National Laboratory and the UNAEA
Culham Laboratory, as well as possible involvement in the Wisconsin MST
device. This high level of interest in collaboration with UCLA is indicative
of the quality of the work performed under Task’s TITA and IT1B.

During the past year, the major effort conducted under the Task T1TA
program has been the design, fabrication and testing of a proof-of-principle
1 mimn scattering system for DIT-D which has recently begun operation. How-
ever, now that the system has demonstrated the ability to provide physics
information. the scattering ellorts will be transitioned out of the base pro-

grat.
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II. PROGRESS

As mentioned above, the major portion of the Task IIIA efforts was di-
rected toward the design, fabrication, installation and proof-of-principle op-
eration of a 1 mm scattering system for DIII-D. The major impetus for this
work was the UCLA scattering measurements on TEXT which identified a
low frequency ion mode which appears to possess features consistent with the
predictions of 7; mode theory. It is therefore essential to investigate the issue
of whether such a mode can exist in H-mode plasmas which possess extremely
flat density gradients in the interior as well as the important question of the
role of microturbulence in the L to H-mode transition.

The actual scattering system uses a twin far infrared laser which is located
about eight meters away from the DIII-D tokamak in a small laser laboratory
behind the concrete shield wall. Radiation is becoming more and more of a
concern on DIII-D since many experiments currently use deutrium neutral
beam sources injected into deutrium plasmas. Having the IR laser outside
the closed tokamak pit area provides more flexibility in running the scattering
experiment. Two overmoded dielectric waveguides (see Fig. 1), one for
the probe beam and one for the local oscillator beam, run from the laser
laboratory to an optical table which is located near the tokamak entry port
assembly. .

The port assembly is fixed to the R 0 port in the midplane of DIII-D
at the 195° elevation (see Fig. 2). Fifteen centimeters above the midplane
of the machine, the probe beam is directed horizontally into the tokamak
and is reflected back onto itself from a special carbon tile. This carbon
tile has been precisely aligned during a machine vent while calibrating the
scattering geometry. A scattering mirror (see Fig. 3) inside the port assembly
reflects the scattered radiation out of the machine through two twenty-five
centimeter diameter fused quartz windows. The scattering mirror can be
adjusted in angle between 32° and 40° by a mechanical feedthrough. Ray
tracings of the scattered radiation are shown in Fig. 4, allowing scattering
from different spatial locations into dilferent scattering angles. These ray
tracings have been cross checked by experiments with HeNe laser beams and
geometrical calculations. Wave number values in the range between 2 and
24 cm™~! can be measured with a wave number resolution Ak of £ 0.7 cm™%.
Because of the relatively large probe beam size, spatial resolution is on the
order of & 20 cm at a k-value of 12 cm~!. At very low scattering angles,

o



spatial resolution becomes rather poor and is essentially an integration over
the entire plasma diameter. However, at k = 6 ¢m~! measurements are still
spatially resolved with respect to the inner and the outer midplane.

An optical table is fixed in the vertical plane close to the entry port
assembly (see Fig. 5). Collecting mirrors fixed on translation and rotation
stages reflect the scattered radiation to their respective detectors. In its final
form, the experiment will have four detectors looking simultaneously at four
different scattering angles or different scattering locations. A fifth detector
is intended to be used as an interferometer channel. :

Preliminary measurements and tests have been made with two scattering
channels only. This results from the relatively low laser power which can be
expected from the 1.22 mm laser line. On the other hand, the laser system
provides heterodyne detection capability which is crucial in our experiment.
Figure 6 shows the differences between a homodyne and a heterodyne de-
tection system as well as some characteristics of the two proposed radiation
sources. A relation between the scattering angle and the measured wave num-
bers given by the Bragg condition for expected wavenumbers in the DIII-D
tokamak can be found in Fig. 7.

The first attempts to detect scattering signals were made during the last
two weeks of DIII-D operation in 1988. Following initial data acquisition
problems and alignment difficulties with the receiver optical system signals
with good signal-to-range level were obtained in January.

Several other problems, however, subsequently required resolution. IFor
example, problem appeared with the pulling of the 1 MHz intermediate fre-
quency (IF) which is used in the heterodyne detection system and which is
obtained from the mixing of the probe beam and the local oscillator beam.
In fact, since the probe beam is precisely reflected onto itself from the inner
wall of the tokamak, the path between the laser and the reflecting carbon tile
acts as an outer laser cavity. Because of the change of the refractive index
in this additional cavity during a plasma shot, the frequency of the probe
beam is slightly changed. Since the local oscillator frequency stays constant
the intermediate frequency is shifted. Shifts of up to 200 kHz have been
measured and they vary strongly during the plasma discharge. By using the
system in the homodyne detection mode this problem does not exist. We
therefore performed some first measurements using only one laser cavity.

Some very interesting features could be observed during plasma discharges
with additional neutral beam heating. Looking at a particular shot (see Fig.

3



8) at four distinct times during the discharge we observe clearly different
frequency spectra. Early in the discharge, we have a pure ohmic plasma with
no beams injected. We observe that the spectrum is narrow in frequency
and the scattered power is small compared to the spectra in the L-mode
phase where in addition tc the ohmic current four or five 1.5 MW of neu-
tral beams have been injected. The frequency spectrum is now very broad
and enhanced in power by at least one order of magnitude over the entire
frequency range. An additional sixth beam, however, leads to a transition
from the low confinement regime L-mode into the high confinement regime
H-mode. We observe that the scattered power at the low frequency end drops
by more than an order of magnitude while the high frequency part above 400
kHz is increased. The high confinement regime can also be reached in a pure
ohmic plasma. It is worth noticing that between the transitions from ohmic
to H-mode and from L-mode to H-mode, the changes of the frequency spectra
are qualitatively very similar (see Fig. 9).

One attempt made to overcome the frequency pulling in the heterodyne
detection mode, was to use a polarizing beamsplitter and a quarter wave plate
in the probe beam. The quarter wave plate would convert the linear polar-
ization of the probe beam into circular polarization. A double pass would
reconvert the returning beam to linear polarization but rotate its polarity by
90°. The returning beam would then be rejected by the polarizer. Using this
optical system, the frequency pulling could be reduced by a certain amount,
but not completely eliminated. Another way to solve the problem is to tilt
the probe beam in order to prevent the reflected beam from going back to
the laser cavity. Although this is simple to do it leads to inconveniences in
respect to the scattering geometry. Furthermore, refraction at high plasma
density may deviate the beam back to its original position.

Heterodyne scattering measurements have been made during the last
month using a slightly tilted probe beam. Scattering angles have been recal-
culated to allow for a probe beam pointed down by an angle of —1.5°. We
again show frequency spectra observed during ohmic, L-mode and H-mode
phases (see Fig. 10). The central peak at 500 kHz is due t the IF frequency.
The parts of the spectra to the left of the IF are due to the electron term,
or fluctuations propagating in the electron diamagnetic drift direction. The
parts to the right f the spectra are due to fluctuations propagating in the
ion diamagnetic drift direction. The measurements done with the homodyne
system could be confirmed with the heterodyne system. The scattered power

4



is enhanced and extends over a much larger frequency range when neutral
beams are injected into the plasma. It is interesting to observe in Fig. 10 that
the lower two spectra are only separated by one millisecond. The L-mode
to H-mode transition seem to be very fast and the change in the fluctuation
level is certainly remarkable.
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Figure 3 Layout of Scattering System: - Entry DPort.
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K-VALUES MEASURED AT CORRESPONDING
SCATTERING ANGLES

Scattering Angle Radiation source
Laser 245 GHz Carcinotron 290 GHz
Ao= 1.22 mm Ao = 1.07 mm
6 [0 ] K[ cm-1] K[ cm-1]
2 1.8 2.0
4 3.6 4.1
6 5.4 6.1
8 7.2 { 8.2
10 9.0 10.2
12 10.8 12.3
14 12.6 - 14.3
16 14.3 16.3
18 16.1 18.4

K - values of interest in DIII-D according to nj mode:
condition Kipi<l; K< 9cml,

Figure 7 Layout of Scattering System: Radiation Sources.



TASK IIIB
SECTION I: PROGRESS REPORT FY89

I. CURRENT PROFILE MEASUREMENTS

Measurement of the current density profile in tokamak devices is of funda-
mental importance in understanding plasma stability and transport phenom-
ena. Many techniques have been proposed to measure this parameter and
have been attempted in proof-of-principle experiments with varying degrees
of success. However, Faraday rotation continues to a particularly attractive
technique for tokamaks operating over a wide range of densities and toroidal
field values in contrast to a number of the approaches. It is well known that
a plane electromagnetic wave, as it propagates through a plasma, will suffer
changes in its polarization state through Faraday rotation ¢, .nd elliptization
€, They are given respectively by

L
Yp(z) = 1.50 £ 10-20)? / n.(z)Bpy(z)dz (1)
L L
and ,(z) = 6.43 z 10X’ BA(z) / ne(z) dz / ne(z) Bpu(2)dz  (2)
where 1',: rotation angle in degree
A probing wavelength in pm
n.:  electron density in cm~3

Bpu: poloidal field component parallel to the probe beam in kG

Br:  toroidal field in kG

L: probing chord length in cm

Here, it is assumed that w? is much larger than both w?, and w?. The

most successful scheme for the detection of Faraday rotation is that pioneered
by Soltwisch on the TEXTOR tokamak in which a phase-sensitive detection
method lias been used to measure the small amplitude variations caused by
the Faraday rotation. The output signal of the scheme is related to the
rotation angle and the elliptization as follows

Yp + €

RcosAp = ¢c ——————-
1~y —¢

(3)



where R:  the ratio of the polarimeter signal to the interferometer signal
A¢: the phase difference ( ¢; — ¢ér) between the
polarimeter and interferometer signals

It can be seen that the scheme is quite sensitive to the elliptization ¢,.

The purpose of the present work is not only to establish a routine po-
larimetric measurement of the current density profile on TEXT, but also to
extend the measurement to higher densities and fields, as well as the study of
the modification of the current density profile during ECRH. 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 ellipti-
zation at submillimeter wavelength on devices such as MTX and CIT.

During the year, extensive concept and experimental studies have been
performed to assess the feasibility of polarimeter systems to be installed on a
number of devices and, to estavlish accuracy limitations. We have proposed
and tested two detection schemes for polarimetry which are different from
that of Soltwisch in using a small wire spacing polarizer as beam combiner.
The schematic of the two interferometer/polarimetry system is shown in Fig.
1. Parabolic cylindrical mirrors are used to expand the probe and reference
beams 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 effect yields two output signals whose amplitude
ratio is given by

. J (1+€2) = (1 — e2)sin2y,

T .
(1 + 6,2,)Sz'n2¢vp jad COt(wp + Z‘) when Ep << (4)

In addition, there is a phase difference between equivalent detectors given
by

A¢ =tan™! [cpta11(¢'p + -ﬂ -- tan™! [g,,tan(w,, - %} (5)

In a second detection scheme, a polarization transforming reflector (PTR)
is used as a quarter-wave polarizer to rotate the polarization direction of
probe beam by 45° and quadrature phase-sensitive detection technique is

2



used to measure the Faraday rotation and elliptization simultaneously, which
are given as follows

1-¢ -
RcosAg = tanépm ~ tang, when ¢, << 1 (6)
P 4

RsinA¢ =¢, [coszép(Hegtanzép)]-‘ ~ €, wheny, << 1 (7)

In principle, therefore, measurement of the amplitude ratio and phase
difference or quadrature output from the phase-sensitive detection system,
allows one to independently evaluate the Faraday rotation 1, and ellipti-
zation as €,. It should be noted that the Faraday rotation measurement
with both our schemes is very insensitive to the elliptization compared to
the Soltwisch scheme. Also, it can be seen clearly that the accuracy of the
measurement of 1, for our second scheme is the same as that of Soltwisch
scheme, but is better than our first scheme. We have tested the principle of
the propused elliptization measurement in the laboratory, as shown in Fig. 2,
where a quartz plate was used to introduce a known elliptization and rotation
to the incident electromagnetic wave. Figures 3 and 4 show the experimental
results. The results with both schemes show excellent agreement between
theory and experiment.

In order to improve the accuracy of the measurement of 1, with our first
scheme, a modified 5 channel test system has been constructed 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 system
used individually adjustable parabolic mirrors to focus the combined beam
on to mixers to optimize the output signal. The mixers were biased in a more
linear region than normal. Preliminary improved results have been obtained.
Figure 5 and 6 show the line density and inverted profile obtained using the
system. The equivalent Faraday rotation data are shown in Figs. 7 and
8. The data shown were taken for a number of shots (=~ 12) by only two
channels (due to a shortage of mixers). Figure 9 illustrates the previous data
taken by the initial 9 channel system. It can be seen that the accuracy of the
present data has been improved considerably. This is reassuring and provides
confidence that we should be able to perform truly meaningful measurement
of the current density profile with our improved polarimetry/interferometry
system.
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Mixer 2
Mixer | [\ ‘ / 45 ° Oriented wire polarizer
Vi V ;*‘T \
elliptized beam |
with ¥, and ¢, ) ®
=t Reference Beam
Quartz
TWIN FIR LASER
)
O+Aw

A =432 ym (HCOOH)
Aw2r ~ 750 kHz

_ Figure 2 Experimental arrangement utilized for the cllip-
tization measurement.
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II. ECRF WAVE SCATTERING

The 185 GHz receiver, originally built to detect radiation scattered from
ECRF waves in TEXT, is currently being laboratory tested for initial de-
ployment on DIII-D. This unique receiver system employs a tripled Gunn
oscillator at 184 GHz to mix with the down scattered radiation from a 245
GHz laser beam. The very high frequency 60 GHz electrostatic ECRH waves
necessitate the use of such a receiver. Use of an ultra low noise preamplifier
and an optical diplexer to combine the RF and LO result in a very sensitive
receiver system.

A number of developments were required in order to field the receiver
system at DIII-D. For example, the long distance between the control room
and the machine together with the large loss in coaxial cable at the IF fre-
quency necessitated a second down conversion within the mixer shield box.
However, these have been completed and the receiver will be soon tested on

DIII-D.

II1. FIR RING LASER DEVELOPMENT

The twin frequency optically pumped far infrared (FIR) laser system de-
veloped at UCLA (see Fig. 10) for plasma diagnostics applications has been
very successful in practice. Apart from its use on TEXT, such a system is
being used on DIII-D and is expected to be used by FOM in the Netherlands,
at the Los Alamos National Laboratory, and the CO; pump laser (also devel-
oped here) 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 the heterodyne intermediate frequency generated in the system. This
variation in the IF and/or output power can cause tracking problems and
phase errors in detector systems, phase comparators, etc. With the linear
cavity design currently in use, feedback from an experiment enters the cavity
and pulls the absolute frequency of the laser by an amount which can be
significant in relation to the IF. For example, because of the geometry of the
DIII-D experiment, the laser system has experienced frequency pulling by up
to 50 times the scale of the plasma fluctuations rendering the associated data
meaningless. To a lesser extent, this laser system also experiences instabili-
ties when CO, laser radiation feeds back from the IR cavity into the CO;
laser, pulling its frequency and power (which is followed in the FIR laser).
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Figure 12 Absolute laser frequency under the influence of
strong feedback which sweeps the gain profile for lincar (upper)
and ring configurations (note different scales).



Figure 13 Perspective view of a two-dimensional horn imag-
ing array.



The effects of feedback on both lasers can be entirely eliminated by use of a
ring laser cavity, which is shown in Fig. 11. For certain operating conditions
(inhomogeneous broadening in the FIR medium), the FIR feedback radiation
is not resonant with the same particles producing the power, so frequency
pulling is eliminated. Also, it is impossible for the CO, 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
[1] 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 um and 393 um, another ring laser with dimensions suitable for use
in a plasma diagnostics experiment has been built and operated. Improved
output in Methanol at 118 um and in formic acid at 393, 419, and 432 um
has been achieved along with output of 2 mWatt in isotopic methyl fluoride
(C¥H3F) at 1222 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. 12). In addition, several unexplained features
in the gain profile for the different directions have been observed which may
or may not relate to a Lamb dip or standing wave or traveling wave gain
asymmetries [2,3]. Thus, advances in laser research may result from the ring
laser program, as well as a more stable source for plasma diagnostics.

IV. IMAGING ARRAYS

Considerable effort has continued in the development of one-and two-
dimensional imaging arrays for advanced diagnostics applications such as
holographic reflectometry and tomographic interferometry/polarimetry. Our
work during the past year has been concerned with the development of two-
dimensional horn imaging arrays at 90 GHz (and eventually beyond) as shown
in Fig. 13. These will initially employ microbolometer detector elements and
eventually Schottky diodes.



Figure 13 Perspective view of a two-dimensional horn imag-
ing array.



During the last year we have developed the electronics necessary to oper-
ate millimeter-wave horn imaging arrays for the initial tests proof-of-principle.
This consists of banks of multiplexers connected to the array elements. A
computer selects the microbolometer detector of each element in turn, and
connects it to a two-channel lock-in amplifier. This allows both the magni-
tude and phase of the signal to be determined. To protect the bolometer
from current transients, a protective short must first be switched across the
bolometer under investigation. The bias current is then switched into the
bolometer and the short, and the short is removed. The signal from the
bolometer is then recorded. The short is switched back on before moving to
the next element. This will be permit an image to be recorded automatically
with the array.

The aperture efficiency of horn array elements is approximately -3.4 dB.
A large part of the loss (2.2 dB) is due to impedance mismatch between
the bolometer and the antenna. To accurately characterize this loss and
evaluate improvements, it is desirable to have an accurate aperture efficiency
measurement system.

The aperture efficiency of the arrays was previously measured by illu-
minating the arrays with a millimeter-wave signal chopped at 1 kHz, and
inferring the received power from the signal voltage and the measured DC
voltage responsivity. The ratio of this quantity and the power incident on
the horn is the aperture efficiency. This procedure requires the use of a fre-
quency response factor to link the DC and AC measurements. These factors
are difficult to measure, vary from bolometer to bolometer and change with
time.

An investigation of accurate efficiency measurement techniques was un-
dertaken to find methods not requiring frequency response factors. The most
promising is a DC technique which uses an accurately measured DC power
for calibration against the millimeter-wave signal. A DC current source feeds
the bolometer through a potentiometer. The voltage across the bolometer
and the bias current (the voltage across the series resistor) are measured by
accurate meters connected to a computer which averages multiple voltage
readings. First, the power deposited in the bolometer is calculated using the
measured current and voltage. The millimeter-wave signal is then applied
and the total power dissipated in the bolometer determined from the voltage
and current. This value represents the sum of millimeter-wave power and
bias power. The millimeter-waves are then blocked and the bias current in-



creased by turning the potentiometer, to produce the same power dissipation
as in the previous measurement. The difference between this and the initial
power value, is the absorbed millimeter-wave power. This technique uses no
conversion or frequency response factors. We believe it will give results to
an accuracy of 1%.

For accurate aperture efficiency measurements it is also desirable to have
many stable bolometers. This is also required for the imaging array work. We
have decided to return to a “one-step” bolometer fabrication procedure which
we have not performed for about 2 years. This consists of evaporating the
antenna and thence the bolometer at a different angle under a photoresist
bridge. Importantly, the two evaporations are perfcrmed in one-step with
the device always under vacuum. This ensures excellent contact between
the antenna and bolometer. Our current “two-step” method uses two liftoff
cycles and is not providing sufficient bolometer yield or quality for these
measurements. This situation has arisen because we can no longer use our
electron beam evaporator for bismuth films. It is being used for another
preject which requires a very clean environment. Our thermal evaporator
produces poorer results with the two-step procedure.

A major problem in the far-infrared region is the lack of well calibrated
power measurement devices. This is a problem in absolutely calibrating FIR
diagnostic systems. Therefore, during last year we have begun a program to
develop a large area membrane supported bolometer. These devices have the
potential to be very accurate power density meters. They will be valuable
for efficiency measurements and may be integrated into the horn arrays at
some stage.

Present designs are 1 square centimeter bismuth films on a Mylar mem-
brane 2 mils thick. The membrane is stretched on a frame and the bismuth
evaporated through a mask of copper sheet. We are very excited with the
latest results from this project. Responsivities of up to 1 V/W and NEP's
of 10 nV/vHz at 10 Hz have been obtained. We have developed a simplified
construction technique in which the Mylar film is stretched in an embroidery
hoop and glued to a metal ring while in tension. The stretching apparatus
is then discarded leaving only the thin metal ring and the film. We monitor
the resistance while we evaporate the bismuth to obtain 188 Q0 per square
(half the impedance of free space).

We are currently examining environmental factors which affect the re-
sponsivity and noise of the bolometer. We measured the responsivity in
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vacuum and found that it increased from 80 Q/mW in air to 260 Q/mW.
We interpret the lower responsivity in air as due to convection cooling. We
tried to reduce the air cooling by enclosing the bolometer between two ad-
ditional membranes spaced half an inch apart. We hoped that this closed
cell would reduce the air currents. The responsivity was the same as that
in the open air, however the noise was greatly reduced. This is shown in
Fig. 14 which gives the resistance change induced by 1.5 mW of millimeter-
wave power for the two cases. The same bolometer and bias current was
used for both measurements, however the measurements were taken a few
days apart and the bolometer resistance has changed slightly. (The straight
lines in Fig. 14(a) represent running means of the data and are not a true
indication of the responsivity of the bolometer in this very noisy measure-
ment.) We next tried sandwiching the bolometer membrane tightly between
two polystyrene sheets. We thought this might increase the responsivity. It
did not, but it decreased the noise due to thermal infrared radiation. The
bolometer is so sensitive that it easily detects the infrared radiation from a
person walking into the laboratory, even if they are not in the line of sight. A
thermal infrared shield which is transparent to millimeter-waves is therefore
desirable. Polystyrene is a particularly good filter in this case because its
millimeter-wave refractive index is so low that etalon effects are nonexistent.
Its millimeter-wave absorption is also very low. Tests show that 23 inches of
polystyrene is necessary to absorb most of the infrared radiation produced
by sources commonly found in the laboratory.

Eventually, one wishes to employ more sensitive detectors in the horn
arrays and to employ heterodyne detection. Recently, therefore, we have
begun to investigate mixer technology for the horn arrays. This is a collab-
orative program between Aerojet Electro Systems and Caltech and is not
supported by DOE, but the results are relevant to the DOE program. This
is a summary of that research.

Our initial experiment uses commercial beam-lead detector diodes (Mar-
coni DC-1346) and a modified antenna designed for 93 GHz. Tests indicate
that it is possible to mechanically place the diodes in position on membranes
as thin as 1.5 um without breaking them. The beams are then bonded to
the antenna pads with gold epoxy. Membranes 5 um thick will be used as
they have greater strength. We have decided to use a single diode for these
experiments. We will test it in video mode first, and then as a mixer at
low IF’s. It may be desirable to test a balanced mixer at some future date.

8
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Figure 15 shows the antenna and diode mounted on the membrane surface.
The antenna is a half-wave dipole with a half-length of 0.2 A. The coplanar
strip transmission line leading from to antenna from the membrane edge has
been widened, compared to the standard design, to allow room for the diode.
This raises its characteristic impedance, but the quarter wave section still
acts as a good millimeter-wave block as it is terminated at the membrane
edge by a 2  load.

A number of arrays incorporating these antennas and an appropriate
contact geometry to connect to each element have been fabricated and diodes
installed. Testing will be carried out soon.

V. MONOLITHIC FREQUENCY MULTIPLIER GRIDS

There is a serious need for compact, tunable sources in the 100-1000
GHz region for applications such as reflectometry, both in current tokamak
devices as well as the next generation of devices such as CIT. Unfortunately,
conventional tube and solid-state sources fail to satisfy this need.

An examination of conventional tube and solid-state source technology re-
veals a serious deficiency. Frequency multipliers, which provide much higher
frequencies by genecrating harmonics of the fundamental frequency from solid-
state oscillators operating at lower frequency, have, therefore, been exten-
sively employed in recent years. Although impressive frequencies and effi-
ciencies have been achieved with these discrete devices, the power levels are
limited by the maximum pump power that can be tolerated by each diode.
The approach that we have taken in our work to provide a watt level solid-
state source is to utilize a grid array containing thousands of diodes for the
frequency multiplication. This approach is attractive because the grid is
monolithically integrated with thousands of Schottky diodes thereby result-
ing in potentially low-cost fabrication and small-size realization. In addition,
it overcomes the power limitations of a single-diode multiplier because power
is distributed among many diodes making possible watt level output power
throughout the millimeter wave region.

Our original development work in this area involved monolithic GaAs
Schottky diode grid doubler arrays and discrete silicon MOS diode doublers.
This work demonstrated the promise of the concept and led to our more
recent work involving advanced blocking barrier structures to form natural
tripling configurations.
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Recently, a monolithic planar grid frequency tripler array with GaAs
barrier-intrinsic-N* (BIN) diode grown by MBE has been developed as shown
in Fig. 16. The GaAs BIN diode eliminates the problem of low fabrication
yield associated with the thin MOS structure and takes advantage of the
higher mobility of GaAs. Due to the blocking barrier, two diodes can be
operated back-to-back generating a sharp spike in the capacitance-voltage
curve. The height and width of this capacitance-voltage characteristic can,
in principle, be adjusted by doping control alone thus eliminating the need
for an external DC bias. This arrangement needs no external ohmic contact
resulting in a highly efficient frequency tripler.

The metal grid we have designed for the BIN diode tripler consists of
a columnar mesh of aluminum strips with Schottky electrodes on each end
as shown in Figure 17. The period of the grid is again chosen to be about
half the dielectric wavelength to avoid exciting substrate modes. The small
dimensions and rectangular shape of the Schottky electrode are designed to
minimize the zero-voltage capacitance and series resistance of the device,
respectively. This arrangement leads to a high cutoff frequency for the BIN
diode. The two neighboring Schottky electrodes are designed to provide a
back-to-back configuration for two adjacent BIN diodes. The design requires
only one metal pattern, which greatly facilitates the fabrication.

The initial BIN diode structure was grown with a 1500 A epitaxial layer
using a conservative fabrication design ( 2 x 5 um?). It should be mentioned
that the large active diode area was chosen for the proof-of-principle studies
in order to ease the fabrication. This gives an RC-limited cutoff frequency of
640 GHz. Figure 18 shows the symmetric capacitance-voltage characteristic
measured from the back-to-back configuration of two BIN diodes provided
by our metal grid design. This measurement demonstrates the concept of
tripling operation with two back-to-back connected BIN diodes.

In this work, we have extensively used a nonlinear circuit analysis pro-
gram in order to evaluate the efficiency of tripling operation from two BIN
diodes under the back-to-back configuration. In addition to this, the pro-
gram has been used to evaluate the importance of diode and embedding
network parameters. An interpolation subprogram has been developed and
employed in the nonlinear analysis program in order to use the experimen-
tally measured C-V data. For an optimized input power of 9 mW per diode,
a maximum tripling efficiency of 250output frequency of 99 GHz is predicted
for the particular GaAs BIN array that has recently been fabricated (see Fig.
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Figure 16 Structure of the GaAs BIN diode tripler.
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Figure 17 Mectal grid design for BIN Diode Tripler.
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Figure 18 Symmetrical capacitance-voltage characteristic
from two back-to-back connected BIN diodes.
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Figure 19 Tripling efficiency versus input power at different
output frequencics.
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A new quasi-optical diode-grid tripler design has also been developed as
shown in Fig. 20, where power at the funda 1ental frequency enters from the
bottom, through an input tuner. The blazed grating plate (which functions
as a high-pass transmission filter) reflects the incident pump power at the
fundamental frequency to the diode grid on the left, and the metal mirror
behind the diode grid again reflects all the harmonics back to the grating
plate. Different harmonics are then diffracted in different directions. The
third harmonic is designed to exit in the desired direction passing through
an output tuner while the grating appears as a mirror to the pump frequency.
It should be recalled that, due to the symmetric capacitance-voltage char-
acteristic of two back-to-back connected GaAs BIN diodes, even harmonic
currents cancel, therefore even harmonic idler circuits are unnecessary. This
can also be seen clearly from the large signal nonlinear circuit analysis study.

Using the quasi-optical diode-grid tripler configuration, preliminary tests
have yielded approximately a watt output at 99 GHz with an efficiency of
8.5% from a total of approximately 6000 BIN diodes on the 15 cm? wafer.
This experimental measurement is in good agreement with the large sig-
nal nonlinear circuit analysis prediction (see Fig. 19). The successful de-
velopment of this watt-level monolithic diode-grid multiplier array in the
millimeter-wave region has been presented in the 1988 International Elec-
tron Devices Meeting (IEDM). '

It should be mentioned that this preliminary result was performed in the
low input power region. However, an optimized pumping operation promises
increased performance is also limited by the parameters of the diodes, such
as series resistance and zero-bias capacitance. Higher efficiency is possible
with realizable fabrication technique. To improve the performance of the BIN
diode grid frequency multipliers, we plan to concentrate on the optimization
of both the device structure and pumping condition in the proposed studies.
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Figure 20 Quasi-optical diode-grid tripler configuration.
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