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In recent years, members of the Maryland Theory Group have made

significant contributions to the national fusion theory programs, and, in

many cases, these theoretical developments helped to interpret

experimental results and to design new experimental programs. In the

following, we summarize the technical progress In five major areas: (i) RF

interaction wlth plasmas including wave propagation and RF heating, (ii)

spheromak formation, equilibrium, and stability; (ill) stability of

nonaxisymmetric systems (EBT, mirrors, etc.); (iv) stability theory of

toroidal plasmas (tokamak, RFP, etc); and (v) nonlinear theory.

(I) RF Interaction with Plasmas

During the last year researchers at the University of Maryland have

examined a number of theoretical problems in the area of RF heating.

These include wave absorption by ions in the lower hybrid frequency range,

ECRH i_duced parametric instabilities, and Alfv_n wave heating in

spheromaks. A brief description of these follows.

(a) Wave Absorption by Ions in The Lower Hybrid Frequency Range.

The motion of a charged particle in a static, homogeneous magnetic field

and a coherent electrostatic wave, whose frequency is much greater than

the particle gyrofrequency, has been studied in detail by Karney. Karney

found that there is a threshold in wave amplitude above which widespread

diffusion of the particle energy (i.e., heating) occurs and below which

the particle energy remains bounded. Typically in lower hybrid heating

experiments (in particular recent experiments in Alcator A) the wave

__U_ON oF THISnOCUM_NT_ _Nt!_lr_

°"



4

6 ._

amplitude is not sufficiently high to exceed the threshold at which

heating begins to occur. Nevertheless ion heating is observed. We have

found that, if one includes the effect of the magnetic field inhomoge-

neity, then the motion of the particle can become diffusive and unbounded

for values of the wave amplitude well below the threshold in the constant

magnetic field case. The heating predicted by our theory is not as strong

as would be found if the ions were unmagnetized. However, it could

explain the presence of a small number of energetic ions which would

increase the neutron production rate (an experimentally observed effect).

(b) ECRH Induced Parametric Instabilities in Tokamaks. Parametric

decay processes near the upper hybrid frequency may play a significant

role during the start-up of a tokamak reactor when ECRH is used for

preionization. In addition, recent ECRH experiments on the Versator II

tokamak confirmed the presence of a three-wave interaction process at

upper hybrid resonance layer. We have developed a theory of parametric

decay at the upper hybrid resonance which includes the effects of linear

mode conversion of the high frequency daughter wave and both resonant and

nonresonant excitation of low frequency (lower hybrid) waves. Our

calculations show that this process has an extremely low threshold and

therefore will be important for upper hybrid resonance heating experiments

in small devices and for ECR pre-ionization in large devices.

(c) Alfv_n Resonance Heating of Spheromaks. We have developed a

simple model for the study of Alfv_n resonance heating in spheromaks, by

considering a force-free cylindrical equilibrium with zero toroidal B

field at the cylinder edge. This model is relevant to the case of a

spheromak with a large flux hole. Finite m/_ci is included in the

calculations. Asymptotic analysis is used to describe the absorption
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physics in the region of resonance. Enhanced absorption can result from

the effect of strong shear which increases the resonant layer width if the

wave number is predominantly in the toroidal direction. Alternatively,

absorption can be made low by increasing the poloidal component of the

wave number. In this case damped resonant cavity modes would be excited.

(2) Spheromak

During the past year a number of problems relevant to the formation

and macroscopic stability of spheromak have been addressed. These are:

two dimensional simulations of spheromak formation, relaxation to

equilibria with flow, and studies of MHD stability of spheromaks. A

discussion of each of these problems follows.

(a) Spheromak Formation. A study of the formation of the proposed

spheromak experiment at Maryland (G. C. Goldenbaum, A. W. DeSilva, et al.)

has been undertaken. The time scale for the formation in this device is

considerably longer than in earlier experiments at Maryland. Thus, it was

necessary to modify our existing two dimensional transport/formation code

by inclusion of a large ion viscosity so that the physics on the longer

time scale could be modelled. In addition, metal walls are envisioned for

the new experiment, for impurity control. Present plans are to use a

rather thick metal container which necessitates that the reversing coils

be inside the container. Accordingly, the boundary conditions in the code

have modified both at the walls and at the surface of the reversing

coils.

With nominal machine parameters, the code shows that a well-formed

spheromak configuration is formed within 20 microseconds. We have also

observed several important factors in the generation of self toroidal



fields in a spheromak formed by our new metal wall formation scheme. In

particular, compression of the toroidal field, especially in the phase

immediately after the plasma pulls away from the coil, amplifies the self

toroidal field. Perhaps more important is that closed pololdal currents

are initially formed by a field generation (dynamo) action. By this

mechanism poloidal field is transformed to toroidal field by means of a
I

toroidal plasma flow that is antisymmetric about the midplane. This 1

antisymmetric flow is due to the interaction between the Iz current

supplied by the electrodes and the vertical field.

Parameter searches are being performed to optimize the formation, in

particular to minimize the time that the plasma is in contact with the

reversal coil and to test the dependence of the results on anomalous

resistivity and radiation. This work is being done in close collaboration

with the Maryland experimental staff to aid in optimization of the design

of the experiment.

(b) Relaxation of Compressible Plasmas with Flow. Relaxation of

compressible plasmas to an equilibrium state with flows has been studied.

The MHD equations with the added assumption of large parallel thermal

conductivity and ergodic magnetic field lines show that the cross

helicity, f v.B, is an invariant even when plasma compression is

included. This is not the case for the ideal MHD equations with an

adiabatic equation of state. The other invariants are total energy, mass,

magnetic helicity, and possibly angular momentum. Equilibria are found by

maximizing entropy while conserving the invariants. In this way

equilibria with flow are generated. Sufficient conditions for the

stability of these equilibria are then determined from considerations of

the second variation of entropy.
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(c) Ideal MHD Stability of Spheromaks. We have investigated several

effects on the ideal MHD n=l stability of spheromaks. These effects

include plasma shape (i.e. vertical field index), flux hole size,

smoothness of the current profile near the edge of the flux hole, wall

position, and line tying (Finn and Reiman [1981]). We found that flux

hole size and current profile smoothing are stabilizing up to a point

(where the flux hole takes roughly one third the volume within the

separatrix). We also found substantial stabilization due to line tying,

both in reducing the growth rate of the modes and in providing

stabilization with the walls further removed• We found that, with line

tying, the axial walls (end plates) can be removed as long as the radial

wall is sufficiently close. The optimum shape of the plasma for stability

to both tilt and shift modes was found to have a diameter to length ratio

of 0.6, nearly independent of all other parameters (including line tying).

We have extended the work of Finn and Reiman [1981] by a more

extensive parameter search and by investigating the effect of a second

plasma shape (squareness-trlangularity) parameter on tilt and shift mode

stability (Marklin [1982]). We have found that a triangular shape is more

stable for longer (tilt unstable) plasmas and a square shape is more

stable for very oblate (shift unstable) plasmas, but for plasmas with

optimum elongation (length/diameter ratio near 0.6) the squareness-

triangularity parameter has little effect•

We have also investigated n=2 modes and found the plasma shape is not

an important factor. The safety factor at the magnetic axis qa is found

to be the determining factor; for qa > 0.55 these modes are stable• This

value agrees with the condition qa > 0.6 obtained in the infinite aspect

ratio (cylindrical) limit.
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(3) Theory of Non-Axisymmetric Configurations (EBT, Mirrors).

During the past year research at the University of Maryland has been

carried out in the investigation of nonaxisymmetric config¢irations such as

EBT and magnetic mirrors. In particular, problems concerning the

stability of hot electron plasmas, the stability of anisotropic

=-particle distributions in tandem mirror reactors and the cyclotron

emission from nonthermal electron distributions have been studied.

(a) Stability of Hot Electron Plasmas. Previous analyses of

curvature driven modes in hot electron plasmas have focused on flute

modes, that is, modes with no variation along the confining magnetic

field. In our work we considered modes for which the dependence of

perturbed quantities along magnetic field lines is important. We found

that allowing along-the-field-line variation of perturbed quantities is

destabilizing for two reasons: first, hot particles which in their

streaming motion sample spatially varying fields do not act as a rigid

ring; second, the bending of field lines, which requires energy, can

destabilize negative energy modes. These effects in the absence of finite

hot electron gyroradius reduce the region of parameter space where stable

operation of a hot electron plasma would be predicted. This underscores

the importance of finite gyroradius effects in determining the stability

of hot electron ring systems.

We have also analyzed the stability of low mode number perturbations

in a bumpy cylinder with a narrow hot electron annulus. In this case the

general two dimensional structure of the mode becomes one dimensional due

to the thinness of the hot electron annulus. Our major finding was that

for thin annuli the compressional Alfv&n mode predicted by local theory is

stabilized, and that the coupled ring plasma interchange _node is described
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by a one dimensional equation similar to that of the z pinch geometry.

(b) Alpha Particle Driven Alfv_n Wave Instability in Tandem Mirrors.

Because their energies greatly exceed the plug potential, fusion

reaction alpha particles in a tandem mirror reactor will be mirror

confined rather than electrostatlcally confined by the end plugs. Hence,

the alpha particle distribution function will have a loss cone. This

anisotropy in the distribution function destabilizes Alfv_n waves in the

central section of a tandem mirror reactor. The growth rate is determined

by the resonant particle part of the plasma response. Destabilization of

the wave occurs due to a cyclotron resonance of the alpha particles. The

resonant interaction of the wave with the alpha particles will pltch-angle

scatter the alphas into the loss cone, effectively widening the loss

cone. In a typical fusion plasma (central ion temperature Tio = 20 keY,

central electron temperature Teo = 20 keV, central beta Bc = 0.4, vacuum

magnetic field Bv = 3T) we find 60% of the alpha particle energy is lost

when the effects of the instability are included, whereas only 17% is lost

without the instability. Parameters for reactor operation can be found

for which this effect is minimized.

(c) Synchrotron Emission From a Relativistic Loss-Cone Distribution.

We have derived analytic expressions for the power emitted per unit

volume per solid angle per unit frequency at perpendicular propagation as

synchrotron radiation from a relativistic loss-cone distribution of

electrons and compared them with exact numerical results. These

expressions are useful for understanding how the radiation scales with

various parameters and for inferring properties of the plasma from

measurements of the radiation. As an example we have shown that the

temperature and loss-cone angle of the electron distribution in the ELMO
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Bumpy Torus (EBT) ring can be determined in a straightforward fashion from

the ratio of radiation in the two polarizations at two frequencies. Also,

we demonstrated that the loss-cone angle can be determined from the

frequency at which this emission ratio is a minimum, even if the emission

ratio itself cannot be measured very accurately.

Furthermore, we have investigated numerically synchrotron emission

from a relativistic anti-loss-cone (runaway) distribution and compared the

results with various analytical approximatlns. Our calculations were

applied to recent measurements of enhanced emission during RF current-

drive experiments on PLT.

(d) Drift-Ideal Magnetohydrodynamics. The ideal magnetohydrodynamic

equations have been extended to include the frequency range m < md and

mci < m where m is the frequency of interest, md denotes any equilibrium

drift frequency, and mci is the ion cyclotron frequency. Such a frequency

range is of interest in stability considerations for the ELMO Bumpy Torus

and the Tandem Mirror fusion devices. Relative simplicity is attained by

treating the hot particles as a fluid. The resulting equations were

linearized and a normal mode analysis was performed to obtain the flute-

like modes of the system. Application was made to the straight field line

case and to a z-pinch with no axial field. In the high frequency limit

(m << m), the usual ideal magnetohydrdynamic modes were recovered. In
d

the low frequency limit (m << md), an interchange-type instability was

identified in the z-pinch case.

(4) Stability and Nonlinear Evolution of Modes in Tokamaks.

In the past year a great amount of effort at the University of
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Maryland has been devoted to the study of macroscopic instabilities in

tokamaks. This work has application to the study of both major and

internal disruptions. The problems that have been considered are: the

linear theory of tearing modes including diamagnetic and electron

temperature gradient effects including the formulation of linear tearing

instabilities in toroidal geometry, the development of nonlinear reduced

fluid equations for tokamaks, numerical computation of the nonlinear

excitation of modes by an m=2 island, nonlinear simulation of drift

tearing modes, and an integral formulation for drift tearing modes

treating the ion gyroradlus to all orders. A description of these

follows.

(a) Linear Theory of Tearing Modes. The stability of the tearing

mode in both slab and axisymmetric toroidal geometry has been investigated

by solving the linearized Braginskil fluid equations. In slab geometry

the tearing layer equations depend on three dimensionless variables:

2 2

(I) 8 = 8 L21L2n;s (2) C = (geil_0,n)Cme/mi)LslLn; and (3) A'0 s,

representing the plasma 8, collisionallty, and MHD driving energy,

respectively. At very low 8 the tearing mode is unstable and is purely

growing. At higher 8 pressure driven parallel currents become important,

and the mode evolves into the flnite-frequency, drlft-tearlng mode. In

the presence of a temperature gradient (?T) and parallel thermal
e

A

conduction, these pressure driven currents continue to increase with 8,

^ _~
eventually stabilizing the tearing mode when 8 ~ A'ps. When > I, the

pressure driven currents become so large that the magnetic perturbations

i in the vicinity of the rational surface (_-B = 0) become disconnected from



I
14 • I

I
those in the MHD region. In this limit there exist two classes of modes,

a magnetic mode which is strongly localized around the rational surface

and an Aifv_n-like mode which connects to the ideal MHD solution

(A') far from the rational surface but which is shielded from the rational

surface and so does not form a magnetic island. Since A' does not have a

destabilizing influence on either of these modes, the tearing mode
A

essentially does not exist at high B. In a large aspect ratio torus,

these pressure driven currents dominate the stabilizing influence of

average favorable curvature over most of parameter space. For the m=2

tearing mode, present tokamak discharges are approaching the stability

boundary while future higher temperature discharges should be completely

stable.

In toroidal geometry we have obtained a coupled set of ordinary

equations which describe the resistive layer for tearing and resistive

ballooning modes. These equations are qualitatively similar to those that

apply in slab geometry; the main difference being the appearance of

average curvature terms which tend to be small in a large aspect ratio

tokamak. Thus, we believe that the stabilizing effects that we have

observed in slab geometry will carry over to toroidal geometry.

(b) Nonlinear Reduced Fluid Equations for Toroidal Plasmas. We have

derived a system of nonlinear equations from the Braglnskii fluid

equations to describe low frequency resistive modes in a finite B toroldal

plasma. The system consists of five coupled equations for density,

electron temperature, velocity stream function, flux function, and

parallel velocity. However, simpler systems can be derived from special

cases, in particular resistive MHD. These equations are distinguished

from the standard reduced resistive MHD equations in two respects: first
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we have included previously neglected effects such as average favorable

curvature and compressibility which are known to be important in the

linear theory of resistive modes. These effects enter when one considers

modes whose characteristic growth time is much longer than the shear

Alfv_n time. Second, we have included all relevant electron diamagnetic

terms which have been found to stabilize linear tearing modes in high

temperature plasmas as discussed previously. Numerical solution of these

equations would allow one to test the hypothesis that the degradation of

energy confinement in beam heated tokamaks is due to resistive ballooning

modes.

(c) Nonlinear Interaction of Tearing Modes of Different Helicities.

It is well known numerically that a large amplitude q=2 tearing mode

can destabilize short wavelength perturbations. This mechanism is

believed to be important for understanding the disruptive instability in

tokamaks. However, the physics of this destabillzatlon is not understood.

We have considered this proble m using a nonlinear cylindrical resistive

MHD code. We have shown that the q=2 island produces current profiles

with sharp gradients and generates large azimuthal flows. The sharp

current gradient destabilizes short wavelength tearing modes, while the

spatial variation of the plasma flow drives the Kelvin-Helmholtz

instability. This velocity shear flow instability exists even in the

ideal limit and may be the mechanism for disruptions in tokamaks.

(d) Nonlinear Evolution of Drift Tearing Modes. As drift tearing

modes grow, they are expected to eventually flatten both the temperature

and the density gradients in the vicinity of the magnetic island.

Parallel thermal conduction along the nonlinear magnetic field flattens
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the temperature profile, whereas bulk fluid motion driven by parallel

pressure gradients flattens the density graldent. We have developed a

nonlinear, initial-value code to investigate flattening of the density

gradient due to parallel flow. This code has been checked in the linear

regime and yields results consistent with linear theory. The code also

correctly reproduces the Rutherford regime. Preliminary results indicate
i

that the density profile indeed flattens once the island width exceeds I

some critical width.

(e) An Integral Formalism for Electromagnetic Perturbations in a

Low B Plasma. During the last few years a number of papers have appeared

that study the stability of drift waves by solving an integral eigenvalue

problem. These works, however, are limited to the case of electrostatic

perturbations.

We have developed a theoretical and numerical formalism for electro-

magnetic perturbations that takes into account finite ion gyroradlus and

kinetic ion effects. By using a Fourier representation for _(x) we

derive, from AmpereSs law, a differential equation for a modified GreenSs

function (in k space) that contains the effects due to magnetic

perturbations. This equation is solved simultaneously with an integral

equation (equivalent to the quasineutrality condition in kspace) to

obtain the eigenvalues and this formalism has been applied to the study of

corresponding eigenfunctlons.

(5) Nonlinear Theory

During the past year researchers at the University of Maryland have

pursued a number of problems relating to nonlinear phenomena and anomalous

transport. These are saturation of the lower hybrid drift instability,
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the transport resulting from two electrostatic waves, the quasilinear

evolution of the self-filamentation mode (which is driven by the electron

temperature gradients in low shear magnetic configurations) and a

numerical study of thermal equalibria in tokamaks, and their relation to

major disruptions.

(a) Saturation of the Lower Hybrid Drift Instability. The lower

hybrid drift instability can cause anomalous transport in plasma

configurations with strong density gradients and weak magnetic shear (such

as FRC's). We have completed a detailed study of the saturation of this

instability and the self-conslstent particle transport. A wave equation

describing the nonlinear coupling of flute (k.B = 0) lower hybrid drift

modes in a finite 8 plasma has been derived and then solved numerically

using a spectral method code developed by Fyfe, Joyce and Montgomery

(1977). The saturation amplitudes and transport coefficients have been

computed as functions of the ratio of ion Larmor radius to density scale

length. Excellent agreement is obtained with fluctuation measurements on

the Garchlng 8-plnch (no adjustable parameters).

(b) Stochastic E × B Particle Motion. The simplest model for

studying cross field transport due to pressure driven modes consists of

two traveling waves with differing phase velocities. When only one wave

is present, the motion of the particle is constrained to lle on a constant

potential surface. The addition of a second wave with a phase velocity

different from that of the first destroys this constant of motion and

leads to particle transport. We have shown numerically that widespread

stochastlclty exists when two criteria are met: (I) the E x B drift

velocities produced by the waves are commensurate, and (2) the total

E x B drift velocity exceeds the phase velocity of each wave. The scaling
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of the transport with the wave electric field amplitude E has also been

considered. An analytic theory of Dupree predicts that the cross field

particle diffusion coefficient D scales linearly with E for large E. We

have found a much weaker scaling; D increases no faster than _I/2.

(c) Quasilinear Evolution of the Self-Filamentation Mode. A high-8

plasma immersed in a uniform magnetic field with a cross-field electron

temperature inhomogenelty may spontaneously develop current filaments

aligned with the field. This "self-filamentation" mode, driven by the

temperature gradient, is essentially the shear-free version of the

temperature gradient driven tearing mode. The concomitant transverse

magnetic fields arising from this purely electromagnetic instability bring

into thermal contact unequal temperature surfaces thus leading to a

quasillnear relaxation of the temperature gradient. An analytical and
i

numerical study of this mode has been carried out. We have obtained

results showing mode saturation, quasillnear flattening, and anomalous

heat transport.

(d) Thermal Equilibrium in Tokamaks. Thermal equilibrium in

tokamaks has been studied by solving energy balance equations numerically.

Three basic types of thermal equilibria are found depending on different

boundary temperatures. The presence of a cusp catastrophe structure in

curves of the temperature versus the density in the case of low boundary

temperature indicates the existence of a density limit for thermal

equilibrium. The result that the catastrophe is of the cusp type means

that the thermal instability is controllable and removable. The thermal

equilibrium with higher boundary temperature has a monotonic structure of

the temperature versus the density, indicating good confinement

characteristics.
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Task II: Electron Cyclotron Emission Diagnostics for Mirror Machines

(R. F. Ellis, Principal Investigator).

I. Task Description

Purpose: Present and future large mirror machines (TMX-U, MFTF, TARA,

etc.) rely greatly on hot electrons generated by electron cyclotron

resonance heating (ECRH). The physical state of these hot electrons is

quite complicated in that they may vary in density, energy, and spatial

extent and their energy distribution function will be non-Maxwelllan. The

purpose of this project is to develop electron cyclotron emission

diagnostics which allow a time and space resolved measurement of hot

electron properties in mirror machines.

_ / While primary emphasis of the project is on thermal emission, work

has also concentrated on the measurement of non-thermal instability

generated emissions and their effects (enhanced losses, etc.) on the hot

electrons and overall plasma behavior. Our diagnostics provide the only

direct information about the mlcrostabillty of the hot electrons.

We note that while cyclotron emission diagnostics on tokamaks have

received extensive consideration we are apparently the sole group applying

these methods to the more complicated case of mirror machines.

Approach: Our approach is to develop and operate electromagnetic

radiation detectors (microwave receivers or quasloptlcal systems) and

antenna systems to measure electron cyclotron emission from hot electrons

in the end cell of TMX-Upgrade, and in the future on TARA. Our results

are compared with current theoretical models and correlated with other
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machine diagnostics.

Because the hot electron cloud in an ECRH heated mirror is

characterized by a number of parameters, to obtain maximum information it

is necessary to measure emission both parallel to the magnetic field in

the whistler mode and perpendicular to the magnetic field in the

extraordinary mode; moreover, observation at different frequencies is

highly desirable. The reasons for this are the following:

a) Emissions in the two directions are sensitive to different

moments of the electron energy distribution and different spatial

variations.

b) Utilizing different frequencies allows one to obtain both

optically thick (emission independent of density) and optically thin

emissions and the combination should allow a determination of both

the average energy and the hot electron density. Moreover, different

frequencies are sensitive to different energy electrons.

c) In the area of instability generated emission, we can observe

instabilities over a wide frequency range and for different

propagation directions. We can correlate non-thermal emission at one

frequency with changes in emission characteristics at another,

allowing an assessment of the effect on the hot electrons.

Thus, our approach on TMX-Upgrade and eventually on TARA is to

develop receiving systems which view the end cell hot electrons both

perpendicular and parallel to B in both optically thick and optically thin

regimes. As described in the next section, a fair fraction of this has

been accomplished and our goal in the next contract period is to

demonstrate the effectiveness of this approach.
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• 2. Technical Progress

During the past contract period we have made considerable technical

progress, both on an in-house experiment on the Maryland Mirror Machine,

which has been completed, and on TMX-Upgrade.

Maryland Mirror Machine: Studies of whistler mode emission parallel to B

for a Maxwellian plasma were conducted for the first time and compared

with theoretical models. Virtually all aspects of the theory were

confirmed and the results established the whistler as a viable mirror

machine diagnostic. A number of publications I and an invited paper 2

resulted from this work, which has drawn to a close.

TMX-Upgrade: We have been conducting experiments 3 on TMX-U from its

inception and our project at LLNL is presently staffed by a full time

research associate and full time graduate student. In addition, we have

received considerable experimental support from T. Casper of LLNL,

engineering support from the diagnostics group on TMX-TT, and theoretical

support from C. Celata of Dartmouth College. Capsule descriptions of

areas of progress are given below.

i. A comprehensive model of whistler emission from both warm and hot

anisotropic electrons on T_-Upgrade was developed. 4 This model has been

successful in describing the experimental results.

2. High sensitivity microwave receivers in the 12-18 GHZ and 26-40

GHZ bands were constructed and installed on TMX-Upgrade. These receivers

now operate routinely.
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3. A sophisticated dish antenna system viewing the TMX-U end cell

along the B lines was installed prior to initial TMX-U operation.

Whistler emission at 12-18 GHZ has been measured since July 1982 and

whistler emission at 30-40 GHZ since January 1983. A crude perpendicular

viewing system has been installed on TMX-Upgrade and measurements made of

emission in the 30-40 GHZ band since January 1983.

4. Whistler emission has proven to be a useful diagnostic and the

results are in bubstantlal agreement with theory. The major results are:

a) For frequencies less than 13 GHZ the emission is optically thick during

hot electron experiments and the derived hot electron temperature is in

agreement with measurements from other diagnostics; b) Emission at 14-18

and 30-40 GHZ is often optically thin and depends critically on the axial

extent of the hot electron cloud; this frequency range is useful for

estimating the cloud axial length.

5. Perpendicular extraordinary mode emission at 30-40 GHZ has been

measured. This emission is optically thin for present parameters and is a

very useful diagnostic for observing buildup of the hot electron density.

6. Instability generated emission has been detected in the frequency

range 12.5-18 GHZ, with a strong concentration in the 12.5-14 GHZ range.

These emissions have been tentatively identified as the whistler

5
instability and in some cases correlate with plasma density decreases.

Comparisons with theoretical models are in reasonable agreement and our

conclusion is that the hot electron anisotropy, which drives this

instability, is too high.

7. C. Celata of Dartmouth College has made considerable progress in

modeling perpendicular extraordinary mode emission for non Maxwelllan

electron energy distributions. Her results are the basis for our planned
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emphasis on this _71ewing direction.
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12. "New Electron Energy Analyzer For Magnetized Plasmas," D. N. Arion

and R. F. Ellis, Rev. Sci. Inst. 53, 1032 (1982).

13. "TMX-Upgrade Operation in the Sloshing-Ion Mode," T. C. Simonen and

TMX-U Experimental Group, Lawrence Livermore National Laboratory

Report UCID-19568 (1982).

14. "Assessment of Hot Electron Microstability in The Initial _X-U

Experiments," T. A. Casper, Yu-Jinan Chen, R. F. Ellis, R. James, and

C. Lasnier, Lawrence Livermore National Laboratory Report UCID-19783

(1983).

15. "Measurements of Energetic Electrons in a Magnetized Hot Filament

Discharge," R. F. Ellis and D. N. Arion, J. of Appl. Phys (To be

published August 1983).

3. Plans

In this section we describe plans for our experiments on !1_X-Upgrade

and we discuss a planned collaboration with the research staff of TARA at

MIT. Before discussing specifics it is worthwhile to indicate our general

intentions with respect to these two projects. Based upon discussions
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with the APP staff we will attempt to transfer a large fraction of the

support for the TMX-Upgrade work directly to LLNL. This t[ansfer is

planned to take place somewhere near the beginning of FY85. At that time

our APP supported efforts will shift to TARA. Because of the lead time

involved, we will begin detailed planning and construction for TARA in

late FY84. We note that should LLNL not assume support for our work then

we will be forced to reduce our effort there to a low level, perhaps only

providing guidance for the TMX-U staff.

TMX-Upgrade:

I. Parallel Emission. Emission in this mode is moderately well
1

understood and our plans include a more thorough analysis of the data and

comparison with our theoretical model. Moreover, as TMX-U approaches

thermal barrier conditions this diagnostic will be tested in new and more

relevant parameter regimes. In adddition, we will add an 8-12 GHZ

receiver, which will allow an investigation of additional regions of

frequency space.

2. Pe__endicular Emission at End Cell Midplane. Theoretical

calculations by C. Celata show that for full thermal barrier conditions

emission between the second and third harmonic of m (30-40 GIIZ) will be
ce

optically thick, while emission at frequencies greater than 4 m (56 GHZ)ce

will be optically thin. In addition, in the optically thin regime there

may be structure in the 4-5 m regime which can lead to a measure of the
ce

average perpendicular energy of the hot electrons. Moreover, in the

optically thin regime the slope of the emitted power versus frequency is a

good measure of the average energy and/or loss cone angle of the electron

distribution function. Thus we plan to implement the following:
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a) We will construct an antenna/reflector system for perpendicular

viewing of the TMX-U end cell at midplane. The system will be

designed using Gausslan optics and it will be useful from 26-140 GHZo

The purpose of the reflector will be to act as a wide band "beam

dump" and thus reduce the problem of reflections to a low level.

Such a system has the great advantage that the radiating volume and

the emission mode are well defined. A system based on this idea has

been designed by the University of Maryland group for EBT and it has

proven very successful. 6

b) We will construct a sweeping receiver in the 50-75 GHZ frequency

regime. LLNL has agreed to supply many of the parts for this

recelver.

3. Instability Generated Emissions. We will focus firstly on the

observed emission in the 8-18 GHZ range and attempt to positively identify

the mode and correlate it with hot electron and overall plasma behavior.

Secondly, we will search for parametric instabilities caused by the ECRH

at 28 GHZ using our 26-40 GHZ receiver, and correlate any such

instabilities with plasma behavior. Parametric instabilities can lead to

enhanced abosorption, tall heating, and results which generally do not

agree with classical electron cyclotron absorption theory. Parametric

instabilities have recently been observed during electron cyclotron

heating of tokamaks.7

In both areas of instability generated emission, LLNL will provide

the theoretical and modeling support needed for mode identification.

TARA: During the next contract period we plan to implement electron

cyclotron emission diagnostics on the upcoming TARA experiment and our
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• efforts will focus on diagnosing the hot electrons of the TARA hot

electron anchor. This end cell is expected to have lower hot electron

densities but higher average energie_ than TMX-Upgrade and thus the

regimes are somewhat different. In addition, the anchor may operate in

nearly steady state mode providing a different diagnostic environment.

Present plans call for a parallel or whistler system and a high harmonic

perpendicularly viewing system. The exact frequencies for these

configurations remain to be decided. In addition, we are evaluating the

possibility of developing a quasloptical submilllmeter detecting system

for TARA. This system would be extremely useful because the very high

energies expected in the TARA anchor will lead to a spectrum which extends

to very short wavelengths where microwave techniques are strained and

become very expensive. Moreover, a quasloptical system would allow the

measurement of a large portion of the spectrum with a single instrument.

Finally, such an instrument could be a prototype for MFTF where extremely

high energies are also expected.

To accomplish these goals the TARA group has agreed to supply some of

the hardware and an exact agreement remains to be worked out.

Milestones:

Installation of perpendicular viewing system and operation
of 50-75 GHZ receiver on T_-U May 1984

Completion of evaluation of whistler (parallel) emission
as a diagnostic on TMX-U July 1984

Completion of evaluation of perpendicular viewing systems
at 30-40 and 50-75 GHz on TMX-U Oct 1984

Installation and operation of parallel and narrow band

perpendicular viewing systems on TARA Dec 1984

Development of a wideband perpendicular viewing system
for TARA Sept 19R5
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4. Relationship to Other Projects

This project is in direct support of the U.S. Mirror Fusion program

and our results will come from TMX-Upgrade and TARA. Moreover, these

efforts will be directly applicable to emission measurements on EBT and

perhaps to measurements of non-thermal emission on tokamaks during ECRH

and current drive.

5. Summary

This project is concerned with using electron cyclotron emission to

understand hot electron behavior in the end cells of current large mirror

machines. Because such hot electrons are characterized by a number of

parameters we plan to utilize both parallel whistler emission and

perpendicular extraordinary mode emission and to make measurements in a

number of frequency regimes, both optically thin and optically thick.

From such data we will be able to extract detailed information about hot

electron behavior.

Significant progress has already been made in this effort,

particularly with respect to the parallel emission. Work in the next

contract period will focus on measurements of the perpendicular emission,

and a coherent picture of all cyclotron emission diagnostics.

Because of the importance of electron microlnstabilities to hot

electron behavior we also plan to monitor instability generated emission

and correlate this with theory and anomalous plasma behavior.

Finally, our experimental effort will concentrate on TMX-Upgrade

during FY84 but our APP sponsored work will shift to a collaboration with

the TARA group during FY85.
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2. Technical Progress

I. An important goal has been met in our development of a Fabry-Perot

Interferometer for plasma diagnostics. We have been able to sweep a

moving mirror with extremely small wobble repetitively over 0.5 _m in

one millisecond. In a fully developed interferometer system this

kind of sweep would produce a full electron temperature profile in a

tokamak plasma every millisecond throughout the discharge. It

exceeds by a factor of two in both scan amplitude and sweeprate, the

Fabry-Perot Interferometers which will be installed on JET.

2. The two Grating Polychromators built for PDX and Dill were tested and

characterized before their delivery to the users [To be published in

Rev. Scl. Instrum. Sept. 83].



3. We have constructed a 6 meter long lens relay to study the transport

of broadband radiation at millimeter wavelengths by such a system.

4. A Gaussian Beam Simulator has been constructed. It uses a helium

neon laser beam to rule a surface corresponding to the I/e intensity

surface of a propagating millimeter wavelength beam. Naturally as

the laser beam is visible, alignment of optical systems is much

simpler with the simulator.

5. Experimental techniques and analysis programs have and are being

developed for the study of the antenna patterns of linear and

nonlinear conical horns used in diagnostic systems. These will cover

the wave length range 0.5 mm < _ < 4 mm. Initial experiments have

begun. Such studies will lead to optimized transport of radiation to

detectors within cryostats and optimum coupling to radiation emitted

by plasmas.

6. Two untuned cavities (cylindrical and tetrahedral) have Jeen

constructed to act as random phase-multlmode sources for our

experiments.

7. We have completed an experimental study of the optical constants of

liquid nitrogen. This substance is commonly used to produce low

temperature blackbody sources for the calibration of electron cyclo-

tron emission diagnostics. A knowledge of its optical thickness and

its surface reflectivity is crucial to understanding these sources

[Published in Int. J. of Infrared and Millimeter Waves 4 145 (1983)].

8. We have completed construction of an accurate gonlometer that makes

it possible to study the reflection properties of sample materials as

a function of the angle of incidence.



75

9. We have completed a study of the reflection and absorption properties

of four materials [two forms of Silicon Carbide, Boron Carbide and

Macor] which are candidates for absorbers in the blackbody

calibration source we plan to construct. [To be published in Int. J.

of Infrared and Millimeter Waves, July 83.]

I0. A collaboration with Cerodyne Inc. of California has been initiated.

They loan us materials (BeO and MgO mixed with SiC) and we measure

the reflection and absorption properties. The first measurements in

six materials have just been completed. Again this is part of the

search for the material to be used in a calibration source.

II. We have constructed a polarization rotator for rotating the plane of

polarization of an input beam to any desired plane in an output

beam. As the radiation from the plasma is polarized and many

components have polarization dependent properties this tool is very

important in achieving optimized diagnostic systems.

3. Plans

We plan to I) construct and test on a tokamak, a fast-scanning Fabry-

Perot Interferometer. This instrument will be a development of the system

which has achieved record breaking amplitude and scan time performance in

our laboratory; 2) to develop an improved fast-scanning spectral

polarimeter as a high energy electron (runaways and EBT ring)

diagnostic. This study would be based on the instrument developed with

NSF funds and tested on PLT. The instrument would be able to measure the

polarization state of the radiation emitted by high energy electrons as a

function of spectral frequency. Currently theoretical models are being
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developed by Winske and Boyd to enable the output data to be analyzed.

Both the electron distributions developed during current drive and those

in EBT rings would be diagnosed by such a system; 3) construct a blackbody

calibration source with an output aperture of at least 15 cm and with a

temperature range of 500°K. This construction will be based on the

studies we have done on various materials and additional new measurements;

4) to complete our study of the broad-band transport properties of the 6

meter long lens relay system we have constructed. Not only will we

measure the losses in the system but we shall determine the critical

parameters which limit its performance; 5) to study the properties of

ellipsoidal mirrors which will be used to collect radiation emitted by the

plasma and inject it into the transport system which will convey the

radiation to diagnostic spectrometers. Essentially we will measure the

antenna pattern of such mirrors over a broad wavelength range 0.5 mm - 4

mm. This mirror will partially determine the spatial localization

achieved with electron cyclotron emission diagnostics; 6) study the

antenna patterns of parabolic and linear horns over the wavelength range

0.5 mm - 4 mm. We need to determine the angular width of the antenna

pattern and the radius of the propagating w=vefront launched by the

horn. This will enable us to match optical systems to those horns

ensuring that we produce much more efficient systems than are currently in

use; 7) construct an antenna measuring system which will be capable of

measuring the full two dimensional cross-section of the antenna pattern at

any distance from the antenna, This system will be controlled and the

data will be collected and analyzed by computer; 8) to upgrade our

Michelson Interferometer by using the results of our horn and mirror

antenna pattern studies to design a much better radiation injection system
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for it using a mercury lamp source. This will improve the quality of our

measurements and extend the spectral range of the instrument; 9) construct

two broad-band random-phase multlmode sources using our cylindrical and

tetrahedral untuned cavities and two backward wave oscillators (BWOG with

75-110 GHZ and 110-170 GHZ bands). These sources will provide us with

high intensity, low frequency sources which we presently lack and badly

need; I0) continue our study of materials and optical components on which

the continuing development of IR diagnostic systems so strongly depends.

Milestones

Complete lens relay and ellipsoidal mirror studies Jan 1984

Complete construction of prototype blackbody calibration Mar 1984

Commission 2-D antenna pattern measuring facility May 1984

Test Fabry-Perot Interferometer on a tokamak June 1984

Begin vacuum vessel reflectivity studies Aug 1984

Complete upgrade of Michelson Interferometer source optics Oct 1984

Commission 75-110 GHZ untuned cavity source Jan 1985

Complete tokamak tests of Fabry-Perot June 1985

Complete 2nd generation model of spectral polarimeter July 1985

Commission 110-170 GHZ untuned cavity source Oct 1985

4. Relationships to Other Projects

Naturally the products of the research of this laboratory benefit all

users of electron cyclotron emission diagnostics i.e. tokamaks, mirrors

and EBT. It is worth pointing out that this is the only laboratory in the

United States that is dedicated to the development of these diagnostics
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systems. Elsewhere only the work that is necessary to install a

particular system on a particular device is undertaken, leading to a very

fragmentary development.

The Maryland efforts on PLT, TMX-U and TFTR can be constantly

improved through the output of this laboratory and conversely involvement

in data taking on the major fusion devices keeps the laboratory aware and

focussed on relevant problems. A connection to Doublet III exists because

of the grating polychromator constructed at Maryland and now installed on

Doublet. Recently we characterized a filter for them. TEXT is being

considered as facility for testing some of the products of the laboratory.

Task II connects Maryland to the Mirror Program and the facilities

and expertise at this laboratory are always available to those experiments

conducted on TMX-b _nd hopefully TARA.

We built a diagnostic system for EBT and naturally, although all

funding has ceased, we keep contributing to the success of this effort as

well as we are able.

Many of the problems that we face are closely related to those faced

by people who try to use electron cyclotron resonance heating in confine-

ment devices. As the ECRH program expands in the United States we hope to

be able to contribute to it.

Finally if electron cyclotron emission diagnostics prove to be useful

on the Maryland Spheromak, MS, we hope to be directly involved. It may be

possible to determine the magnetic field llne pitch within the plasma by

using a spectral polarlmeter.
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6. Summary

Electron cyclotron emission diagnostics have been very successful at

measuring the plasma electron temperature as a function of space and time

with good resolution in both parameters. Future success is possible in

doing similar measurements of electron density. The rotation transform of

magnetic fields within plasma may be extracted if suitable polarization

measurements can be made and a whole new field has opened up with the

possibility of diagnosing non-Maxwellian distributions associated with

current drive, thermal barriers and EBT rings.

To achieve these goals and improve on what has already been achieved

we are engaged in improving and advancing many aspects of the electron

cyclotron emission diagnostic problem.

A coherent summary of our activities can be produced by following the

radiation from its source to the detectors. At the front end we are busy

with material studies so that we can construct a blackbody calibration

source for diagnostic systems. In addition our untuned cavities will

produce high intensity sources at low frequencies where thermal sources

are inadequate. Next our work on horn and ellipsoidal mirror antenna

patterns enables us to collect the radiation from a source efficiently, be

it from a plasma or laboratory source. The work on lens relays enables us

to transport the radiation from the source to our spectrometers. Our work

on the Fabry-Perot Interferometer is designed to fill the gap in U.S.

spectrometer development. The Europeans are currently well ahead and will

use between 5 and i0 such Interferometers on JET. Not only the spectral

intensity of the radiation contains valuable diagnostic information. Tile

polarization parameters (Stoke's Parameters) of the radiation also contain
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data of value. Our polarlmeter development is addressed to this

diagnostic area. At the back end where the radiation leaves the spec-

trometer and is guided to the detector within a cryostat our study of

horns will lead to this being done effectively.

Lastly we are concerned with a practical application. In reactors

the total energy balance will be affected by the synchrotron radiation

losses. Our study of the effect of multiple reflections on energy

transport in small scale models of real vacuum vessels will aid in

predicting the losses in reactors.
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2. Technical Progress

This is a new program.
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3• Plans - ,

Early coordination with designers of the t_ Spheromak chamber will be

initiated to ensure maximum flexibility of access for milllmeter-wave

experiments.

Major pieces of equipment with long procurement times such as the

gyrotron power supply and the gyrotron superconducting magnet will be

specified and ordered as soon as possible. It is believed these items can

be made compatible with various gyrotrons that might be used. Final

choice of gyrotron for the experiments will be made based on projected

costs and on progress at the Hughes Aircraft Company and at the Naval

Research Laboratory.

Once a gyrotron has been selected and it output mode is known, the

mode converter and the wave transmission system can be designed,

fabricated and tested. It is planned to Irradiate the plasma with a

linearly polarized wave.

Strong co-ordlnatlon with theoretlcians will be carried out on a

continuing basis in order to execute the best possible experimental

design. The point of entry of the waves into the plasma chamber, the

range selected for the angle of Incidence, the polarization, and the range

of magnetic field will all be selected with guidance from the theory.

After the experimental design has been completed, the antenna(s) can be

designed, fabricated and tested.

Once the gyrotron, power supply and superconducting magnet are

received, the system will be assembled and made operational. It is

expected that milllmeter-wave experiments on the MS Spheromak could begin

early in 1986. Diagnostics of the plasma density profile and the electron
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. temperature profile as well as monitoring for runaway electrons will be

required to interpret the ECRH experiments; these are expected to be made

available on the MS Spheromak through related programs.

Milestones:

Phase A

Start of program Jan 1984

Make choice of gyrotron and specify magnet and
power supply April 1984

Complete design of wave transmission system June 1984

Phase B

Order superconducting magnet July 1984

Fabricate and test transmission system Dec 1984

Order power supply Jan 1985

Complete design of Spheromak ECRH experiment Feb 1985

Complete fabrication and test of antennas May 1985

Testing and optimization of complete r.f.
transmission system Nov 1985

Phase C

Assemble gyrotron power supply and magnet Jan 1986

Complete optimization of gyrotron operation March 1986

Begin Spheromak ECRH exprlments April 1986

4. Relationship to Other Projects .

This program will interact strongly with the other Spheromak programs

at the University of Maryland. The program of A. DeSilva and G. Goldenbaum

would adjust the Spheromak design to accomodate the ECRH experiment and
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would also provide plasma diagnostics to accompany the ECRH experiments..

The theory program of E. Ott and T. Antonsen would provide analyses and

ray tracing calculations on which the ECRH experimental design would be

based and which would provide the basis for evaluation of current drive

follow-on experiments. The Plasma Physics Division at NRL has expressed

strong interest in collaboration on the EC_{ experiments (J. Levine, M.

Read), and such collaboration would be very beneficial. Finally I00 GHz

gyrotron development projects at the Hughes Aircraft Co. and at NRL would

make available a suitable gyrotron.

5. Summa ry

A study of ECRH on the University of Maryland MS Spheromak is

proposed. Significant bulk heating of the Spheromak electrons would be

demonstrated at the second harmonic of the electron cyclotron frequency.

Initial calculations indicate that with millimeter-waves at ~ I00 GHz,

wave penetration to the center of the plasma and strong absorption of

14 -3

radiation at the center is feasible with nmax! i0 cm . Higher plasma

densities would be allowed for heating closer to the plasma edge. The use

of the millimeter wave radiation for preionization and for suppressing MHD

instabilities would also be studied. Gyrotrons which would be suitable

for these studies (I00-120 GHz, 500 kW, I msec) are currently under

development. The program would begin in January 1984 with design of the

required components and systems, and ECRH experiments in the MS Spheromak

would be scheduled for early in 1986.
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