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SUMMARY

From the outset of the program in 1968 the emphasis has been on
the fundamental aspects of turbulent heating:  The identity of waves

in the turbulent spectrum and how these waves grow and damp; the relation-

ship between the turbulent spectrum and other observable phenomena, such

as anomalous resistivity, transport across the magnetic field, and the
diamagnetic signal (nkT-L); the ion-energy distribution and how it scales
with machine parameters.  We have reported the results of these under-

takings
Cl-6)*

During the past year we have concentrated on scaling laws and on
optimizing the experiment.as a plasma heating device, in an attempt to

learn some of the ultimate capabilities and limitations of turbulent
heating.  Outstanding among results are the measurements of ion energy

distribution and isotropy, made with three different analyzers, all

having dual channels.  The results indicated that we obtain a non-

Maxwellian distribution, enhanced at high energies.  Over ·a limited

range the ion distribution may be approximated by a two-temperature

Maxwellian that is nearly isotropic Some progress in explaining
(2,3)

the distribution theoretically has been made, and further work(3,7,8)

is proceeding.,  The dual-channel analyzer is now a standard instrument

for evaluating ion heating studies on the THM.  We are considering

construction of a multi-channel analyzer, a device that would permit

an estimate of the entire distribution with each shot.  The design

has been completed, and this task may be feasible during the next year.

Microwave scattering has provided information on the spectrum

of turbulence, from which we have learned new details of turbulent

heating :  The addition of far-infrared scattering during the coming(1)

year will extend the frequency and wavenumber spectra.  Some interesting

features of turbulent heating related to the spectrum of turbulence

include anomalous resistivity, plasma transport and the ion energy

*     Support for this program has been from AEC Contract AT(30-1)3958 and

ONR Contract NO0014-67-A-0077-0002, with the addition of ONR Contract

NO0014-67-A-0077-0022 in Jifly, 1971.
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distribution. These features  are also measurable independently  in
our experiment.  Magnetic probes, a conductivity probe, a voltage-
divider probe, and Rogowskii loops are used to obtain the resistance.
A Faraday cup and the conductivity probe determine the radial distribu-

tion as a function of time.  A diamagnetic loop and an energy analyzer
for charge-exchange neutrals determine the plasma heating and ion

energy distribution as a function of time.
The measured resistivity pertains to the collision frequency

between electrons and waves. By conservation of momentum the collision

frequency between waves and ions should be of the same magnitude.  We

are preparing an ion beam experiment in which the scattering of heavy

ions from the turbulent fluctuations is observed, in an attempt to

measure the ion "collision" frequency. The results will apply directly
to the problems of turbulent transport.

A parallel theoretical study, sponsored by the AEC, under Contract

AT(30-1)3782 has been very helpful in attempting to relate these

experimental observations to nonlinear theory, through a comparison of
(3,7)the measured and calculated values of turbulent resistivity .  Very

recently a 2-dimensional computer code has been run at Garching, Germany,

using input very much like our machine conditions. Some interesting
(9)

results involving the relationships between resistivity, turbulence

(10)
spectrum and particle velocity distributions are beginning to emerge

We shall continue this liaison.  In addition, a companion theoretical

proposal has been submitted to the AEC for support of theoretical

developments related to turbulent heating and ion cyclotron heating.

During the summer of 1971 we collaborated with the University of

Texas in performing an ion heating experiment on the THM involving

interactions between the pre-heated, (collisionless) plasma and ion                 -

cyclotron, harmonics at a 50 to 75 kW level.  Ion heating was seen,

and in addition, the normal mirror losses seemed to decrease dramatically
·

(4)
during the 600 us r.f. heating pulse .  This evidence of stoppering

bears further investigation, and we plan to perform a second seties

of measurements during the summer of 1972, using power levels up to

-  I  MW.     The high.· power R.F. equipment will be supplied by Texas,
under contract to the AEC.

i                                     
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Several machine improvements have been made, including increasing
the magnetic confining field to 5000 gauss and the applied high voltage
pulse to k 150 KV.  Some diagnostics improvements and advances are described
in the following sections.

Prof. Charles B. Wharton, principal investigator of the project, devotes
50% of his time during the academic year, and 100% of his summer to the project.

1.    BRIEF CHRONOLOGY OF CORNELL TURBULENT HEATING EXPERIMENT

Jan., 1968 Vacuum chamber and magnet coils installed

Mar., 1968 First plasma

June, 1968 Turbulent heating observed

Jan., 1969 Measured turbulence spectrum with microwave scattering;

related spectral·intensity to anomalous resistance and

ion heating.  Identified ion acoustic waves as heating
13agent. Electron density Fd 10    ,  Wl. R: 1  joule,  T w 50  W  sec.

Oct.; 1969 Refined measurements of anomalous resistance and turbulence

spectrum, using conductivity probe.  Comparison with theory

begun.
13Jan., 1970 Modified plasma  guns:   net 0 5 x 1 0 Began measurement

of  spectrum of charge-exchange neutrals. Increased
turbulent heating voltage from + 18 KV to + 30 KV.        ·               L

Wl z 3.5 joules.
May, 1970    Modified turbulent heating bank:  new capacitors, new

spark gaps, new d.c. supply, + 100 KV.
14Sept. , 1970 Obtained consistent operation at  f 100  KV.    ne, = 10

W.L  -   50  joules,  ·ri - 150 microseconds. Comparison
to theory developed under sponsorship of AT(30-1)3782

progressing well.

Dec., 1970 Ion energy measurement, obtained by charge-exchange

neutral analysis across and along the magnetic field.

Results indicate non-Maxwellian ion energy distribution

that is nearly isotropic.

-3-



r -

8...
'e:.

F                                                                                                                           -·----- Il.---- ....      ....il---I

Aug., 1971 Completed first joint-experiment with University of Texas

team on ion heating at harmonics of ion cyclotron frequency.

Found evidence that ICR heating also provided enhanced mirror

containment, accompanied by a sloshing of plasma at the

mirror bounce frequency.

Oct., 1971 Parameter study using ion energy analyzer showed that ion

energy depends on maximum electron drift velocity. Increasing

bank energy by increasing C is not beneficial.  Increasing

V increases ion temperature.  Heating nearly independent
of B .

Z

Jan., 1972 Second joint experiment with Texas team:  damped

oscillations from LC switched circuit impressed.

Waves found to be electrostatic.

Mar.,. 1972*  Neutral atom beam attenuation measurement to obtain

ion density distribution and electron temperature.

Mar., 1972*  Electromagnetic wave scattering from turbulence at

74 GHz and at 337 um.

Apr., 1972*  Optical measurements of Doppler broadening and anomalous

Stark broadening.

June, 1972*  Third joint-experiment with Texas team:  1 Mw ion

cyclotron wave heating.

Sept., 1972* Begin relativistic electron beam experiments in THM.

* Experiments not yet completed.
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2.    INTRODUCTION

Turbulent heating provides an efficient and relatively simple
method by which energy may be introduced into a dense plasma.  To
perform well, a turbulent-heating system must supply energy at
a rate much faster than loss rates, and, in pulsed systems, in a
time much shorter than the escape time of the heat introduced.  To
be useful for CTR experiments, a further requirement is that ·the

heating geometry be compatible with subsequent plasma confinement
schemes, and that the turbulent levels drop quickly at the end of
heating, to avoid unnecessary  loss of confinement. Turbulent
heating experiments to date have been successful in achieving energy

17      18      3densities of 10 to 10 eV/cm , in volumes of several liters,

using capacitor banks having only 1000 to 2500 joules of stored

energy.  At the end of heating in mirror machines the plasma is stably

confined, with loss rates that are nearly classical .  No limits(3)

imposed by the principle have appeared.

Some practical limits are beginning to appear, however, in
both linear and toroidal experiments, and to aid us in establishing

whether these limits will be ominous, we have completed some

parameter studies from which scaling laws may be derived.

First, in order to initiate the instability responsible for the
-    heating, we must have a current density large enough that· the electron

drift velocity exceeds a critical velocity involving the ion-acoustic

speed .  As the plasma is heated, the current-instability threshold
(11)

rises with temperature until it reaches the drift velocity, at which

point we observe that the instability is switched off, and the rapid

heating is terminated.  Although current still flows through the

plasma, the anomalous resistance associated with the instability has
2

vanished, and I R becomes small.  An energy storage system with no
inductance (a "constant-voltage" system) has the further problem that
the driving· current drops  as  soon  as the anomalous resistance appears,
causing the threshold to be reached even sooner .  However, the

(12)

presence of large series inductance (a "constant-current" system)

_.1
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limits the ultimate current that can be achieved with a given voltage, which

again imposes a practical restriction.  In one part of our parameter study,
in which we varied the bank energy storage by first varying C and then

varying V, while observing the ion energy distribution, we found that the

best operation was obtained with high voltage, low capacitance and modest
inductance.  Increasing the capacitance, which lengthened the pulse, gave
little increase in heating, because the time of current flow was mostly

during the low-resistance condition.  It seems then, that going to very

high voltages is the obvious way to turn, although the insulation and

internal breakdown problems may become excessive at voltages over 500 kV.

A second limit involves the skin effect.  We have found, in attempting
to heat rapidly at high current levels in a dense plasma, that the current

does not penetrate immediately, and heating is inferior, due to the

concentration of heat in the outer layer of plasma The optimum
(5,13)

current rise-time seems to be slightly greater than the time it takes the

current to soak in to the center of the plasma column.  That criterion

limits the current rise rate to times longer than about 0.25 u sec.
13   -3

for a density of 5 x 10   cm  , which infers that very rapid Iz heating will

not be efficient for large diameter plasmas, if the initial conductivity

is high.  Low initial conductivity (which minimizes the skin effect) can

be achieved in two ways:  By beginning with a low temperature, collisional

plasma, or by initiating a low level of turbulence before the main heating

pulse, so that there is a high anomalous collision frequency.  The second

method is preferable in our experiment, since the injected plasma is

already warm and collisionless.  A time-varying skin effect has been

discussed by Rudakov(8),in which the instability is initiated in the outer

layer of a plasma column, generating ion waves that propagate inward and

heat ions as they damp.  The current soaks in faster than usual because of

the progressing turbulent layer.  We have not been successful in observing
the effect in our experiment.

Collective interactions in turbulent plasmas involve interesting but

complicated phenomena.  Some aspects still are only poorly understood,

but progress in both theory and experiments is being made.  For example,

we observe that turbulent heating leads to an ion-energy distribution that

-6-



is  enhanced  at high energies. This distribution is compatible  with
the observed wave spectrum, and is in rough agreement with the present

theory , but the exact process has not been substantiated experimentally.
(1,3)

One intention in our experiments is to determine the mechanism by studying
the fundamental processes of turbulent heating through wave scattering

diagnostics and other measurements of the fluctuation spectrum.  The
frequency and wavenumber spectra of the turbulent waves pertain to
the growth and damping of unstable waves.  The spectral spreading in

time due to nonlinear effects was observable ·in our microwave
(14)

scattering measurements of spectral characteristics, made under several
13   -3  (1)experimental conditions at densities up to 10 cm We plan to

repeat these measurements at higher densities during next year, using

higher frequency equipment that has now become available, and to relate
our observations to theory.  For example, we find that ion acoustic and

ion cyclotron waves are driven by the applied current.  As these waves

damp, we see the  perpendicular plasma energy increase, with the final
formation of a non-Maxwellian ion energy distribution, enhanced at high

energies.  Parameter studies of ion temperature vs. bank capacitance

and  voltage, and initial plasma conductivity  have  been made. These  and

other parameter studies are continuing, with emphasis on learning scaling

laws, thus achieving a hotter plasma by increasing the efficiency.

Additional studies of energy-containment times following turbulent heating

will be undertaken.

We have observed that there is anti-correlation between the rate

at which the turbulent spectrum collapses and the rate at which the

particle energy-density decreases, suggesting that turbulence destroys
containment.  Qualitatively that is true, but the relations must be

scrutinized in greater detail, since some turbulent modes are clearly
more destructive than others. In our experiment, the time in which the

turbulence level subsides, following the short pulse, ranges from 3 to 20

microseconds.  But we observe that the plasma stops expanding and becomes

confined  in the magnetic mirrors in about 6 microseconds. Thus "turbulence"
and anomalous transport seem not to be simply related.

A further observation is that, even when electric fields much

larger than the critical Dreicer field are applied, the plasma electrons

-7 -



do not run away.  It is true that a few electrons achieve high energies,

as evidenced by penetrating x-ray emission, but the plasma conductivity

decreases as E i s increased above E  . , rather than increasing as shouldcrit

be the case if runaway occurred.  We conclude that the anomalously low

conductivity is related to fine-scale turbulence, which in turn is
related to strong nonlinear interactions.  It seems that electrons

cannot run away because they make frequent collisions with the turbulent

waves.

Thus the study  of turbulent heating involves a number of interesting
theoretical and practical problems, and offers some promising applications.

The unanswered question remains, how far can turbulent heating be carried?

There seem to be few fundamental limits imposed, and some of these may

turn out to be even less restrictive than presently thought.

During the coming year we have proposed to try a new method of

turbulent heating.  This method involves the double-barrelled approach of

combining an intense relativistic electron beam (500 KeV at 50 to 100 kA)

with our present pulsed heating experiment.  The use of a high current

relativistic electron beam for turbulent heating has considerable promise,

since some of the shortcomings of the direct heating listed above may be

avoided.  The limit of low electron drift velocity vanishes, since the

beam electrons that supply the energy are travelling at v 0 0.9 c.  The

limit of skin time also does not apply, since the beam current penetrates

the plasma ballistically, not relying on the soaking in of an electric

field.  In fact, the rapid penetration, in a time much shorter than a
(15)skin time, is necessary to achieve efficient "return current" flow

It is this return current that is expected to produce a portion of the

turbulent heating .  The details of this proposed experiment are
(15,16)

given in our renewal proposal to the AEC.

-8-
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3.    NEW RESULTS

Some recent experimental and theoretical results have been published

in Refs. 3-6 (Appen. A, B, C, D).  We summarize those results briefly here
in Secs. 3.1-3.6.  Other unpublished results are given in Sec . 3.7

3.1  Anomalous Resistivity

The resistance as a function of time was determined from voltage-

current measurements and with an r. f. conductivity probe.  We established
that the conductivity before and after turbulent heating was uniform along
the plasma column.  No spatial results could be obtained during the heating

pulse because the probe signal was swamped by electrical pickup.  The
average resistance during turbulent conditions rose to a high value,

9corresponding to a collision frequency of Veff! w 10  . This value  is
compatible with turbulent electric fields of 5 to 10% of the applied DC

(7)electric field , a magnitude that is in agreement with the amplitude of

scattered microwave signals.

3.2  Skin Effect

We observed a clearly-defined skin effect when the initial conductivity
was >:·50 mho/m.  The current penetration time was between 0.1 and 0.5 u sec,

i rv

as was the rise time of current to the threshold for turbulence. We found

that when the skin time was longer than the rise time, there was a delay in

initiation of the turbulence, and heating was inferior.  When the skin time

was short (low conductivity), the instability began when the electron drift

velocity exceeded the ion acoustic threshold, and heating was normal.  The
skin time can be shortened by creating an ambient turbulent level to increase

the anomalous resistivity.

3.3  Plasma Kinetic Pressure

The diamagnetic loop indicates a total perpendicular energy W i t 5 0 joules
17      -3resulting from turbulent heating.  This corresponds to 2 x 10 eV/cm  for

our conditions, an energy density that compares well with that of other

experiments of considerably greater complexity and sophistication.
The initial drop-off in diamagnetic signal, having  a time constant' of  

3 to 9 u sec is roughly at the rate of scattering of electrons into the

loss cone. The decay rate then slows down until it has a time constant of

30 to 90 0 sec, a rate intermediate between the electron-scattering and
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ion-scattering rates.  A portion of our work for the next year concerns
understanding the loss rates, and possible methods to improve the

containment following heating.

3.4  Ion Energy Distribution

Ion energies were determined by analyzing the energies of fast neutral
atoms that arise from charge exchange .  The energy distribution at

(2,3)

the end of the heating pulse was found to be non-Maxwellian, but isotropic.

Initially we sought to fit two exponential curves (two temperatures) to
the curves.  But as we analyzed data at higher and higher energies, it

became apparent that the curves had an inverse power-law dependence, instead

of an exponential dependence.  This feature makes it difficult to assign
a "temperature" to the ions, but it is possible to specify a kinetic
temperature that represents the average of the distribution.  We are

attempting now to explain our observations theoretically, in terms of

particle-wave scattering and nonlinear diffusion.

The enhanced-tail feature is beneficial for a thermonuclear plasma,
since it is the high energy part of the distribution that makes fusion

reactions. Also, since the electrons are. thermallized, the ratio kTe/Wi
is lower than if the ions were thermal, thus the bremsstrahlung and

synchrotron radiations are inhibited.  In the parameter study discussed

in Sec. 3.7 we showed that we were able to enhance the high energy ion tail

considerably by increasing the applied voltage and magnetic field, even

though the overall efficiency was hardly affected.

3.5  Hard X-rays

Penetrating x-rays, having average energies from 350 to 500 keV were

observed emanating from the anode during turbulent conditions.  These

energies are well above any D.C. potentials applied in the machine,

inferring that the radiation is not due simply to runaway electrons.

We are presently considering various possible acceleration mechanisms

theoretically, and will continue the measurements during the coming year.

In addition to the results presented in Appendix B, we found that the

dependence of amplitude on applied voltage (turbulent heating capacitor

bank) was highly nonlinear.  However, even at the highest bank voltage

(1 100 kV) the hard x-rays do not constitute either a serious energy

i loss from the plasma, or a health hazard.

-10-



3.6  Ion Cyclotron Resonant Heating

Heating of ions through resonant interactions at the ion cyclotron

frequency and its harmonics has been observed for several years. There(17)

is still some controversy over the mechanisms, and some doubt about how

far the method may be carried before non-linear saturation occurs.  Indeed,

it was the application of this method at very high levels that led to the
(11)

discovery of turbulent heating

During the summer of 1971 we performed a plasma heating experiment

at Cornell in cooperation with Professor D. G. Swanson and Dr. Wayne Clark
of the University of Texas.    The. object  of the cooperative experiment was
to employ the collisionless plasma of the Cornell THM-2 machine, preheated

by turbulent heating, for studies of resonance heating at ion cyclotron

harmonic frequencies.  A necessary requirement for heating by damping

of electrostatic waves at the ion cyclotron frequency (or its harmonics)
into the ion distribution, is that the collision frequency be small

compared with the ion cyclotron frequency (a few MHz).  No appropriate
collisionless.plasma was available at Texas, hence we volunteered the

Cornell plasma.
The energy source was a 6 MHz, pulsed 75 KW amplifier and driver,

brought to Cornell from Austin, Texas,   for  the task. During next sunimer
we plan to continue the work at higher power, for which Professor Swanson

is constructing a scaled-up version, having long pulses (5 to 8 millisec)
at 250 KW or short pulses ,(- 300 u sec) at near 1 MW, which he will bring
to Cornell.

The results presently obtained (see Appendix A) showed heating of
ions to levels predicted by theory, and in addition it appeared that

the  presence  of  the  R. F. provided a "stopper"  to mirror losses  of  the
heated plasma.  Accompanying the apparently enhanced-containment, we

observed a large periodic modulation of the density at a repetition rate
that was approximately the ion bounce-frequency between mirrors.  If the

observed phenomena have been interpreted correctly, the effect may have

far-reaching consequences for magnetic mirror confinement schemes.  We

propose to continue the experiments with greater care and with improved

diagnostic instrumentation during the 1972 summer.

-11-



In the meanwhile we performed a transient damped-wave experiment
at high levels*, addressed to two questions:  Is the heating due to the

resonant damping of the ion cyclotron harmonic waves; and is the heating
liable to be limited by saturation of wave amplitudes.  Neither question

was answered explicitly, and no ion heating was observable, but we did

learn some important details.

By means of a special electric probe we found that the disturbances

were fast electrostatic waves that propagate along magnetic lines, and
that the potentials associated with these waves are very large.  We further

learned that the second harmonic damps at a location in the machine

where it is resonant.

The lack of heating can be understood by looking back over data

taken last summer.  The diamagnetic loop signal did not begin to increase

until after many cycles of the wave.  In the transient experiment the

wave amplitude had fallen to a low value by the time the heating should
have become visible.

Refer to Appendix A for further details.

3.7  Parameter Study

A systematic study of plasma heating as a function several parameters

of the THM was performed, with the intention of learning scaling laws and

increasing the heating efficiency.  The ion energy was measured with the

dual-channel charge-exchange neutral analyzer, the perpendicular nkT was

observed with a diamagnetic loop, and the voltage and current were recorded

directly.  Electron density was determined by a 35 GHz microwave inter-

ferometer.  The neutral analyzer measurements were carefully controlled by

means of the reference channel, so that relative comparisons between runs

were well documented by repeated runs.

Fig. 1 shows the effect on the ion energy distribution of varying

the applied high voltage, while holding all other parameters constant.

With 1 40 KV applied, the heating instability barely occurs at peak current.

*     The transient was obtained by discharging a capacitor into a "Stix coil"

around the plasma, generating a damped wave train whose ringing frequency

coincided with the ion cyclotron frequency or a harmonic.  The switched

energy was 4 joules.

-12-
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As the applied voltage is raised, the critical current is reached at

earlier times and heating is improved.  The thermal energy nkT
deposited. increased nearly in proportion to V2, i.e., the heating

efficiency remained constant, for increases in Vz.  The second voltage

spike, occurring at the onset of the anomalous resistance, is seen to

increase in both amplitude and duration as voltage is increased.  Ion

heating is roughly proportional to the area under the spike.

The energy distribution is seen to be non-Maxwellian, fitting an

inverse power dependence better than an exponential.  The low energy

part of the distribution stays nearly unchanged, while the high energy

part is influenced by changing the Vz.  This effect is advantageous

for CTR research, since it is the high energy ions that produce fusion

reactions. Further, since the electrons are thermallized, there is less

radiation loss at a given kinetic temperature from a plasma having an

enhanced high energy ion tail than from a plasma whose ions are in

equilibrium.

Fig. 2 shows the effect on the ion energy distribution of varying

the bank energy by varying capacitance, while keeping the voltage at

+ 80 kV.  There is very little change in heating for a 100% change in bank

energy, an observation that requires some explanation.  At 80 kV the

current density is large enough .that the drift velocity exceeds the critical

value well before peak current, and the heating instability begins and

ceases* while the current is near its peak value.  Lengthening the current

pulse by increasing C has only a small effect.  At 60 kV or less, where

the instability conditions are barely met, an increase in C does lead

to some increased heating, but for an unexpected reason.  After the

instability turns itself off, the electron loss rates are large enough

that cs drops while the current is still flowing, so that with large C;

the instability can switch on a second time.  Because ion loss rates are

slower than electron loss rates, the ions gain an added increment of heating.

*     The instability criterion is vd 1 2 cs.  As the plasma is heated, cs

increases until the inequality cannot be maintained, the waves

become stable, and heating stops.,
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Fig. 3 shows the effect on the ion energy distribution of varying

the magnetic field, while holding other variables fixed.  A small change

in heating is observed at large energies when Bz is changed 100%.  Part

of the effect is due to ion-orbit size.  A 5 keV proton in a 1600 gauss

field has a gyro radius of 6 cm, which is about the radius of the plasma

column.  The entrance pipe leading to the neutral analyzer is 2.5 cm

in diameter, which means that it "looks" at only a portion of the plasma
column.  It is thus possible that, if changing the magnetic field changes

the 6rbit geometry, the observed effect is purely instrumental.  On the

other hand, increasing the magnetic field may decrease the loss rates of

the higher energy particles by two means:  reduced mirror losses, and

reduced radial loss.  The radial loss, which leads to a truncation of the·

distribution at high energies due to "scraping off" of large orbits on
walls and obstacles, is not expected to be serious in our experiment,

since the vacuum chamber is 40 cm in diameter.
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ZES·      Optical: Diagnostics  of  an ECRH' Plasma.* B. J.
5(3      Measurementof_thLIELEnirgy Distribution Re- *EASTLUNIF,  D.  SPERCP,  M.  JOHNSON,  P.  KORN,  C.  B. sultin   _from  the  Turbulent  Heatin _of_Lllydroqen Plasma.l,'HAI'ION,  AND  E.  R. WILSON, Laboratory of Plasma Studies,·
D.S. PRONG, Law![encalivermorelaboratorz and C.B. WH TON ornell University.-Line ratios

and absolute intensities
Cornell-Universit£--We have measured the ion energy spec-

of   helium  singlet and triplet s rates   are  used to deter- trum of a turbulently heated hydrogen plasma. Our results
Dino the temperature and number density of an ECRH

confirm that the turbulent heating mechanism simultaneous- lasma.  Excitation rates and line ratios are
calculated

ly affects the ion population along the entire length of
Jising the best available cross section ibformation. An the plasma column and that heating occurs only if theaveraging technique based on absolute intensities is

electron drift velocity and the temperature ratio Te/Ti
used to determine the temperature. ·This technique per-

exceed certain thresholds.  Turbulent heating has an
mits an experimental calibration os line ratios. In efficiency of energy transfer to the plasma of 3-4%; theparti lar, the ratio of the 4713 A intensity to the

ion population accounts for -18% of the total plasma en-
4921 A intensity is found to'be strongly dependent on ergy.  The heating scales linearly with current, has an
electron and neutral atom nu=Ibeo densities:, The ratio

E<l dependence on electric field strength and is influ-
of the intensities of the 5048 A and 4713 A lines are 'enced by the conductivity of the initially cold plasma.
also studied.· These results show 'that. the helium line During the first 7.5 usec after the heating discharge.
ratiost can be used to obtain accurate information on the the ion spectrum is isotropic but has a two-temperaturetemperature and number density of an ECRE[ plasma. nature.  For a 1000 J discharge, the low temperature bulk(Ti-320 eV) accounts for 95% of the ion population's en-
* Supported in part by the National Science Foundation ergy; the remaining 5% of the ion energy is in a high

and the U. S. Atomic Energy Commission. temperature  tail  (Ti .1400  ev).t Division of Research, U. S. Atomic Energy Co=mission.
4 Department of Physics,. University of Maryland.                *

._ Work·performed under the auspices of the U. S. AtomicEnergy Commission, Contracts AT(30-1) and 37782.
1

SC1O   Parametric St-Mdies of- Turbulent. Heating.* P. KORN,
-Wave Propagation studils in a Microwave.    1  I.X  rfl alldult, 132 370;fi i"ma

5AS

Produced Plasma.* M. JOHNSON, P. KORN, R. N. temperature resulting from turbulent heating la theSUDAN AND C. B. WHARTON, Laboratory of Plasma
Cornell THX-3 device are reported for various capacitor

Studies, Cornell University.--An investigation     
of the dispersion and damping of waves in

the bank configurations.  Changes in total capacitance andaxternal bank inductance result in a variation in therange of 0.2 to 0.8 nce is described.  The
ultimate goal is the study of the electromagnetic.4 duration of

anomalous   resistivity  and maximum powertransfer from 0.2 to 4.0 Psec. Electric fieldswhistler instability.  The waves are launched
| . 1 KV/cm and currents  > 25 KA are achieved. Analysiseived using either loops or probes.  A

,

of neutral atom energy flux from the plasma indicates

and rec
steady-state microwave produced plasma similar ion temperatures in excess of 1 KeV in the range 500 ev-to that of Lisitano is used.  The generating
structure operates in a magnetic mirror field at 6 KeV with absolute neutral atom flux steadily increas-one   end   of   a 2 meter vacuum chamber.       The  plasma          ing  at high energy. Addition  of  a  large  externalinductance in series with the full capacitor bank in-is ignited with typically 100 watts of cw micro- creases the duration of the instability from - 1.5 towave power with the magnetic field set to give   f
electron cyclotron resonance at the structure.   '·

., 4.0 lisec with. a decrease in  ion  temperature of  - 30%
The DC magnetic field and microwave power are for a preinjected hydrosea plasma having 0 - 10 cho/0,, and n-5 x 1013 cm-3. Variatlon of the axial 1.9:1then increased and the electron density, as in-

  mirror field from 1500 to 3000 gauss at the midplanedicated by Langmuir probes, increases to 1-2 x1012 cm-3 with an electron temperature of 4 ev.
1 did not significantly affect the ion temperature.

Typical gas pressures are 1-3 x 10-4 torr, with
J * Supported by the U. S. Acomic Energy Commission.Argon being the most extensively used gas.  The

axial ion saturation current is constant (t5%)

over a length of 60 cm.
*Work supported by National Sciencg Foundation.

SC4 Harmonic Ion Cyclotron Heating and
ConSinement.*  D. G. SWANSON, R..W. CLARK,
Electronics Research Center, Univ. of Texas at
Austin, P. KORN, S. ROBERTSON, and C.B. WHARTON,  1
Cornell Univ.--Experiments with rf heating of a
turbulently preheated plasma show plasma heating  ,
and confinement for the duration of a 600 usec
pulse in a 1.9:1 mirror machine.  With 75 KW of   '
rf power at 6 MHz applied to an unshielded Stix
coil, densities of 1012 - 4•1012 cm-3 were main-tained.having 100 ev < Te + Ti < 200 ev,,as
determined from diamagnetic loop measurements,
and Ti - 100 ev from neutral energy analyzermeasurements in the 500-1000 ev range, with a
higher energy tail.  Forward rf power ranged

 .     from 50 to 78 KW'and net power from 35 to 75 KW.
The diamagnetic signal was proportional to net
power.  Heating was obtained when only the
fundamental was resonant in the Inirror and when
only the harmonics were resonant. The heating
was insensitive to the B field profile and to
the field level at the antenna. Low frequency
oscillations (20-40 KHz) were observed with the
8  mm  interferometer,   and  on the antenna current.
*Supported by the U.S. Atomic Energy Commission.


