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PREFACE

The first Workshop on Ambipolar Potential Formation and Control in

Bumpy Tori and Mirrors was held at Oak Ridge, Tennessee on May 11-12,

1981, under the sponsorship of the Oak Ridge National Laboratory (ORHL)

in collaboration with the Lawrence Livermore National Laboratory (LLNL),

McDonnell Douglas Astronautics Company (MDAC), and Nagoya University

(Japan). About 100 participants attended the workshop, representing

mirror and bumpy torus communities in both the U.S.A. and Japan. Owing

to a coincidence in time and a strong commonality of interest, the Spring

Mirror League meeting was combined with the workshop.

The workshop organizing committee members were:

N. A. Uckan, Chairman, ORNL

R. F. Post, LLNL

W. B. Ard, MDAC

H. Ikegami, Nagoya University

The purposes of the workshop were (1) to evaluate the current status

of experimental and theoretical understanding of the role played by the

ambipolar potentials in tandem mirrors and bumpy tori, (2) to identify

the critical processes that influence the formation and control of the

ambipolar potentials in these devices, and (3) to determine the areas of

common interest for both concepts and to identify key areas for near-term

research.

The first part of the workshop was devoted to oral and poster ses-

sion presentations of two dozen technical papers (divided equally between

theory and experiment) and four reviews. The second part of the workshop

was devoted to open forum discussions of critical topics, selected by

the workshop participants in both tandem mirrors (fluctuation measure-

ments, observed low frequency modes, instability induced transport, etc.,

in TMX) and bumpy tori (relationship between transport and ambipolar

electric field, impurity-induced effects on the ambipolar potential,

etc., in EBT) where an attempt was made to clarify gaps and/or uncer-

tainties in the present understanding and to suggest future directions

to explore.
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These proceedings include (1) workshop summaries prepared by the

session chairmen (N. A. Uckan, R. F. Post, W. B. Ard, D. B. Batchelor,

K. A. Connor, G. R. Haste, C. L. Hedrick, H. Ikegami, W. M. Nevins,

T. C. Simonen, and H. Weitzner) that include the open session dis-

cussions and (2) 28 full-length manuscripts that were submitted to the

workshop and presented at the following sessions: Overview (4 papers);

Tandem Mirror — I, II, and III (9 papers); and Bumpy Tori — I, II, and

III (15 papers). An Author Index, the Attendance List, and Agenda

conclude the proceedings. (Because of the need for the camera-ready

publication, variations in style and format were inevitable.)

The chairman wishes to acknowledge a special appreciation to four

delightful coworkers: Caila Cox, the workshop secretary, who handled a

myriad of details prior to, during, and after the workshop in an effi-

cient, complete, and professional manner; DeLena Akers, her secretary,

who handled all aspects of the abstracts and preliminary program along

with the preparation of many of the drafts and/or incomplete manuscripts

submitted by some of the authors while simultaneously performing her ORKL

work in exemplary fashion; Susan Stockbridge, who handled all of the art

work and designed the covers of the abstract booklet (distributed during

the workshop) and these proceedings; and Ethel Cagle, who coordinated the

assembly of the papers. Thanks are also due the staff of the ORNL, FED

Reports Office, the editors, and graphic artists who handled much of the

workshop paperwork. Acknowledgment is due to MDAC for co-hosting the

workshop reception.

Nermin A. Uckan
Oak Ridge,. Tennessee
June 1981
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1. SUMMARY OF THE WORKSHOP

N. A. Uckan, R. F. Post, W. B. Ard, D. B. Batchelor,
K. A. Connor, G. R. Haste, C. L. Hedrick, H. Ikegami,

W. M. Nevins, T. C. Simonen, and H. Weitzner



1. INTRODUCTION

The first Vforkshop on Ambipolar Potential Formation and Control in

Bumpy Tori and Mirrors was held in Oak Ridge, Tennessee, May 11-12, 1981.

Attending were approxiately 100 scientists representing mirror and bumpy

torus communities in both the United States and Japan.

The organizing committee members who arranged the workshop were

N. A. Uckan (Chairman, Oak Ridge National Laboratory, U.S.A.), R. F. Post

(Lawrence Livermore National Laboratory, U.S.A.), W. B. Ard (McDonnell

Douglas Astronautics Company, U.S.A.), and H. Ikegami (Nagoya University

and Ministry of Education, Japan).

The purposes of the workshop were (1) to evaluate the current status

of experimental and theoretical understanding of the role played by the

ambipolar potentials in tandem mirrors and bumpy tori, (2) to identify the

critical processes that influence the formation and control of the

ambipolar potentials in these devices, and (3) to identify critical areas

for near-term research.

The first part of the workshop was devoted to presentations of 21

technical papers (divided equally between experiment and theory) along with

four reviews. The second part of the workshop was devoted to open forum

discussions of critical topics selected by the workshop participants. An

attempt was made to clarify gaps and uncertainties in the present

understanding and to suggest future directions to explore. It is

convenient to review the workshop under the subject categories chosen for

the sessions: Overview (1 session); Bumpy Tori (3 sessions); and Tandem

Mirrors (3 sessions). Open forum discussions (2 sessions) are included in

the appropriate categories.

2. OVERVIEW (Chairmen: N. A. Uckan and R. F. Post)

Ambipolar potentials are a necessary concomitant of the magnetic

confinement of hot plasma. Inevitably disparities will arise ).n

nonaxisymmetric systems in the relative loss rates of ions and electrons,

automatically leading to the appearance of ambipolar potentials of a sign

that will bring these loss rates to equality. This workshop dealt with



theoretical and experimental aspects of ambipolar phenomena in the tandem

mirror and in the bumpy torus. In the former, the generation and control

of these potentials are essential elements in enhancing containment; in the

latter, the presence of an ambipolar potential has a profound effect on

particle orbits and radial (cross-field) particle transport. Theoretical

aspects of potential effects were reviewed by Baldwin for mirrors and by

Hedrick and Guest for bumpy tori.

Techniques to measure plasma space potential were covered in an

excellent tutorial by Hickok. Basically two techniques have been used: end

loss analyzers in open-ended systems and heavy ion beam probes both in the

ELMO Bumpy Torus (EBT) and in the central cell of the Tandem Mirror

Experiment (TMX) . Recently, a beam probe has also been installed on Nagoya

Bumpy Torus (NBT). Hickok's review centered around the capabilities of

present state-of-the-art systems along with factors that affect the

evaluation and interpretation of measurements. There has been significant

progress in the understanding of the measurement technique and in the

accuracy and sensitivity of the measurements, both in EBT and in TMX.

Especially, the application of heavy ion beam probes has permitted the

determination of the spatial variation of the ambipolar potential (and the

electric field) in an unambiguous manner. Inclusion of the radial electric

fields in the transport equations is seen as essential to the understanding

of particle losses in both confinement schemes.

As reviewed by Baldwin, the introduction of the thermal barrier idea

as applied to the tandem mirror by Baldwin and Logan at Livermore has

required the reexamination of the theory of ambipolar potentials. Older

treatments, based on the use of the classical Boltzmann law of statistical

mechanics, can no longer be employed. Since the central idea of the

thermal barrier is that the two plasma regions with different electron

temperatures should be isolated from each other, the simple Boltzmann law

no longer gives the correct answer for the potential difference between

these regions. It is now understood how to solve this problem, employing

the basic concepts of balancing particle fluxes and quasi-neutrality in

order to obtain the correct result. These results have been used in the

design of the TMX-Upgrade experiment at Livermore and of the proposed TAfiA

tandem mirror experiment at the Massachusetts Institute of Technology.



An important issue for all open-ended systems such as the tandem

mirror is the question of electron thermal conduction along the field

lines. In TMX, it has been shown that the presence of the ambipolar

potential serves to isolate the high Te regions of the plug and central

cell from the low Te regions outside the end mirrors, so that electron

thermal conduction by this path is minimized. On the other hand, there is

also some evidence that a degree of thermal isolation exists between the

plugs and the central cell, in that the electron temperature in tiie plugs

is higher than that in the central cell. These data suggest that there may

be thermal barrier effeots operative that can explain the (usually small)

differences in electron temperature. However, it has become clear in the

course of the workshop that since no density depression has been observed,

the explanation of temperature difference required further analysis.

Measurements of some of the effects of radial ambipolar electric

fields have been made on TMX. The presence of these fields has been shown

to result in E x B rotation of the plasma (at frequencies on the order of

5-10 kHz) that averages out nonsymmetries in gas and beam feeds and has the

nominal effect of reducing losses of ions that would otherwise occur as a

result of the nonaxisymmetry of the TMX magnetic fields. There is also

evidence correlating the E x B rotation with low frequency MHD oscillations

observed in TMX under conditions of high gas feed. In addition, axial

electron losses show a discrepancy between experimental observations and

those predicted from the models for self-consistent electron currents and

potentials. It is plausible that instabilities in the device which enhance

the axial electron loss rate are responsible for the discrepancy. Further

analysis is underway to understand these mechanisms and their implications.

In EBT, experiments indicate that the plasma potential peaks near the

radial position of the hot electron rings, and then falls to zero at the

wall of the vacuum chamber. The confinement of core plasma electrons in

the present EBT experiments has been satisfactorily described with the

collisionless neoclassical transport theory, as originally developed by

Kovrizhnykh, subsequently modified by Spong, and implemented (and refined)

in several different transport modeling codes and/or scaling studies.

These studies have provided reliable electron temperature and global

confinement scaling from EBT-I/S and can be used with considerable



confidence to predict the behavior of the next device, EBT-P, in the

corresponding collisionless electron regime of operation. However, ion

confinement, together with the closely related ambipolar potential

(electric field) magnitude and scaling for purely Maxwellian plasmas have

not been nearly as well understood in that the theory yields values lower

than those observed experimentally.

Understanding of ion transport within the neoclassical theory, as

reviewed by Kedrick and Guest, is complicated by the resonant character of

the ion drifts and by the existence of a high energy ion tail. In

addition, in the present EBT devices [pure electron cyclotron heated (ECH)

plasma], ions are only weakly heated by Coulomb collisions and are

susceptible to what otherwise would be negligibly small nonclassical

effects, such as fluctuations, that probably heat the ions to produce a

well-confined high energy ion tail. The observed central ambipolar

electric field is negative. This causes electron transport to be

nonresonant and less sensitive to electric fields than the ions. A class

of ions experiences cancellation of E x B and VB drifts, and these resonant

particles tend to dominate the ion transport (so-called plateau or banana

transport used in most of the EBT modeling codes). The picture which has

emerged is that the loss rates are primarily determined by the electrons

whereas the ions primarily determine the magnitude of the ambipolar

electric field. Hedrick pointed out that the comparison between experiment

and this purely neoclassical theory of the ambipolar electric field is

reasonable when the observed fluctuation levels are lowest. However, in

cases with higher levels of fluctuations the magnitude of the electric

field observed in the experiment is higher than that obtained from theory,

suggesting the necessity to consider additional ion particle losses such as

contributions from the high energy ion tail and from impurities (e.g.,

aluminum, noting that the EBT cavity is made of Aluminum) in which the

effect on potential could be somewhere between 10% and 90%.

Guest has attempted a mechanistic interpretation of the resulting ion

confinement in an effort to understand the origins of the difficulties

encountered in the one-dimensional, time-dependent transport codes. To

illustrate a qualitative prediction of the theory (in the collisionless

electron regime with plateau ion transport), Guest pointed out that if



heavy metallic atoms could be introduced into the core of the EBT plasma

they would be expected to remain there for a very long time, since ion-ion

collisions would prevent them from reaching the transitional energy

required for loss. It became clear in the course of the workshop that the

behavior of aluminum impurities in EBT-I/S was not at all consistent with

this qualitative picture. Bistead of the long confinement time deduced

from the resonant ion diffusion picture. Aluminum ion3 are observed to have

very short lifetimes (<10~3 s) and energies close *o the maximum thzy could

obtain by falling through the entire ambipolar potential. It was

subsequently pointed out by Dandl that the fast multiply ionized aluminum

ions observed in the experiment exceeded the maximum energy for adiabatic

confinement and thus could not be expected to behave neoclassically. The

aluminum observations have thus led to a study to consider an ad hoc flux

of aluminum ions (modeled from spectroscopic observations) as one of a

number of possible explanations for the ambipolar potential in EBT.

Initial estimates of the charge flow associated with rapid aluminum loss

suggested that the effect on potential could be nearly as large as that

from hydrogen ions, but on closer examination with the latest experimental

estimates (after the workshop) the aluminum contribution seems to be at the

lowest end of the 10-90? bracket mentioned by Hedrick. Most of the

mechanisms which could lead to such aluminum losses would also have a

similar effect on the high energy hydrogen ions, as wers discussed by

T. Uckan and Krall as another possible explanation for the observed

magnitude of the ambipolar potential.

3. TANDEM MIRRORS (Chairmen: R. F. Post, K. A. Connor,

H. Ikegami, W. M. Nevins, T. C. Simonen)

Papers presented in the tandem mirror sessions and open forum

discussions dealt primarily with three topics: (1) ambipolar potential

formation and measurements in TMX, in Phaedrus at the University of

Wisconsin, and in the UCLA large axisymmetric mirror experiment; (2)

effects of ambipolar potential on plasma confinement, as well

as new aspects learned from detailed data analysis; and (3) methods

employed to form and control potentials in the design of the experiments

(TMX-Upgrade, TARA, MFTF-B).
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Papers by Correll, Hallock, and Hooper were on the analysis of data

from TMX and indicated that the potentials improved mirror properties.

Measurements of radial profiles of the central cell confining potential,

presented by Correll, showed a 150-V potential axial barrier. In the core

of the central cell (rc < 15 cm), the experimentally determined value of

<f>c, 150 eV, is in good agreement with the expected value. Near the edge

(r ~ 20-30 cm) <jic is less than predicted and although it seems to reverse

at the edge, other indirect measurements imply that t,Q is positive at all

radii. Under these same plasma conditions confinement is improved over

that without electrostatic barriers. Radial transport is weak in the core

but comparable to axial losses in the edge region.

In another series of experiments, carried out with low ion cyclotron

fluctuation levels, . Correll reported that the plasma confinement

approximately followed Pastukov scaling, i.e., classical mirror containment

enhanced by an exponential factor, exp(<|>c/Tic), where T i c is the ion

temperature in the central cell. Whereas previous results achieved Coulomb

confinement, fluctuations restricted the earlier studies to limited

parameter variations. The experiments described by Correll were carried

out at low neutral beam current but the beam injection voltage was varied

between 11.0 and 27.5 kV.

Hallock described central cell plasma potential measurements with the

thai?inn ion beam probe, for both gas-box and gas-puffer fueling. These

measurements indicated that with central cell gas-box fueling the potential

profiles were nearly parabolic to a radius of ~20 cm. With gas-puffer

fueling, when the density profiles were flattened, the radial potential

variations were small. Comparison with Thomson scattering measurements

indicated that the central cell potential was 6-8 times the central cell

electron temperature.

Hooper described measurements of the effects that large potentials

have on the equilibrium and stability in TMX. These include E x B

rotation, neoclassical resonant ion transport, and low frequency

instabilities. The central cell potential is typically 300-400 V while

that in the end plugs is 150 V higher. The former is measured with a heavy

ion beam probe, whereas the latter is inferred from an end loss analyzer.

The observed radial potential gradient (up to 10 V/cm) produced an E x B



rotation at 5-iO kHz that averages out asymmetries in gas feed and

magnetic field structure and provides a mechanism for resonant ion

transport when combined with the bounce frequency. Also, the radial

transport was observed to be nonambipolar, with a larger radial current of

ions than electrons. Measurements of electron temperature in the central

cell and end region, relative to the end plug, were shown to be lower than

expected on the basis of the present theory. The fact that the large

potentials couple to the tail of the electron energy distribution should

cause substantial variations from the approximately Maxwell-Boltzmann

behavior that is conventionally used to describe the formation of the

potentials. Also, one observation that is neither explainable from present

models nor consistent with present understanding of the operation of the

end loss analyzer is that, at times, the potential at large radii shows the

end plug lower than the central cells. However, it was pointed out during

the discussions that one should be careful in drawing any conclusions from

this because the plug measurement is indirect and, if working properly,

should give the peak potential regardless of where it occurs. Thus, it is

likely that this phenomenon is not real; rather it is a measurement

artifact.

Fluctuations in the range of E x B frequencies were observed on a

number of diagnostics in TMX, and measurements were presented by Hallock

and Hooper. With gas-box fueling, large amplitude, low frequency

(f < 20 kHz) fluctuations of about 10* of the plasma potential were

observed at all radial positions (̂/<j) ~ 10% but e^/kTe ~ 1). There is a

well-defined oscillation frequency of 12 kHz and a lower frequency

component of ~6-7 kHz. Hallock pointed out that measurements made with the

heavy ion beam probe during plasma buildup, at equilibrium, and after one

plug was turned off indicated close agreement between the E x B drift

frequency for m = 1 and the observed oscillation frequency of 12 kHz.

However, Hooper pointed out that although measurements with beam

attenuation probes indicate the existence of two modes the lower frequency

mode (6-7 kHz) is m = 1 rotating in the electron diamagnetic direction

relative to the E x B drift while the 12-kHz mode is m = 0, which is not in

agreement with beam probe results. Possible explanations given were (1)

field errors and asymmetries, creating an m = 1 perturbation from m = 0

mode and (2) nonlinear coupling between m = 0 and m = 1.
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A paper by Breun described new results from the Phaedrus tandem mirror

and reported that Phaedrus could now operate in a rf-sustained mode. Axial

potential measurements on the Phaedrus with gun-produced plasmas showed

that the confining potential is described by and found to be in agreement

with the Boltzmann relation when the plasma is sustained by ion cyclotron

resonant heating (ICRH). Plug ICRH and central cell gas puffing sustain

the plug density and diamagnetism for a 1-ms duration. This mode allows

experiments to be carried out with reduced effects of external plasma

density on MHD stability (through line tying) and of electron thermal

conductivity. Already, this has enabled the Phaedrus group to carry out

MHD studies which indicate that central cell betas may exceed zero

gyroradius, MHD theoretical limits. Future experiments will exploit this

new mode and add neutral beam injectors.

Leikind presented measurements of potential, density, and temperature

on the UCLA large axisymmetric mirror experiment. The plasma produced by a

streaming gun settles down to MHD-stable, uniform profiles after the gun is

turned off. Potentials are a few times the electron temperature and were

thought to be consistent with a Boltanann factor correlation with density.

A paper by Kammash discussed the effects of transiting, central cell

electrons on the ambipolar potential in a standard tandem mirror. In

certain conditions, the transfer of energy from these electrons to plug

electrons can be a significant fraction of the energy transfer from the

trapped plug electrons to the central cell and may have an impact on the

maintainabi1ity of the plug potentials, especially in reactor-grade

plasmas.

Calculations presented by Jong for the range of plasma parameters that

can be attained in MFTF-B indicate that the large changes in the central

cell beta cannot be achieved by varying the central cell gas or neutral

beams or the yin-yang beams. However, an increase in ECH power applied to

the barrier region leads to improvements in the central cell confinement

and to a linear increase (with applied power) of central cell beta because

the rf heating makes the barrier more effective in cutting off the flow of

cold electrons from the central cell to increase the confining potential.

Methods for forming and controling potentials in the end cells of

TMX-Upgrade, the first tandem mirror system with thermal barriers, were
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described by Simonen. A dip in the ambipolar potential, which acts as a

barrier to the flow of electron thermal energy, will be formed by injecting

energetic "sloshing ions" with neutral beams and creating a population of

energetic mirror-trapped electrons by ECH. Electrons trapped beyond this

thermal barrier are then heated in order to increase the potential that

confines the center cell ions. A source of cold electrons from the

ionization of neutral gas will degrade this plugging potential. This

problem is expected to be alleviated by improving the vacuum system in

TMX-Upgrade.

Simonen described ray-tracing calculations that are being carried out

to optimize the antenna design and to ensure that microwaves launched from

the antenna will reach the first and second harmonic resonance points in

the plasma. In addition, the formation of a high energy tail on the

electron distribution function is avoided if the microwave beam is well

collimated and properly aimed such that the relativistic shift in the

cyclotron frequency of high energy electrons moves the resonance points of

these electrons to regions where the amplitude of the heating wave is

small,

H. BUMPY TORI (Chairmen: N. A. Uckan, W. B. Ard, D. B. Batchelor,

G. R. Haste, C. L. Hedrick, H. Weitzner)

Papers presented in the bumpy tori sessions and in open forum

discussions dealt with several topics. (1) ambipolar potential formation

and control and measurements in EBT-I/S and in NBT; (2) effect of ambipolar

potential on plasma confinement and the role of field errors and

fluctuations on plasma potentials and transport; and (3) relationship

between transport and ambipolar potential along with impurity-induced

effects and a comparison of theory and experiment.

A heavy ion beam probe has been in use since 1977 to measure potential

profiles in EBT and has recently been used in NBT. Although several ion

species have been used, most measurements have been made with cesiun in EBT

and with potassium and rubidium in NBT. Measurements in EBT, presented by

Connor, showed that the potential shape is significantly different in the

C-mode and in the T-mode, with a very abrupt transition between the two
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(i.e., change from no potential well to potential well formation). When

the magnetic field errors and toroidal currents are minimized, there is an

almost parabolic potential well in the core plasma of a few hundred volts

(~200-300 V in EBT-I and ~3OO-6O0 V in EBT-S), and the potential well depth

increases as the operating neutral pressure is decreased and/or power

levels are increased. Experimental observations indicate that the

potential peaks near radial position of the the hot electron rings (i.e.,

the location of the second harmonic resonance of the applied ECH frequency)

and changes location as the magnetic field is varied.

Measurements were also made in the so-called fundamental resonance

(FR) mode (where the hot electron rings formed at the location of

fundamental resonance rather than at the second harmonic), and various

potential distributions were observed, including one in which the potential

rises to a peak at the center of the device. The potential distribution,

however, is sensitive to the mixture of powers of the various frequencies

used. Reproducibility of measurements was excellent in all standard

operating modes possible with the 10.6-, 18-, and 28-GHz heating in

EBT-I/S.

In NBT, preliminary measurements presented by Iguchi showed a

potential that was everywhere positive with no well at the center.

However, plasma loading has led to rather large error bars on the

measurements. The observed potential level is about 200 V in the T-mode,

with no center depression. The potential shape could be altered and the

magnitude could be changed by about 50 V, depending on the error field.

The M-mode in NBT is characterized by oscillations at roughly 100 Hz, and

it was determined that the plasma potential varied between a level at about

300 V to one at about 2.5 kV. The hot electron ring itself was thought to

be stable, because the level of X-band radiation did not change

significantly on the 100-Hz period.

Spectroscopic measurements of aluminum impurities have been made in

EBT, and Richards reported that the typical aluminum density in the central

plasma column is approximately 7O~3 ne and that A£
+3 temperatures have been

observed to be as high as 650 eV. The observed impurity temperature

exceeded that expected for the E x B motion by a factor greater than 2.

This implies that an auxiliary heating method must be present for raising
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the impurity ions to these high energies. Another observation was that the

impurities were not in coronal equilibrium; in fact, the aluminum density

decreases for increasing charge number. The ratios of various charges were

used to determine a confinement time. Values for the aluminum confinement

times were found to be smaller than the electron confinement time by

several orders of magnitude (TAJ1 < 100 11s) . It was pointed out that the

product of the aluminum ion temperature times the ion charge was well

correlated with the potential well depth. It was thought that the source

of the impurity temperature (as well as the reason for the short

confinement time) wa i that fluctuations are very effective in causing

transport both of energy and in space of these impurities. Experimental

evidence obtained after the conclusion of the workshop indicates that the

aluminum impurity psrticle flux is less than 20$ of the hydrogen flux even

at high fluctuation levels.

A paper by Jaeger considered the history of theoretical attempts to

understand the potential formation in EBT. It was pointed out that the ion

flux is too low to give a self-consistent potential which matches that of

the experiment. The effect of resonant ions (i.e., ions whose E x B drift

just cancels that due to the VB drift) raises the potential, but the

potential is still too small. Inclusion of energetic tails which increase

the number of resonant ions further causes the potential to increase, but

the calculated potential from 1-1/2-D transport codes still remains smaller

than that which is observed. It was pointed out that if aluminum ions with

the densities, temperatures, and confinement times estimated from

experiment were taken ad hoc this could make the code calculations match

those observed in the experiment. It was also pointed out that while the

bulk proton lifetime was assumed long compared to that of the aluminum, the

same qualitative results would be obtained if one assumed properties for

high energy (tail) protons similar to those for aluminum.

Bumpy torus is a closed field line device and is sensitive to small

magnetic field asymmetries, i.e., field errors. A summary of experimental

observations and estimates of the permissible level of field errors in EBT

was presented by T. Uckan. If the error field of the device (which was

introduced externally) was large enough, a distortion of the poloidal

symmetry of the potential profile and even a total disappearance of the
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ambipolar potential well were observed along with establishment of a

toroidal current and deterioration of the confinement. The fundamentals of

a transport theory that includes field errors have been developed by Callen

using an extension of the longitudinal adiabatic invariant for toroidally

passing particles, J»* = ̂ daCmv,, + (e/c)6A(|] where 6A,, is the perturbation

in the magnetic vector potential (caused by field error) that is parallel

to the unperturbed magnetic field.

In the paper by T. Uckan, the comparison of experiment with

neoclassical theory indicated that good agreement can be obtained if the

experimentally measured ambipolar potential and high energy ion tail are

used in the modeling. There are still a number of questions about the

formation and effects of the observed high energy ion tail in EBT, and

several papers presented at the workshop offered some insight into these

questions. The ion tail seems to be associated with fluctuations, and a

paper by Tolliver indicated that it is only necessary to assume a small

amount of nonclassical power (10~3-10~2 of the total) to produce a high

energy ion tail. The paper by Krall indicated the necessity of invoking

nonclassical effects to account for the relatively large potential observed

experimentally and suggested several such mechanisms, very much in the

nature of a survey, to demonstrate the consequences of assumed loss

mechanisms: it did so not to explain the experiments but to guide future

work. Two specific mechanisms were offered by Krall: the first was the

assumption of anomalous ion transport involving electrostatic waves, which

did not lead to an increase in ambipolar potential in the modeling, and the

second was enhanced ion loss through formation of an ion tail in response

to various plasma waves that can drive the system to equilibria with a

large ambipolar electric field if there is a sufficient tail population

(~10l). The paper by Owen indicated that FLR effects and a resonance

condition [u(E x B) ~ u(fluctuation)] can cause large excursions in energy

and radius which might be converted into heating and/or diffusion by

including stochastic mechanisms. The excursions in energy and position

were found to be large for both hydrogen and aluminum ions. It was

indicated by Roth that transport in the NASA Lewis Bumpy Torus depended on

high fluctuation levels and might be similar to the subregime near the T-M

transition in EBT, which has high fluctuation levels.
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In the standard EBT heating configuration, when the effects of error

field are minimized the observed sign of the electric field is negative

inside the rings. However, positive electric fields are also possible

within the neoclassical theory of EBT. This possibility is interesting

because, as pointed out by Guest, it might lead to increased lifetimes and

also would tend to repel impurities such as aluminum. Ikegami presented

the results of computer calculations of ion trajectories in NBT magnetic

fields with electric fields observed experimentally. It was observed that

the particles with energies less than A<j> (where A is the aspect ratio and $

is the potential well or hill) are well confined in both positive or

negative electric fields, which is quite different from tandem mirror

confinement schemes. It was pointed out that the phase space in which ions

are confined in the device is much larger with positive electric fields

than with negative fields. The paper by McNally considered some of the

possible implications of positive electric fields on an EBT reactor and

discussed extrapolation processes involved in using molecular ion beams to

control the potential.

Papers on ICRH effects were presented by Campbell, Shoji (on NBT), and

Baity (on EBT); all indicated promising results (theoretical and/cr

experimental) although the work on ICRH in bumpy tori is just beginning.

In calculating the neoclassical transport coefficients, Campbell

pointed out the appearance of a new transport coefficient due to the rf

fields which produced particle and heat fluxes proportional to gradients in

mod-B and in rf field strength. Specifically, at second harmonic heating,

modification of the ambipolar potential was found (e.g., ion heating tends

to increase the potential gradient in regions of steep density gradient).

It was pointed out that the new transport coefficients omitted from the

calculations are probably comparable in magnitude to the ones retained.

The NBT group reported on slow wave heating experiments at quite high

rf power levels (typically, ECH power = 45 kW and ICRH power = 65 kW).

Significant bulk ion heating, an enhancement of the energetic ion tail, and

significant modification of the ambipolar potential were observed. In

particular, profile change from a potential well configuration to a

potential hill was noted. The results were found to be quite sensitive to

antenna placement with respect to the midplane and to error field

correction currents.
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Baity reported on fast wave experiments on EBT-S with much lower power

levels relative to ECH power than in the NET experiments (ECH

power ~ 100-200 kW and ICRH power ~ 4-10 kW). Wave propagation and ion

heating were only seen at high frequencies (f 2. 30 MHz) such that the

fundamental cyclotron resonance did not exist in the machine. From the

standpoint of this workshop, the interesting result was that at fairly low

power levels (<4 kW) a significant increase occurs in detected energetic

charge-exchange neutrals but with no observable modifications in ambipolar

potential.

5. CONCLUSIONS

The workshop was a great success, with theorists and experimentalists

having lively discussions on the ambipolar phenomena in the tandem mirror

and in the bumpy torus. The subject matter was of common interest to both

of the concepts, and the review papers were very effective in providing

excellent tutorials. It was clear from the papers presented that

substantial advances in theory and in experimental determination of

ambipolar potentials have been made. However, it remains for future work

and new, large experiments to clarify the logical gaps in our understanding

of the role of ambipolar potentials in bumpy tori and tandem mirror

systems. In this respect, the workshop provided an excellent opportunity

for discussions and suggested promising directions to explore.
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THE AMBIPOLAR POTENTIAL IN EBT, A THEORETICAL SUMMARY*

C. L. Hedrick
Oak Ridge National Laboratory

Oak Ridge, Tennessee

In EBT the ambipolar electric field has a profound effect upon single

particle orbits and hence upon loss rates. Based upon the experimentally

observed ambipolar potential, orbits and loss rates have been calculated.

These in turn have been used in transport calculations, to calculate density,

temperature and self-consistent electric i'ields for comparison with experiment.

The gross properties of the EBT-I/S plasmas can be understood in terms

of purely hydrogenic, neoclassical transport assuming Maxwellian distributions.

The basic elements of these calculations will be reviewed. The agreement

with the gross experimental properties using these simplified models is in

large part due to the fact that the electron particle and energy losses are

both dominant and better understood than the ion losses. The ion losses in

EBT-I/S plasmas are complicated by two factors. One is that, because of the

relatively small plasma density and mirror radius, impurities (e.g. Al) may

substantially modify the ambipolar potential even though their density is very

low. The second factor is that Coulomb collisions are a very weak mechanism

for heating ions. Thus the ions are susceptible to what otherwise might be

negligibly small non-classical effects.

Recent Fokker-Planck calculations suggest that very small amounts of

heating (by fluctuations) can produce an enhanced tail on the ion distribution—

as observed experimentally. Single particle orbit calculations suggest a

possible mechanism for heating both hydrogen (to produce an enhanced tail) and

impurity ions. These calculations also suggest a mechanism for enhanced

hydrogen and impurity loss rates. Radially resolved transport calculations

indicate that such mechanisms can indeed lead to ambipolar potentials which

are in better quantitative agreement with experiment.

These complications in modeling EBT-I/S plasmas should be largely

eliminated in EBT-P where the larger mirror radius and plasma density will

shield the plasma from impurities and permit efficient penetration of and

direct ion heating by ICRF.

Research sponsored by the Office of Fusion Energy, U. S. Department of Energy,
under contract W-7405-eng-26 with the Union Carbide Corporation.
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REVIEW OF POTENTIAL EFFECTS IN OPEN MAGNETIC GEOMETRIES*

D. E. Baldwin

Lawrence Livermore National Laboratory, University of California
Livermore, California 94550

In any plasma device, the global potential adjusts to nullify the loss

of electrical current associated with the loss of particles. As a result, the

potential takes the sign of the better confined charge, thereby adding an

energy drive that can enhance the loss of particles of that sign. In

particular, in open magnetic geometries or along open 'h'nes in otherwise

closed geometries, the plasma rises to a positive potential in order to

confine the more rapidly scattering electrons, and it simu'.ataneous'iy ejects

low energy ions.

Along each open magnetic line, these considerations of loss—that in

steady state there be no net current from any flux tube—determine only the

peak potential along the line, or total well depth as seen by the electrons.

Variations in potential along the magnetic line, away from the peak, are

governed by charge neutrality £Zn * 0. As a result, when the electron

distrubtuion is well approximated by a Maxwellian with a temperature T that

is constant along a flux tube Tabled by ij»,6 (where J3 = Vijtfve). variation in

the potential is given

'~ - ions

e Z?onsa»(*.e.o)
where i measures distance along the line, and Tg * T^*,**) can itself

depend on the choice of magnetic line. The ion densities may also depend on

<(>, so in this case this relation is only implicit.

This review describes how the various terms in the above relation are

influenced and determined in open geometries by particle injection,, heating,

and cross-field transport. It also deals with the important modifications

that result when the electron temperature is not constant along <f> due to an

incomplete thermalization, such as that introduced by thermal barriers. These

considerations are primary in the tandem mirror concept, particularly under

thermal barrier operation, and they are rendered all the more complex by the

dominate ion cross-field transport that depends sensitively on the radial

electric field.
*Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under Contract Number W-7405-ENG-48.
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MULTI-SPECIES AMBIPOLAR PHENOMENA IN THE

ELMO BUMPY TORUS

G. E. Guest

Applied Microwave Plasma Concepts
Encinitas, California 92024

An earlier, heuristic version of neoclassical transport theory sug-

gested a plausible interpretation of empirical results from EBT-I, such

as the relation between electron temperature and density, the ambipolar

electric field, and the distribution of ion energies in a two-species

plasma consisting of equal concentrations of electrons and protons. This

picture is easily generalized to include more than one species of ions,

a situation which may arise experimentally by virtue of impurities or

deliberate admixture of gases. Here we discuss the limiting case of a

small relative concentration of a second species of ions and illustrate

the results with plasma parameters typical of EBT-I/S. As in Ref. 1,

the dominant transport process for the trace ion group is assumed to be

the rapid drift surface diffusion that results if the ion energy ap-

proaches the transitional energy, at which the net azimuthal drift velo-

city vanishes, W s qE R .

G. E. Guest, "Ambipolar Diffusion in the ELMO Bumpy Torus," in Pro-

ceedings of the EBT Transport Workshop, August 1979 (DOE/ET-0112).
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MULTI-SPECIES AMBIPOLAR PHENOMENA IN THE

ELMO BUMPY TORUS

G. E. GUEST

AMPC

1. INTRODUCTION

In EBT-I/S, the ambipolar potential is observed to increase with minor

radius, providing a negative radial electric field that confines low-energy

ions electrostatically. It has been -ecognized for some time [1, 2] that

the poloidal drift of ions in this electrostatic field, VQ ~ E x B/B , is

opposite to the poloidal drift due to the strong radial gradient in the

static magnetic field, VQ ~ W B x VB/qB
J (see Figure 1). Since the VB

drift speed is proportional to the ion energy, cancellation of the two

poloidal drifts will occur at a certain energy, W ~ q E R . Here, q is

the charge on the ion, E is the radial electric field and R is the radius

of curvature of the magnetic lines of force, a measure of VB. If the net

poloidal drift becomes very small, the radial transport should become

correspondingly rapid so that the dominant loss of ions from EBT-I/S has

generally been ascribed to the escape of ions having this transitional

energy. This basic situation is indicated schematically, in Figure 2, and

the appropriate formulas are displayed in Figure 3, both taken from Ref• 1

which discussed the implications of this loss mechanism for the interdepen-

dences of the ambipolar potential, the electron and ion temperatures, and

other plasma parameters.

Here we address the effects of the ambipolar phenomena on the confine-

ment and steady-state properties of trace concentrations of impurity ions

such as the aluminum, carbon and oxygen that occur in EBT-I/S. As we shall

show in what follows, collisions between the plasma ions (protons or deuterons)

and the heavy impurity ions will tend to keep the impurities at a temperature

just slightly higher than the plasma ions, provided the impurities are con-

fined in the core plasma region. But since the escape energy, W , is pro-

portional to the ionic charge, impurity ions may never reach the energy at
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which they could be transported rapidly out of the core plasma. Rather, any

such ions would be expected to undergo successive ionization and finally

achieve a distribution of charge states similar to coronal equilibrium.

Since the observed distribution of ionization states is very different, we

tentatively conclude that the observed impurities are not confined in the

core plasma.

3. DISCUSSION AND CONCLUSIONS

Experiments over the past several years have suggested that impurity

ions (C, 0, Al) remained in EBT-I/S for very short times, less than or of
-4

order 10 sec. Moreover, most of these short-lived impurity ions are

singly charged, a smaller number are doubly ionized and, under some circum-

stances, triply-ionized ions are observed. The ion energies are proportional

to their charge state is so far as quantitative measurements are available.

This empirical picture is quite different from what one would expect

for impurity ions confined in the core plasma: lifetimes, determined by
-4

ionization rates, should be greater than 10 sec, and should increase with

the charge state. The ion energies should remain only slightly higher than

the proton temperature and be independent of the charge state.

These differences between the empirical findings and the expectations

based on the neoclassical picture suggest that the observed impurity ions

are not confined in the core plasma, but are created outside the core and

accelerated by the ambipolar field. Their maximum energy would then be

limited by Ze<f>, and their transit time through the plasma region would vary

-h
inversely as (Ze<{>) .

One additional point is of interest in regard to the behavior of any

such impurity ions; viz., the possibility, suggested by Dandl, that they

could exceed the maximum energy for adiabatic confinement, implied by the

condition that their gyroradius be less than 5% of the radius of curvature:
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p < 0.05 R ,

2
2 (0.05 eBR )

or W, <; 7- • 2M
P

* < A 2M
P

For aluminum ions in EBT-I/S, we estimate the maximum energy (such that

ions of charge Ze are adiabatic) to be

50 Z2 eV , EBT-I

W =
max „

120 Z eV , EBT-S

Singly-charged aluminum ions will violate the condition for adiabatic behavior

if the potential exceeds 50 (120) volts in EBT-I (S). Thus, under most T-mode

operating conditions, confinement of aluminum ions is very unlikely.

REFERENCES

[1] GUEST, G.E., "Ambipolar Diffusion in the ELMO Bumpy Torus," Proceedings

of the EBT Transport Workshop, August 1979 (DOE/ET-0112).

[2] HAZELTINE, R.D., KRALL, N.A., KLEIN, H.H. and CATTO, P.J., "Neoclassical

Transport in EBT," SAI 02379-664LJ, April 11, 1979.
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2. HEATING AND IONIZATION RATES FOR

ALUMINUM IN A HYDROGEN PLASMA

We first display in Figure 4 the classical rates at which aluminum

ions of charge state Z are heated by protons and electrons of tempera-

tures T and T , respectively. The main point made by these formulas

is that the ion-ion heating rate is larger by almost two orders of magni-

tude than the electron-ion rate. Thus, if the temperature of the aluminum

ions were to exceed that of the protons, the aluminum would lose energy to

the protons much faster than it could gain energy from the (hotter)

electrons. We conclude that confined aluminum ions will remain at a

temperature that is only slightly above the proton temperature: W.- >

T /0.69.
P

The steady-state concentrations of successive ionization states can

then be estimated from rate equations of the form shown in Figure 5.

Here recombination has been neglected in view of the large disparity

between the ionization and recombination rates for EBT-l/S parameters.

These two rates shown in Figures 6 and 7. The resulting distribution

of ionization states is tabulated in Figure 8, where one sees that the

relative concentration of successive ionization states increases roughly

as Z2.
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Figure 1
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THE TRANSITION ENERGY,

p

- uB

( W t "

= qB<Rc><Er/B> - qErRc

W = 2(e - q«) -

Recall that

k2 > (M - I)"1 £ '

Figure 2
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DRIFT-SURFACE DIFFUSION

xo(r,9v,W) * w t/np

r R c

For W « W t,

r Rc W /. W V 2

Figure 3
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TRACE IMPURITY HEATING RATES FOR ALUMINUM

(SEE NRL "PLASMA FORMULARY", REVISED 1980)

dWi -9 eV / Wi\ V £n AID
dt ' —

WHERE

n IS IN cm"3

AND

T , T e > AND Wi ARE IN eV.

FOR TYPICAL EBT-I/S PARAMETERS,

1 dWi

ft It

+ 0•14 msec \ 3 i

Figure 4
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RELATIVE CONCENTRATIONS OF SUCCESSIVE CHARGE STATES

IF WE NEGLECT RECOMBINATION, THE RELATIVE CONCENTRATIONS

OF SUCCESSIVE CHARGE STATES ARE GIVEN BY

n1 ne<gv>0.1

n2
n l

n3
n2

ETC.

n
1

T 2

1
T 3

e< a v > l ,2

+ ne<av>2,3

Vav>2,3
+ ne<av>3,4

Figure 5
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lONIZATION VS. TEMPERATURE*

*S. K. WONG,
PRIVATE COMMUNICATION

1 0 / /
TEMP («v) / /

Figure 6



RECOMBINATION VS. TEMPERATURE*

* S . K. WONG,

PRIVATE COMMUNICATION Figure 7
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FOR TYPICAL EBT-I PARAMETERS

( n o = TO12 cm" 3 , T = 400 eV)

CHARGE STATE, j
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Figure 8
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EXPERIMENTAL MEASUREMENT OF PLASMA SPACE POTENTIAL*

by

Plasma Diagnostic Group

Plasma Dynamics Laboratory
Rensselaer Polytechnic Institute

Troy, New York 12181

I. INTRODUCTION

Basically two techniques have been used to measure plasma space

potential. End loss analyzers have been used to measure the potential in

open ended systems and heavy ion beam probes have been used to measure the

potential in the central cell of TMX and on EBT-l/S. A beam probe has also

been installed on the Nagoya bumpy torus, but I don't know what results

have been obtained to date. I will only very briefly describe end loss

analyzer systems since I know very little about them. I will spend most

of the time talking about heavy ion beam probe measurements since I know

a little more about this technique. Most of the time will be spent dis-

cussing various sources of errors and the need for \/ery careful calibra-

tion. I've been in the business of measuring space potential for about

15 years now, and we are still learning something new about the measure-

ments every year. 1 think, however, that our understanding of the measure-

ment technique, the accuracy, and the sensitivity of the measurements have

improved considerably.

Work supported by DOE.

Paper will be presented by R. L. Hickok.
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II. END LOSS ANALYZERS

End loss analyzers are basically retarding grid analyzers that are

mounted in the loss cone of open-ended systems. Ions trapped in the mirror

have a thermal energy plus a potential energy due to the positive space

potential developed in mirror traps. When the ion is knocked into the

loss cone it carries out of the system is thermal energy plus the poten-

tial energy. All of this energy is converted into parallel kinetic energy

by the time it has escaped from the system. If a retarding grid analyzer

is placed in the loss cone and the retarding potential is swept, the

collected ion current will be constant until the retarding potential equals

the space potential of the trap. For higher retarding potentials, the ion

current will decrease, mapping out the ion thermal energy distribution.

This technique utilizes an integrating detector in the sense that it measures

the total number of ions that have energies in excess of the retarding poten-

tials. It also integrates along the magnetic flux tube, but it does provide

radial spatial resolution. It is subject to the usual noise problems asso-

ciated with detectors used in plasma environments.

III. HEAVY ION BEAM PROBE

A. Basic Operation

The basic concept of heavy ion beam probing consists of directing a

primary beam of single charge heavy ions across the magnetic field and through

the plasma. Some of the ion beams undergo impact ionization collisions with

the plasma electrons to form 2 plus and higher charge state secondary ions.
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Because of the large mass difference between the heavy ions and the elec-

trons, there is essentially no change in the energy or momentum of the

ions. Secondary ions created at a specific point on the primary beam

trajectory are separated from the primary beam and from secondary ions

created at other points by the magnetic field. In effect, we create a

test particle inside the plasma with known properties and when it escapes

from the plasma, it carries out information about the neighborhood where

it was created. The basic scheme is illustrated schematically in Fig. 1.

The electron impact ionization cross section depends on the electron

velocity; consequently, the intensity of the secondary ion signal provides

a measure of the electron density times a function of the electron tempera-

ture. This can be written as:

Is - G Ip n F(Te)

where I is the primary current, n is the plasma electron density, and G is

a geometric factor. F(T ) can be evaluated by integrating the ionization

cross section over the Maxwellian electron velocity distribution. Typically

the primary beam current is between 10 and 100 yamps and the secondary

currents are in the range of 10's of nanoamperes.

Space potential measurements are made by comparing the energy

difference between the primary and secondary ions. When the primary be<m

leaves the ion gun or accelerator it has an energy of eV,, but at the point
a

where the secondary ion is created it has an energy of e(V - <}>). The secon-

dary ion gains n e<i> on escaping from the plasma, where n is the charged

state of the secondary ion. The difference in energy between the primary



= e[v0 + 0(P)]

ED = eV0

ION SWEEP
OPTICS PLATES DETECTOR

LINE

nf(Te)

FIGURE 1. Basic layout of an ion beam probe system.
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and secondary ions is (n - 1) e<j>. Typically this energy difference can
-4be measured with a sensitivity of the order of 10 Vfl. For the beam

probe measurements to be discussed at this Workshop, VA is in the range

of tens of kilovolts and the space potnetial measurements have a sensi-

tivity of a few volts.

The observation point in the plasma where the space potential

measurement is made, can be charged by either changing the beam injection

angle or the beam injection energy. Tf the beam energy is held constant

and the injection angle is changed, the observation point traces out a

line through the plasma that is referred to as the angular detection line.

Typically this line is more or less perpendicular to the beam direction.

If the beam energy is changed, then the angular sweep will trace out a

new detector line. Increasing the beam energy will move the detector line

closer to the ion gun and decreasing the energy will move it towards the

detector. Sweeping the injection angle using sweep plates on the primary

beam line, can generally be done much faster than changing the beam energy.

For pulsed devices, such as TMX, the energy is held constant during the

pulse, but the multiple sweeps along the angular detector line can be

obtained on a single pulse. For D.C. systems, such as EBT, there is a

choice between energy and angular sweeps and as will be explained later

there are advantages to using slow energy sweeps at constant injection

angle. Assuming that there is no physical constraints, such as finite

size of entrance and exit ports, then any point in the plasma cross section

can be selected by proper choice of beam energy and injection angle. A

grid can be constructed in the observation plane that maps x-y coordinates

into beam energy-injection angle coordinates.
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B. Space Resolution

The space resolution is determined by the size of the probing beam,

the entrance slit to the detector and the overall geometry. Consider

first a plane parallel beam with circular cross section and uniform current

density. The two edges of the entrance slit will project back detection

planes that will determine the length of the primary beam trajectory from

which detectable secondary ions are emitted. So to zero order the sample

volume is simply a section of a cylinder. Note that the end planes of the

cylinder are not necessarily perpendicular to the axis of the cylinder.

The angle between the end planes and the cylinder axis is determined by the

overall geometry of the system. Ideally the systems are designed to keep

this angle as close to 90° as possible, but generally this cannot be main-

tained over the full cross sectional area of the grid map. To obtain a

more accurate estimate of the sample volume, it is necessary to include the

position and velocity distribution of the beam particles. In effect what

this doe^ is to smear out the sharp boundary of the resolution volume.

Typical size of the sample volume is of the order of 1 cm .

C. Secondary Ion Energy Measurement

The energy of the secondary ion is measured with a parallel plate

electrostatic energy analyzer. It is modified to the extent that the

detector is a pair of split plates. This is shown in Fig. 2. In most

installations, the analyzer is operated in a feedback mode such that the

voltage on the analyzer is adjusted to balance the current on the split
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FIGURE 2. Fundamental operation of the feedback controlled analyzer.
Beam enters from the left, and is centered on the split
detector by the action of the feedback loop.
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plate detectors. Recently however we have been operating open loop. The

current to the two split plates is recorded and then the voltage that would

be required to balance the currents is calculated off line. This technique

of balancing the current on the split plate detectors is what provides the
-4high energy resolution, but when you ask for a sensitivity of 10 Vfl or

better, there are a large number of subtleties that have to be considered,

and I'll talk about them a little later.

Note that the voltage required to center the secondary ion beam on

the detector is directly proportional to the accelerator voltage plus the

plasma space potential at the location where the secondary ions are created.

Typically the system is calibrated by directing the primary ion beam into

the analyzer. This determines the voltage that would be required if the

space potential were zero. A precise gain of 1/n is then introduced into

the system to compensate for the higher charge state of the secondary ions.

Any additional voltage required to center the secondary beam is then directly

proportional to the space potential. Since we evaluate the voltage required

to equalize the currents on the split plates, what we actually determine is

an intensity weighted average of the space potential over the sample volume.

The voltage required to center a given energy ion beam is a function

of the angle the beam makes with the ground plane of the analyzer. When the

observation point is moved around in the plasma, this angle changes. Conse-

quently, it is very important to know both the precise characteristics of

the analyzer and the precise trajectories of the beams in the magnetic field.

Figure 3 shows typical angular correction functions for electrostatic

energy analyzers. The shape of this correction function can be altered by

changing x-y position of the entrance slit and split plates so that the
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FIGURE 3. Antular correction functions for various analyzer
configurations.
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correction curve can be tailored to the specific experiment. This is not a

random error, but a systematic correction that can be applied to the data.

One of the advantages of using an energy sweep rather than an injec-

tion angle sweep is that it results in very nearly constant entrance angle

into the analyzer and the correction to the space potential profile is

generally negligible. This is the routine sweep that is used on EBT.

D. Time Resolution

The physical limitation on the time resolution is set by the require-

ment to collect a sufficient number of secondary electrons to provide a

statistically significant measurement. When measuring fluctuation spectra,

there is an additional physical limit. Potential fluctuations produce a

modulation of the energy of the secondary ions and if the flight path to

the detector is too long, this could result in beam bunching. In practice

the real limitation is set by the detection system. When the analyzer is

operated in the feedback mode, it is very difficult to get the frequency

response of this very high gain feedback loop much higher than 50 KHz. With

open loop operation, the frequency response is set by the gain-bandwidth of

the front end amplifiers. Typically, which means the best we have obtained

to date, the front end amplifiers that have an equivalent current noise of

1 nanoampere at a bandwidth of 1 MHz. Normally the frequency response is

cut back to the order of 40 KHz in order not to swamp the data recording

system. We have, however, taken some data on TMX with 1 MHz bandwidth.

The bandwidth of the system also sets a limit on how fast you can make

radial profile measurements.



47

E. Sensitivity

We touched a little bit on the sensitivity in the last two sections,

but in practice the sensitivity is generally set by the noise pick up in

the analyzer. Generally this noise is created by ultra-violet light from

the plasma that enters the analyzer and is scattered to the detectors where

it generates secondary electrons. On EBT we also get some noise from the

intense microwaves, and on TMX we obsered some noise from a diagnostic neutral

hydrogen beam which got scattered into the analyzer. One way to maximize

the signal-to-noise ratio is to chop the probing beam. For D.C. devices

such as EBT, we use a chopped beam, phase sensitivity detection, closed

loop analyzer operation, and long integrating time. With this technique,

we can make space potential measurements with a fraction of a nanoampere

secondary ion current. On TMX we also used a chopped beam most of the

time, but the system was run open loop with off line processing. In

effect we carried out phase sensitivity detection in th< , ocessing

routine. Both systems use probing beams with energies in the 10's of KeV

and provided a sensitivity of the order of a volt.

Sensitivity should not be confused with accuracy. By sensitivity

we mean that if we set at one place in the plasma and the space potential

changes by the order of a volt, we will be able to measure it. We would not

be able to tell you what the potential is to a volt. The accuracy depends

on a large number of factors that I'll mention a little later. One thing

that should be pointed out is that it is easier and more accurate to

measure the difference in potential between two points in the plasma or

at the same point at two different times, than it is to measure the potential
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with respect to machine ground. To measure the potential with respect to

machine ground requires the precise measurement of high voltages and is

generally limited by the accuracy of high voltage resistive dividers.

F. Uncertainties in Beam Trajectories

In all of the previous discussions, it has been implicitly assumed

that we precisely know the beam trajectories. Assuming that we know the

vacuum magnetic field and the beam injection velocity, then we can obtain

the vacuum field trajectories. We can also check this experimentally.

When there is space potential distribution, however, the beam energy

becomes a function of position and we can no longer precisely calculate the

trajectories. Generally this is a very small error unless the potential is

a non-negligible fraction of the beam energy. In principle an iteration

procedure can be used in calculating the trajectories that will converge

for reasonably well behaved potential distributions.

If the plasma beta builds up to an appreciable value, it will also

alter the beam trajectories. This is illustrated in Fig. 4 for some simu-

lation trajectory studies carried out for TMX. The model used was a 30 cm

radius square well beta with flux conserved inside the vacuum chamber.

Injection parameters were chosen such that the observation point was near

the top of the plasma when |3 was zero. For 3 of 0.5 the observation point

for the same injection parameters was near the bottom of the plasma. In

fact it changed nearly linearly with g, moving about 1 cm for each 1% change

in B.
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Not only can <j> and g change the location of the observation point

in the plasma, but they also can change the angle at which the secondary

ion beam enters the analyzer. This causes the measurement to walk along

the angular correction curve described earlier which can lead to an error

in the evaluation of <j>.

6. Three-Dimensional Effects

The previous discussion has treated the system as a two-dimensional

problem, but it is indeed three-dimensional. The beam has a finite diameter

and the magnetic fields always have more than one component even though

two of the components may be small. For example on TMX there was a small

quadrupole component to the field in the midplane of the central cell. On

EBT the field is purely toroidal in the midplane between coils, but outside

the midplane there are radial components to the field. Consider the situa-

tion where the main component of the field is in the z direction and the

beam is injected with primarily x-y velocities. If there are small x-y

components to the field, then the beam will interact with them to convert

x-y momentum into z momentum. The analyzer, however, only measures the

energy associated with the x-y velocities; consequently, this can introduce

an error in the potential measurements. Since, in general, the field will

only have non-zero x-y components for a specific z plane and the beam has

a finite width in the z direction, some parts of the beam will always sample

the small components of the field. The magnitude of the z component of the

field is also a function of z, so the radius of curvature of the beam ions

in the x-y plane depends on z. What this can lead to is focusing or
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defocusing of the beam, smearing of the entrance angle between the secondary

ions and the analyzer, conversion of some of the beam momentum to the z

direction and distortion and displacement of the sample volume. Generally

these are small effects, but it can distort the details of the space poten-

tial distribution. Detailed three dimensional trajectory calculations

assuming finite size beams are required to evaluate these effects.

The electrostatic energy analyzer is also a three-dimensional device.

Analyzers are characterized by a geometric gain, which is the ratio of the

beam energy to the top plate voltage. This gain is determined by the

mechanical characteristics of the analyzer. Small mechanical errors can

lead to an analyzer gain that is a function of the z coordinate of the beam

at the entrance slit. Figure 5 shows the variation in the gain as a function

of ?. for the analyzer used on TMX. This is similar to the angular correction

function in that it is not a random error, but a systematic correction that

has to be applied to the data. Typically we now use four-way split plates.

They are split left-right as well as front-back so that we can determine

some information on where the beam is located in the z direction.

H. Alignment

The previous section described some of the problems that can arise

due to three-dimensional effects. This points out the need for very careful

alignment of/the complete beam system. In designing a beam probe system,

the first step is to select a sweep point and detector location that will

provide a good detection grid in the plasma region. A complete simulation

study is then carried out to determine the expected sample volume, the angle
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which the secondary will enter the analyzer, any z displacements, etc.

This then has to be transformed into hardware. The ion gun and analyzer

has to be mounted and sweep plates installed. They have to be positioned

properly if the system is going to match the simulation. Normally this

is done by installing a number of wire targets at various locations and

then adjusting the mechanical alignment until it nearly matches the simu-

lation. Final alignment is generally done by applying voltages to steering

plates until the beam travels along the desired trajectory.

I. Perturbation of the Plasma

Beam probing is advertised as a non-pertubing diagnostic, but this

should be looked at carefully. It is easy to show that the particle density

and energy density in the beam is, in general, much less than the particle

and energy density of the plasma. In addition most of the particles and

energy are not trapped in the plasma, but pass right through. What does

occur, however, is that for every ionization reaction one or more electrons

is left behind in the plasma. It is conceivable that this could perturb

the plasma potential. What is important is the number of additional elec-

trons that are deposited in the plasma during a plasma electron containment

time. Generally this is small and should not cause an appreciable pertur-

bation. Experimentally this can be confirmed in a number of different ways.

The simplest is to vary the beam current and see if it changes the potential

measurement. This has been done with over an order of magnitude change in

beam current with no noticeable change in the potential measurements. The

potential has also been measured on the same device with a number of
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different ion species. They have different corss-sections and, consequently,

they leave behind different quantities of electrons but they give the same

results. Finally the potential has been measured on both EBT and TMX with

both 2 and 3 secondaries and they give the same results.

Another technique that has been used to establish the potential

measurement is to deliberately vary the potential. This has been done on

two devices: a hollow cathodearc and on the ST Tokamak. This is very easy

to do on the arc. The arc power supply is taken off ground and the whole

system is driven at some small A.C. voltage through a transformer. The

beam probe is then used to measure the applied potential variation. This

is also a nice technique for calibrating the system and measuring the com-

plete frequency response. On the ST Tokamak, a voltage pulse was applied

to the limiter during a plasma pulse which drove the plasma to a new poten-

tial level with respect to machine ground. Figure 6 shows the limiter

pulse and the resulting beam probe potential and density signal. Again

this can be used to calibrate the system and obtain the frequency response.

J. Calibration

Probably the most important aspect of any technique for making poten-

tial measurements is a well developed calibration procedure. For heavy ion

beam probing, this is generally done by directing the primary beam into the

analyzer. The analyzer gain for primary is a factor of n smaller than it is

for secondaries due to the difference in charge state, but this is a very

precise factor of n. The advantages of this technique are that it is carried

out in situ, can be repeated at frequent intervals, and can be done in the



FIGURE 6, Changing the space potential in ST by applying a voltage pulse to the limiter.
The top trace shows the 300 volt pulse applied to the limiter, center trace is
the beam probe potential measurement and the bottom trace is the beam probe
density signal
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presence of the plasma. In general the angle at which the primaries and

secondaries enter the analyzer will be slightly different and this has to

be taken into consideration. ON a D.C. device such as EBT, this can be

checked by rotating the analyzer and tracing out an angular correction

curve with both primaries and secondaries. On pulsed devices this is not

so easy, but generally injection parameters can be chosen such that the

primaries and secondaries enter the analyzer at very nearly the same

angle. Under this condition the correction that has to be applied is

very small.

Calibration in the presence of the plasma is very important to

insure that there is no loading of the analyzer. As pointed out earlier,

the largest source of noise is due to ultra-violet generated photoelectrons.

This produces a current drain on the analyzer power supply which can cause

a variation in the analyzer voltage. If the problem is extremely severe,

it can generate a weak plasma in the analyzer with a consequent reduction

in the electric field. This can be mistakenly interpreted as a positive

space potential.

In addition to simply directing the primary beam into the analyzer,

it is advantageous to also modulate the energy of the primary beam. This

is equivalent to the arc potential modulation described earlier and provides

a direct calibration of the sensitivity of the space potential measurement.

Figure 7 shows the signal observed with a modulated primary beam on the TMX

beam probe system. The beam energy was modulated with a 10 volt square wave

and as you can see there was some ringing in the drive signal. The ten volt

modulation causes a large change in the split plate signal showing that the
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FIGURE 7o Calibration of the TMX beam probe system by modulating the primary
beam energy with a 10 volt square wave. The top trace is the
potential signal and the bottom trace the sum current signal.
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sensitivity is indeed equal to or less then one volt. This technique can

also be used to obtain the frequency response of the system.

IV. SUMMARY

Figures 8 and 9 are a good summary illustration of experimental

potential measurements with heavy ion beam probes. They show radial poten-

tial profiles on EBT and TMX. I hope I have convinced you that it is

possible to obtain accurate and sensitive potential measurements, but

it requires very careful attention to detailed experimental procedures.

There are a large number of small and not necessarily obvious factors,

that can effect the results and lead to misinterpretation of the data.

Most important is the necessity for frequent in situ calibration of the

system in order to maintain a high level of confidence in the results.
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ABSTRACT

TMX experimental data on ambipolar potential control rid on the

accompanying electrostatic confinement are reported. New results on the

radial dependence of the central-cell confining potential are given. Radial

and axial particle losses as well as scaling of the central-cell axial

confinement are discussed.
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I. INTRODUCTION

1 2 3

A year ago the TMX group reported that the tandem mirror '

configuration of axial density and potential profiles was created and

sustained by central-cell gas fueling and end-cell neutral-beam injection.

Axial central-cell particle confinement improved because of the the confining

ambipolar potential. In a subsequent publication, end-cell stability

requirements (rising from microinstabilities near the plug ion-cyclotron

frequencies) were shown to reduce the central-cell confinement below classical

Coulomb values when the end cell to central-cell density ratio roughly

exceeded three.

This paper expands the data set supporting these original conclusions,

documents measurenents of the radial dependence of the ambipolar potential,

discusses the relative radial to axial confinement of the central cell, and

demonstrates that for low, constant values of RF fluctuations the central cell

axial confinement scaled with end-cell injection energy according to implied

values of the confining potential.

Effects, other than confinement, due to large ambipolar potentials,

and the next generation tandem experiment at LLNL (TMX Upgrade), are

examined in accompanying papers in this workshop. More detailed information

from the TMX experiment on power balance, fluctuation studies, and axial and

radial transport will be reported in individual journal publications.

The four main points of this paper are:

• By controlling end-cell and central-cell densities, ambipolar

potentials were formed in TMX.

• Confining potentials of 150 V on axis and within the central core

have been measured (up to 300 V on some shots).
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• Radio frequency fluctuations near ion-cyclotron frequencies of the

end cells can degrade enhancement on axis. Radial losses near the edge of the

plasma can be of the same order as axial losses.

• When end-cell injection energy was increased, central-cell

confinement on axis increased.

II. AMBIPOLAR POTENTIAL FORMATION

Figure 1 shows the TMX magnet and neutral-beam injector systems. The

four deuterium-loaded titanium-washer startup guns supply a plasma target for

neutral-beam buildup within the plugs. They are turned off after 5 ms and the

central cell is fueled either by gas injection into two gas boxes in the

transition regions between the plugs and central cell or by feeding gas into

the central region of the solenoid vacuum vessel (gas puffing). Steady-state

density conditions are reached within 10 ms and are sustained for the entire

25-ms pulse length of the neutral beams. Typical axial plasma density,

potential, and magnetic field profiles are plotted to scale in Fig. 1. The

inside mirrors on both ends are located 265 cm from the midplane of the

central cell with the outside mirrors at 375 cm. The plug midplane is at

320 cm. The plug magnetic field had a midplane strength of 1 T with a 2-to-l

mirror ratio. The central-cell field strength, which could be varied from

0.05 to 0.2 T, was usually 0.1 T. The values of plug and central-cell density

(n and n ) are controlled by the amount of neutral-beam current and

central-cell gas fueling. However, day-to-day variations in other key plasma

parameters, such as electron temperature, T , can have a minor effect. The

value of the central cell potential, <f> , is established by the required

equality of electron and ion losses. The plug potential, <j> , is predicted

to be higher than <b by the confining ambipolar potential of the central

cell, A = T In (n /n ) for T constant along field lines. This positive
c e p c e
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electrostatic potential, <j> , augments the central-cell magnetic confinement

by turning back ions of parallel energy less than <f> .

A thallium heavy-ion beam probe (HIBP) was used to measure the

central-cell space potential, <t> . The potential is determined from the
e

energy of doubly ionized thallium ions. The experimental time sequence and

the measurement of <j> at a central-cell radius of zero are given in Fig. 2.

After a sufficient hot mirror-confined plasma density is reached within the

plugs, the plasma guns are turned off and the central cell is fueled by gas

injection and the end plugs by the neutral beams. Steady-state values of <j>

are reached within 10 ms and are maintained for the entire length of neutral

beam injection. If we turn off the neutral beams in one plug before the

other, as we did with the west plug for this shot, we find that <J> falls to

a lower steady-state value because of the reduction in the central-cell

electron temperature, T , and in ion particle confinement. When the

remaining east-plug neutral beams are turned off, the central-cell potential

is observed to fall until it reaches the lower sensitivity limit of the HIBP.

To measure the radial dependence of 6 , the HIBP can be radially incremented

shot-to-shot by adjusting the beam voltage or, if there is sufficient signal

to noise, a single-shot radial scan can be accomplished by using a set of beam

deflection plates.

The plug potential, ty , is measured by the four swept-voltage end-loss

analyzers (two per end cell with one movable on the west plug). These

electrostatic end-loss ion analyzers (ELA's) have ion-repeller grids biased

positively with respect to ground. Ions with energies less than the

ion-repeller-grid voltage do not reach the collector plate. Because the ELA's

are located in the escaping plasma fan regions at the end wall where the

magnetic field strength is 0.007 T, the ion end-loss current has most of its

energy converted to parallel motion. Since all the escaping ions must pass



68

400

300

200

100

, I . I ,
-

~ A

' , I , I ,

I ' I ' I ' I

A

I • I , I , I

' I '

= 3 4 0

> I i

—

v 2.

= 165 \T

I . I . I
0 4 8 12 16 20 24 28 32

Time, t - ms

0 Central cell gas fueling 30

38

3

End cell stream guns

22 28

2 .

End cell neutral West East
beams off off

Central-cell space potential , <j>e, ,.n axis (measured by HIBP) vs
time. The timing sequence of plasma fueling and heating is shown as
well.



69

through the plug to leave the central cell, the end-loss current will not be

attentuated unless the ion-repeller voltage exceeds the potential drop from

the plug to the end wall, <J> . In Fig. 3(a), we show the ion end-loss

current vs time along the magnetic axis (r * 0) for the west end. The

current density in mA/cm is referenced to the central-cell midplane. The

current spike near 8 ms is due to stream plasma from the start-up guns which

reflected from the plasma being built up within the plugs. Turning the west

neutral beams off before the east neutral beams resulted in a dramatic

increase in measured west-end losses at 22 ms. In Fig. 3(c) and (d), we plot

the current-voltage characteristics of the ion end-loss current density, J,

measured by the west ELA at two ditrerent repeller sweep times, one near 16 ms

(representative of steady-state operation) and one near 25 ms (representative

of a single plug tandem). The ion end-loss current is not reduced until the

ion repeller voltage exceeds <f> . At higher repeller voltages, the curvature

of the I-V curve is a measure of the energy distribution of the ion end

losses. During steady-state operation the west plug was measured to have a

shot-to-shot average value for <J> at r = 0 of 480 V. When either plug is

turned off before the other (as the west plug was for the data in Fig. 3) the

measured value of <f> is near that of $ ; that is, there exists only one end of

the machine with any electrostatic stoppering. These points are illustrated in

*ig. 3(b), where measured values of $ are plotted vs time, including the 16

and 25 ms data of Fig. 3(c) and (d).

The central-cell potential, 4> , and the end-cell potential, $ , are

plotted in Fig. 4 as functions of central-cell radius, r , for the two times

discussed earlier, 16 and 26 ms. These measurements were taken under constant

machine conditions of magnetic field strength, neutral-beam injection current,

and central-cell fueling. The plug magnetic field had a midplane strength oi

1 T with a 2-to-l mirror ratio and the central-cell field strength was 0.1 T.
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The neutral-beam injection current per plug was 150 + 20 A equivalent of atomic

deuterium. To fuel the central cell, we used a standard LBL neutral-beam gas

valve located on the middle bottom port of the central cell. The deuterium

gas input was 1580 equivalent atomic A. The selection criteria were that the

neutral-beam current was near 150 A and that the on-axis potential was

reproducible.

That the two diagnostics (HIPB and ELA) measured similar potentials at

26 ms when n = n£ testifies that there is no systematic offset in the

determination of <J> and <J> . Therefore, we conclude that the data in Fig. 4

at 16 ms, when n /n * 5, can be used to give the central-cell confining

potential by simple subtraction, $ • $ - $ These results are shown in

Fig. 5 where the error bars represent (as in Fig. 4) the statistical

fluctuations from shot to shot. We have estimated the systematic error in the

HIBP and the ELA to be Ĵ  20 V and +_ 30 V, respectively.

The data of Fig. 5 shows the existence of a central-cell confining

potential on axis of 150 V. We see that $ remains near the on-axis value to

a central-cell radius of 15 cm. In this region (0 <̂  r <_ 15 cm), there is

agreement between the measured values of 4> and the predicted values based on

the ambipolar potential well established by quasi-neutrality,

*c * Te ln V V *
The range of predicted values of <f>c represents the uncertainty in

determining the values of electron temperature, T , plug plasma density, n ,

and central-cell density, nc. The electron temperature in the east plug,

T -, was measured by Thomson scattering techniques at three radial positions

which map into r values of 0, 15.8, and 31.6 cm by flux conservation

[r * r (B /B ) ]• The electron temperature in the west plug was estimated

as T • T $„„/*(>£• T n e radial values of n and n were determined by

inverting line-integral densities measured using bean attenuation
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techniques. We found that using second-order polynomial inversions of /ndl

gave densities that were in good agreement with electron density measurements

by Thomson scattering in the east plug and central cell. The predicted values

of $ in Fig. 5 were therefore generated using the following experimental

values: TfiE = 87 [l - (rc/38.6)
2] eV, <(, •••• 540 V, <J»pw - 480 V, n p y - 1.7

10 1 3[l - (r /38 .6) 2 ] 1 / 2 cm"3, and n * 3.5 x 1012tl - (r /38 .6) 2 ] 1 / 2 [0.77c c c
2 — **^ 0.91(r,/38.6) ]cm "*. Two electrically grounded limiters at r * 38.6 cm were

spaced 54 cm on either side of the central-cell midplane.

The last experimental point, according to our present calibrations and

error analysis, changes sign from a positive confining potential to a negative

repelling potential for central-cell ions. From a diagnostic viewpoint, the

El.A should determine the highest potential within the plasma, whether it be 41

oi 4> , unless the axial central-cell losses become mirror-trapped within the

ond cells or undergo charge-exchange events before reaching the end wall.

Although there exists no experimental evidence for significant azimuthal

asymmetries, such asymmetries could alter the off-axis evaluation of £ ; the

machine geometry required the radial dependence of <j> and $ to be measured in

different directions, horizontal (x) and vertical (y), respectively. We «re

q

investigating how thermal-barrier effects, non-Maxwellian electron

distributions, edge fueling of neutrals, and radial losses of electrons might

modify theoretical predictions for <|> .

III. CENTRAL-CELL POTENTIAL CONFINEMENT

Figure 6 summarizes the axial and radial particle losses of the central

cell for the same experimental data that generated Fig. 5. Ion flux Faraday

cups and net electrical current detectors were mounted in arrays across the

narrow dimension of the magnetic flux bundle at both ends of the machine to

determine central-cell particle losses. All total current values are



75

125

I 100

1 75
o

S 50

0) 25

-25 I

10 20 30

Central cell radius, rc - cm

40

rc = 30 cm

Total current (A)

Lifetime (ms)

(f)

Axial Radial Ion
Ion Electron Nonambipolar Ambipolar

95
4.8

180

2.6

80

5.7

Fig. 6. Total central-cell axial and radial ion losses vs rc. Ion and
electron lifetimes for various processes are given in terms of total
number of particles divided by total particle current within a 30-cm
radius.



76

integrated assuming axisymmetric profiles with symmetry points at the peak of

the end cell potential. The axial electron current to the end walls was

determined by adding in absolute magnitude the net electrical current (found

to be negative or zero) to the Faraday-cup measurements of ion axial current.

The nonambipolar radial ion losses were arrived at by subtracting the

predicted end-cell electron losses (on the order of 10 A per end) from the net

electrical current at the end wall. The ambipolar radial losses in the

central cell were estimated from the difference between the total electron end

losses predicted from central-cell fueling codes and measured values of the

axial electron current. Because of uncertainties in central-cell

electron-temperature profiles, the fueling codes can only be used to put an

upper bound on currents and a lower bound on lifetimes for ambipolar radial

losses. The volume average lifetime in Fig. 6 is defined as the total number

of particles within a 30-cm-radius, 314-cm-long cylinder, divided by the

particle current associated with each of the losses.

The data of Fig. 6 shows that within a 30 cm radius, the central-cell

ion axial losses are less than the nonambipolar radial losses. The

nonambipolar losses can be predicted by resonant-neoclassical radial transport

arising from radial drifts enhanced by azimuthal components of nonaxisymmetric

magnetic fields. ' The global axial confinement time of the ions, 4.8 ms,

is a factor of 3 higher than the magnetic confinement time of the central-cell

ions without potential barriers. What is surprising is the fact that the

radial dependence of the confinement parameter in the region 20 < r < 30 cm
— c —

does not show any adverse effects near the radial position where we believe

the confining potential has reversed sign (see Fig. 5).

In Fig. 7, we discuss hew, near the magnetic axis of the central cell

where radial losses are small compared to axial losses and where there is good

agreement between measured and predicted values of 4> , additional effects
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due to RF fluctuations can degrade central-cell axial confinement. We begin

by defining four expressions describing the axial particle-confinement

parameter of the central cell.

During steady-state operation we determine the experimental ion

—3
confinement parameter nx (cm ps) by evaluating the expression

nTc = enc \^c (

••19
where e is the electronic Coulomb charge (1.6 x 10 ), n is again the

central-cell density in cm , L is the effective solenoidal length (314 cm),

and j is the total central-cell loss-current density out both ends in A/cm

(evaluated at the central-cell midplane).

The unstoppered (<J) * 0) mirror confinement of the central cell

predicted by theory is given by

m o = nc T i i l o * R + 2nc Lc (Ir)

where T is the central-cell ion temperature. The two terms are: (1) the

ion-ion scattering time for an empty loss cone with mirror ratio R (mean free

path » R L ), and (2) for a filled loss cone (mfp « RL ), the product of the

c c
1/2

density and the losses due to flow (8T/irm) out both ends of a magnetic

12
bottle with mirror ratio R.

The Coulomb confinement of the central cell, nx., in the presence of a

potential, * • T in (n /n ) is increased according to the following

expression:

-*= [nc Tu «(R) T; + 2nc Lc(ir) ! j « p < W • (3)

where for <j> > T , g(20) =3. Both terms of Eq. (3) are enhanced over Eq. (2)
c c

by exp(cj> /T ) because only ions with energy exceeding the confining potential,
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<f> , can escape axially. The additional enhancement of the first tern; by

<j> /T can qualitatively be explained by the modification of the ion-ion

collision frequency term due to collisions among particles with energy less than

<f> in determining the rate of diffusion into the loss cone. The function g(R)

takes into account that the confining potential is peaked at the end-cell

midplane, not at the mirror point of the central cell. This same effect

changes the mirror-ratio dependence of the flow term from R to R/2 for an

end-cell midplane field strength half of the mirror point.

The equation

F 2 \ - 1

1 * %)

describes the degradation of central-cell ion confinement by the distortion of

the ion-velocity distribution (assumed initially to be Maxwellian) due to

oscillating electric fields, E, at the ion-cyclotron frequencies of the end

cells. Due to the magnetic geometry (see Fig. 1), there exist 10-kG zones

resonant with the plug midplanes within the central cell. Rognlien and

13
Matsuda developed the theory that led to Eq. (4) and discussed the

critical electric field strength, E , required for such effects to occur.

The diamond and circle data points in Fig. 7 (Ref. 4) represent a

neutral-beam current scan of the end cells to vary the ratio of n /n and the

shaded ellipses are the accompanying data to Figs. 5 and 6. We see that as the

magnitude of the RF fluctuations within the central cell (at the end-cell ion

cyclotron frequencies) increased, the experimental nx degraded. At low

levels of RF, there was good agreement between nx and the Coulomb value nx,.

At the higher levels of RF, the measured enhancement of nx over nx decreased.

The predicted value of nx__, is seen to agree well with the overall dependence
AT

of I\T vs RF. The crit ical electric f ield, E , can be taken as a one-point f i t

between ntc and nî p<
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To test the scaling of electrostatic enhancement of central-cell axial

confinement, we carried out an experiment in which we varied the energy of the

injected neutral beam. Our results are shown in Fig. 8. We were able to vary

the neutral-beam injection voltage on the east end cell of the experiment

without changing the total injected-beam current, by operating 20 kV and 40 kV

neutral-beam injectors at various levels. The west end cell was operated with

a constant neutral-beam injection level similar to case B for all three cases

(A, B, and C) of the east end cell. The value of <f> was determined from

T In (n /n ). In all three cases we have normalized the experimental value

ni to the "flow" term of Eq. (3). The values of n and Tc justify this

approximation. We find that the normalized experimental value of the

central-cell ion confinement agrees with the theoretically implied scaling one

would describe for mirror confinement enhanced by a confining electrostatic

potential.

IV. SUMMARY

The experimental data of this paper verifies the formation and control

of amb.'.polar potentials in TMX and the accompanying electrostatic enhancement

of the central-cell ion confinement. In Fig. 5, we expanded upon earlier

on-axis measurements of <j> and discussed its central cell radial

dependence. In the core of the central cell (0 <_ r <_ 15 cm), the

experimentally determined value of <(> is in good agreement with the expected

value, Tg In (n /n c). Near the edge (20 £ r£ £ 3 0 cm), $c is lower, and may

even reverse at the edge.

Central-cell axial and radial particle losses are given in Fig. 6. We

find that the ion axial and nonambipolar radial confinement within a 30-cm

radius are of the same order. Radial losses do not become significant until

r > 20 cm. In Fig. 8, we show that under conditions where the RF effects
c ~
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on central-cell ion confinement (as discussed in Fig. 7) can be ignored, the

on-axis nx was observed to scale according to the implied values of <|> .

The electrostatic confinement associated with <j> > 0 was enhanced above the

<(>c = 0 central-cell mirror confinement from 4 to 8 as the end-cell

neutral-beam injection voltage was increased from 11 to 27.5 kV.

TMX generated data which demonstrated that electrostatic confining

potentials in magnetic mirror systems can significantly improve central-cell

plasma confinement and which provided the impetus for the TUX Upgrade.

REFERENCES

*This work was performed under the auspices of the U.S. Department of Energy

by the Lawrence Livermore National Laboratory under Contract number

W-7405-ENG-48.

**University of Iowa.

tRensselaer Polytechnic Institute.

•("("Deceased,

ttfjohns Hopkins University.

1. F. Coensgen, et al., Phys. Rev. Lett. 44, 1132 (1980).

2. G. I. Dimov, et al., Nucl. Fusion 2» 177 (1977).

3. T. K. Fowler, C. M. Logan, Comments Plasma Phys. Controlled Fusion 2̂ ,

167 (1977).

• 4 , R. P. Drake, et al., Nucl. Fusion 2l_, 359 (1981).

5. £. B. Hooper, et al., this meeting.

6. T. C. Simonen, et al., this meeting.

7. G. A. Hallock, et al., this meeting.



83

8. J. H. Foote, Bull. Am. Phys Soc. 24, 1018 (1979).

9. R. H. Cohen, I. B. Bernstein, J. J. Doming, and G. Rowlands, Nuc.

Fusion 20, 1421 (1980).

10. D. D. Ryutov and G. V. Stupakov, JETP Lett. J26 (1977).

11. R. H. Cohen, Nucl. Fusion JU3, 1579 (1979).

12. T. D. Rognlien and T. A. Cutler, Nucl. Fusion 20, 1003 (1980).

13. T. D. Rognlien, Y. Matsuda, Nucl. Fusion ,21_, 345 (1981).

14. The HIBF used to evaluate <t> was at an early stage of its development

and was not able to make accurate enough measurements to verify the

scaling phenomenon. Nevertheless our data from Fig. 5, where we could

use the HIBP to measure <(> , supports our using if = T In (n /n )

along the magnetic axis.





85
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ABSTRACT

A heavy ion beam probe has provided detailed spatial and tenporal

measurements of the central cell space potential (<t> ) • With gas box

fueling of the plasma at typical feed rates (~1200 atom-amps) the

potential is strongly parabolic to at least 25 cm (r,. j* e r " ^8 cm),

with <(> = <(>max (1 - (r/32cm)
2) providing a good fit and 300 < Q^^ < A50

volts depending on machine conditions such as neutral beam heating

current, etc. With puffer fueling the central cell potential remains

relatively flat to at least 30 cm.
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I. Introduction

A heavy lo;i beam probe (HIBP) has been located on the central cell

midplane of LLNL's Tandem Mirror Experiment (TMX). The beam probe

consists of a 50 kilovolt beam line, parallel plate electrostatic

energy analyzer, and a Camac/minicomputer based control system as shown

in Fig. 1. Measurements are based on electron impact ionization of an

injected (primary) beam, forming doubly or triply ionized reaction

products (secondaries) which are detected with the analyzer. A

spatially localized measurement of the plasma space potential is

provided within a small (~1 cm3) sample volume, with a frequency

response of 40 kHz for the entire machine pulse and 1 mHz for 0.5 ms

intervals. The absolute accuracy of potential measurments (with

respect to machine walls) is ±2 5 volts and sensitivity to potential

changes is "2 volts.

The location of the sample volume (observation point) within the

plasma may be scanned by modifying beam injection parameters. Radial

scans along two coordinates have been made, as shown in Fig. 2• The

vertical scan is obtained by changing the injection energy (V ) with

a fixed injection angle (6 in Fig. 1). This type of scan is done on a

shot-to-shot basis, since the output of the HV ion gun power supplies

cannot be rapidly changed. The diagonal scan, also shown in Fig. 2, is

obtained by varying the injection angle (6) with a fixed beam energy.

The injected beam angle is controlled by lower voltage electrostatic

sweep plates which can be rapidly scanned during a shot. Radial scans

along these coordinates are made in 100 ps to 10 ms (shot duration ~30

ms). Mechanical blockage of the injected beam limits the radial scan

in the positive x,y direction to about 22 cm radius. A full scan,
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however, is obtained in the negative direction limited only by the

extent of the plasma (r,j iter = "^ cni)-

The central cell plasma potential, <(>e> has been investigated for

both gas box and puffer valve fueling of the central cell plasma.

Significantly different radial profiles are obtained for these fueling

methods. Data for "typical" fueling rates, neutral beam current, and

other machine conditions are reported here, although scans of these

2
parameters are also available.

II. I'leasurements

A. Temporal Profile of the Plasma Potential

A typical profile of the centerline (r = 0) central ceil

potential 's shown in Fig. 3. This shot, number 39 on Sept. 26,

1980, is with gas box fueling of the central cell. The temporal

profile with puffer fueling is quite similar. The potential

buildup, equilibrium, and decay is strongly correlated with

machine timing, as evident from the timing diagram also shown in

the figure.

The space potential is positive, as expected, with an

equilibrium magnitude of about 425 volts for this shot- The

equilibrium level generally ranges from about 300 to 500 volts,

depending on machine conditions such as neutral beam current, gas

feed rate, etc. In addition to the main equilibrium from about 10

to 21 ms, two shorter quasi-equilibrium periods are evident during

the shot. The first, occurring from about 5 to 7 tns, is reached

when the plasma is fueled only by the neutral beams and stream

guns (the stream guns provide a target plasma allowing neutral

beam buildup). The other short equilibrium occurs at the end of
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the shot, when at 21 ms the neutral beams in the west end plug are

turned off. This causes the plasma in the west plug to collaspe,

2
eliminating electrostatic confinement of the central cell plasma.

The potential profile indicates a sharp change from zero at

the very beginning and end of the shot. The steps are not real,

but a consequence of the computer processing of raw data. A

minimum level of secondary ion current is selected for processing,

below which the potential is not calculated. This avoids internal

overflows within the computer, as division is required.

Fluctuations in the central cell potential are also evident

from Fig. 3. The fluctuation amplitude is generally about 30

volts peak-to-peak, with <j>/<|> ~ 10% and e<ji/kTe ~ 1« With puffer

fueling fluctuation amplitudes are considerably smaller. Two

coherent modes exist, with frequencies typically at 7 and 12 kHz

during the main equilibrium. A detailed investigation of

potential and density fluctuations in the central cell of TMX has

been reported elsewhere.

B. Radial Profile of the Plasma Potential

1. Gas Box Fueling

A TMX discharge where single shot radial scans were obtained

with the beam probe is shown in Fig. 4. The space potential and

total secondary ion current level (a function of the plasma

density and electron temperature) are shown for shot 88 on Sept.

26, 1980. Timing is similar to shot 39 (Fig. 3) except the west

neutral beams are not switched off at 21 ms, yielding an

equilibrium interval extending to 28 ms.
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The injected beam sweep rate is set to radially scan the

plasma in about 2 ms, yielding 13 complete profiles during the

shot. The scan from 18 to 2 0 ms is expanded in Fig. 5. The

abscissa has been labeled in radial position, with positive values

indicating the positive x and y diagonal scan shown in Fig. 2. As

previously described mechanical blockage of the injected beam

limits the positive scan to about 22 cm, yielding the sharp

(artificial) dropoff evident in this direction. Sufficient plasma

to provide at least 0.4 na of secondary ion current (ne > 10

cm , Te > 5 eV) is the only requirement for the scan in the

negative direction, and data is obtained to about 28 en.

A parabolic fit to the measured potential profile is

indicated in Fig. 6. The parabola

provides a very good fit for the entire scan. The off-axis shift

(3.5 cm) is an Instrumentation effect not plasma related, a

consequence of beam trajectory errors from shot-to-shot variations

in the central cell magnetic field and other similar effects.

The parabolic potential profile indicates a linearly

increasing electric fiel:*

E » 0.66 (r - 3.5 cm) volts/cm

and rigid body rotation of the plasma at the E x B frequency.

With a 1 kG solenoidal central cell magnetic field
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fE x B ~ 10 kHz

Fluctuations at this frequency are measured with the beam probe

and other TMX diagnostics.

2. Puffer Fueling

The radial profile of the central cell space potential is

obtained on a shot-to-shot basis during puffer fueling, due to an

increased noise level in the HIBF analyzer. The puffer valves

produce background gas at large radii, which allows some particles

from the neutral beam injectors to enter the analyzer (probably

through charge exchange). To optimize signal levels the radial

scan is made along the vertical path shown in Fig. 2*

The resulting profile, obtained during a diagnostic scan

where machine conditions are held constant, is shown in Fig. 7.

Over twenty shots are indicated, with at least two shots at each

of the radial positions monitored. The shot-to-shot scatter in

the data is a result of the HIBP absolute accuracy (± 25 volts),

increased noise levels, and TMX reproduciblety.

The radial potential profile is quite flat, in contrast to

the parabolic profile obtained during gas box fueling of the

central cell. The two fueling methods are compared in Fig. 8,

where the central cell density is also given. With puffer

fueling the density also remains relatively flat with radius, and

actually peaks off axis beyond the largest radii where beam probe

measurements are available. With gas box fueling the cc density

falls monotonically with increasing radius.
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III. Central Cell Potential vs. Electron Temperature

Thomson scattering measurements in the east end plug and in the

central cell of TMX allow a comparison of electron temperature and

space potential. The plug Thomson scattering is available at 3 radial

positions, and the central cell measurement is available at r « 0.

In the following analysis plug measurements are referenced to the

equivalent central cell radii along field lines.

The space potential and electron temperature during gas box

operation are compared in Fig. 9. Thomson scattering in the plug is

only available at two radial positions, as the plasma density is too

low for the third measurement point located at 32 cm radius (this is

consistent with beam probe measurements, where signal level is very low

by 28 cm). The data is averaged over a dozen or so shots, and error

bars indicate the scatter. The central cell electron temperature is

also indicated along with shot-to-shot reproducibility.

As previously discussed the central cell space potential is quite

parabolic during gas box fueling at normal feed rates. A parabolic

curve is indicated in Fig. 9, using the average fit parameters obtained

during the run. The error bar indicates the shot-to-shot scatter*

Although the Thomson scattering is only available at two points, a

parabola has also been drawn through this data. A comparison with the

potential suggests that it is not inconsistent to consider the ratio

independent of radius

•e(r)
— - - constant » 5Vr>



r
100

1000

100

*. 7

10

CC POTENTIAL vt ELECTRON TEMPERATURE
I | I | r | | | r—

4,'33011- (r/3V2)

t , p ( r ) » S-6

#,(o)/T,t(o)»a

Sept .». I960

- $ . . hetvy ion bean prot*

A T , p . Thomson Katttrini

D T . . . Thornton «catt*rin|

i . 1
8 12 16

Re(cm)
20 24

Fig. 9. Space potential and electron temperature during gas
box operation.
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The potential to central cell temperature is somewhat larger,

Tec(0)

A similar comparison of potential and temperature during puffer

fueling of TMX is shown in Fig. 10. Here radial scans with both

diagnostics are on a shot-to-shot basis, wit', individual shots

indicated. All three radial Thomson scattering positions are

available, as the density profiles are broader (Fig. 8).

A comparison of the data indicates that at large radii the •g/Tg

ratio does not appear constant* However, scatter in the measurements

is quite large, and simply eliminating the lowest Thomson scattering

point at 32 cm would actually nake the ratio quite close to a constant.

So again it is possible to conclude that

e

- constant
Tep(r)

is not inconsistent. The ratio in this case is somewhat lower, with

4>e(r)
—2 «3.6
Tep<r>

The potential to central cell electron temperature is also somewhat

lower than with gas box operation,
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IV Summary

The TMX heavy ion beam probe has provided a direct measurement of

the central cell space potential* Detailed temporal profiles have been

obtained, as well as multiple radial profiles in a single shot* The

radial profile during gas box fueling at typical feed rates is strongly

parabolic, changing to a relatively flat profile during puffer

operation* Within measurement accuracy and shot-to-shot scatter the

ratio of central cell space potential to plug electron temperature is

relatively constant with radius*

Work performed under the auspices of the U. S. Department of Energy
under contract No. W-7405-eng-48.

Lawrence Livermore National Laboratory.

R. L. Hickok, "Potential Measurements with Heavy Ion Beam Probe", this
meeting.

2D. L. Correll, et al., "Ambipolar Potential Formation ir. TMX", this
meeting.

JG. A. Hallock, et al., "Low Frequency Fluctuation Measurements in the
Central Cell of TMX". IEEE Conference Record-Abstracts, IEEE
Cat. No. 81CH1640-2 NPS (1981).

*J. H. Foote, et al., "Plasma-Density Profiles in the Tandem Mirror
Experiment". Bull. Am. Phys. Soc. 2J5, 879 (1980).

R. K. Goodman, et al., "Electron Temperature and Potential Profiles on
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POTENTIAL MEASUREMENTS IN PHAEDRUS -
WISCONSIN'S TANDEM MIRROR

Robert A. Breun
Nuclear Er.aineering Department

University of Wisconsin

Contributors: Steve Golovato, brian McVeys
Art Molvik - LLNL, Donna Smatlak and Larry Yujiri

First, axial and radial pocential measurements made on an afterglow

plasma generated by on-axis stream guns, plug ICRH, and central cell gas

puffing in the Phaedrus Tandem Mirror will be described. For this mode,

the RF and stream guns are turned off at the same time. Secondly, initial

potential and plasma parameter measurements on a unique mode of operation we

call the RF sustained mode will be illustrated. Here, the ICRH in the plugs

is left on after gun turn-off and the plug density and diamagnetism is sus-

tained for up to 1 ms (e - folding time). A near tandem mirror configuration

is maintained without neutral beams.

Figure 1 is a computer plot of the Phaedrus magnetic field coil set and

the on-axis magnetic field strength. Exterior, plug and center cell regions

are illustrated. A small gun coil is turned off with the guns reducing the

local field and allowing the plasma to spread out in the exterior region.

Table 1 is a list of plasma parameters.

Potential measurements in the afterglow plasma: Axial potential measure-

ments are adequately described by the Boitzmann relationship in the decaying

afterglow plasma. Figure 2 illustrates the measurements made in the afterglow
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TABLE 1 . PHAEDRUS TANDEM MIRROR PARAMETERS

B (min)

RP

Bcc

Lp(eff)

Lc(eff)

rp
rc

Vol ( e f f )

Vo l c c ( e f f )

np(peak)

ncc

T 3 5 - 2 0 eV
e

Ê  (peak density) 75 - 500 eV

E i c c 20 - 5 eV

nOp(H2) 3 x 101 0 - 1011 cm"3

no c c(H2) 101C - 4 x 1011 cm"3

T (a t peak) 200 - 300 ys

T£ 100 - 250 ys

T 3 - .5 ms

<p 100 - 20 V

• c 30 - 0 V

2000 G

1.7

200 G -

40 cm

250 cm

3.8 cm

7-12

3000 cm

80,000

4 - 9 x

.7-4

- 2600 G

800 G

cm

3

cm

1012 cm"3

x 1012 cm"3
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Figure 1. Section drawing of Phaedrus and the on-axis magnetic field
intensity.
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of a stream gun plasma without RF or gas puffing. Here the ratio of the

plug to center cell plasma density is 10 - 15 initially. In the afterglow,

the plug density decays on a fast time scale (100 - 200 us) while the

center cell density remains approximately constant so the ratio of plug to

center cell density approaches one 300 ys after gun turn-off. Also, the

electron temperature decays from 30 to 10 eV. These two effects cause the

decay of the potential. The plasma potentital in the center cell was

measured with a fast swept Langmuir probe and the plug potential was measured

with a gridded end loss detector outside the east plug. With gas puffing

in the center cell, the center cell density can be raised arbitrarily high

and the initial plug to center cell density varied from 15 to .5. The case

where the initial ratio is 5 is shown in Figure 3. The Boltzmann relation-

ship adequately describes the center cell to plug potential difference for

this case as well.

The stream guns generate a large plasma density all along the axial

field lines. When on, the guns also generate a large negative plasma

potential because of their negative center electrode. After turn-off the

plasma potential swings positive but a radial negative potential will still

exist for 200 - 300 ys and that potential is on the order of one to two

times Te. This is seen in Figure 4. Note that the electron temperature is

approximately constant along the radius. The time variation of the floating

potential profile is seen in Figure 5. This is in good agreement with

Figure 4 and gives a time history of the potential. Since the gun elec-

trodes are within 10 volts of ground during this time, it is assumed the

exterior plasma left by the gun on axial field lines between the gun and

the plugs is responsible for the negative radial potential well. Initially,

after gun turn-off, the exterior plasma has a density greater than or equal
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d:~ived plug-center cell potential, n /n i. 5 ini t ia l ly .
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Figure 5. Time variation of the radial profile of the floating potential
in the afterglow.
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to the plug density. This cold ion plasma takes about 150 - 200 us to free

flow to the end wall. To illustrate this, a time history of the line

density of this plasma is shown in Figure 6. During this time this plasma

can provide electrons for the plug, lowering the ambipolar potential

required for equal ion and electron plasma flow. These measurements emphasize

that exterior plasma conditions are important considerations in calculating

radial potential gradients.

RF Sustained Plasma Parameters and Potential Measurements:

Besides generating negative potential wells the exterior plasma effects

MHD stability through line tying, electron thermal conductivity and provides a cold

stream for stabilization of loss cone modes. To address tandem mirror physics

questions, it is important to eliminate the effects of this exterior plasma.

To this end, the Phaedrus group has begun studies of what we call an RF

sustained plasma. This mode of operation is limited by the RF heating and

trapping efficiency, MHD stability constraints and other effects which are

not well defined as yet. This mode was initially run on April 1st and we

have not completely optimized it or measured all of its parameters.

Figure 7 details the diagnostic output for the RF sustained mode pulse.

At 1.1 ms, .2 ms after gun turn off, n /nc ^ .63, so that the machine is

not running as a true tandem with electrostatic confinement of the center

cell ions; at 1.7 ms the densities are about equal and at 2.3 ms the ratio

is 1.5. After 2.3 ms, the discharge decays in 300 ys.

Figure 8 illustrates tnitial floating potential measurements made on

this RF sustained plasma. The spatial scan was made through the thin center

of the highly elliptical plasma in the west transition region - nominally

still the center cell plasma. The radial position of the field lines mapped
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Figure 6. Time variation of the line density for the exterior plasma in
the afterglow.
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FLOATING POTENTIAL
VS DISTANCE FROM AXIS

J (VOLTS)

Figure 8. Floating potential profile in the transition region 300 ps after
gun turn off and 50 us after RF turn off for the RF sustained
case. The scan is across the thin part of the highly el l ipt ical
plasma. The radial location of the field lines mapped to the
center of the plug is shown.
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to the plug is indicated on the graph. The measurements are made 300 ps

after gun turn-off and 50 ys after RF turn-off. The presence of RF in the

plasma complicates accurate probe measurements and scanning the transition

region limits the probe stalk area introduced into the plasma while still

reaching the center of the plasma. There is evidence that obstacles, even

3 mm diameter probe stalks, affect the plasma in this mode of operation.

More detailed measurements must be made but this indicates the on-axis

negative floating potentials caused by the stream guns are substantially

reduced in this RF sustained mode.

A persistent feature of the afterglow plasma is that the center cell

plasma column exhibits radial and azimuthal motion after the plug and

exterior plasmas' energy and density decay. The center cell plasma does

not flow out along axial field lines in the 1 - 2 ms thermal flow time but

rather spirals outward to the wall. This is typically seen on probes around

the periphery of the center cell plasma column. The column could be

exhibiting MHD instability with the proper inclusion of tine varying line

tying effects of the exterior plasma since the plug pressure is decaying to

zero while the center cell pressure is relatively constant.

The RF sustained plasma also shows gross plasma column motion. At

low center cell fields the plasma cannot be sustained. As the center cell

field is raised the plasma sustains but oscillations appear on all the

diagnostics somewhat typical of TMX results. Raising the center cell field

lowers the center cell beta (Bc = 8irnkT/B ) since the plasma energy remains

relatively constant. Plotting the center cell g to plug 6 one finds the

sustained (but still oscillating) plasma above a line with a slope of 3 - 5

as shown in Figure 9. Zero gyroradius MHD interchange stability requirements
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° Dump
A Oscillation

Figure 9. Plug Beta vs. center cell Beta at the time of center cell
ins tab i l i t y . Zero gyroradius MHD theory suggests a straight
l ine .
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predict stability above a line with a slope of 1.8. Evidently, the stream

guns provide line tying that stabilizes the HHD modes until they are turned

off and then as the external plasma decays the plasma persists only in

an MHD stable region. MHO is but one of the constraints on this plasma

and other effects must be included to obtain a complete picture.

The RF sustained mode is unique in providing a mirror confined, warm ion

plasma without neutral beams in a near tandem configuration (n /n ^ 1).

In the future, we hope to extend this mode to higher plug to center cell

density ratios and for longer times to continue studying more tandem mirror

confinement questions.
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SPACE POTENTIAL MEASUREMENTS ON EBT*

by

K. A. Connor, L. Solensten, F. M. Bieniosek, and R. L. Hickok

Plasma Dynamics Laboratory

Rensselaer Polytechnic Institute
Troy, New York 12181

I. INTRODUCTION

A heavy ion beam probe has been in use since mid 1977 to

directly measure the ambipolar potential in the midplane of a single

mirror section of EBT. Typical spatial resolution is 1 cm and

time resolution is on the order of lsec. Errors depend on the

point of measurement but are at least an order of magnitude less than

the potentials measured. The accuracy of the measurement has been

difficult to maintain at the higher magnetic field value required for

S operation. Measurements have been made under all standard operating

modes possible with the 10.6, 18, and 28 GHz power on EBT I/S. In

this paper, the basic structure of the measured potential will be

presented. Particular emphasis is placed on the most pronounced

features of the profiles and how they relate to operating conditions.

Work supported by Union Carbide Corporation under contract W-7405-eng-26
for the U. S. Department of Energy and subcontract #7044 with Rensselaer
Polytechnic Institute.
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The EBT heavy ion beam probe is configured as shown in Figure 1. A

Tow density, high energy beam of heavy ions (R ) is injected into the

plasma chamber. As the beam passes through the plasma, it undergoes

direct impact ionization reactions with the plasma electrons. The

multiply-charged reaction products (R , R , R , etc) are separated

from the beam by the magnetic field and are detected at the secondary

detector. A direct measure of the space potential at the point of

ionization is obtained by measuring the energy of the reaction products.

At the same time, the total signal collected at the detector is propor-

tional to the local electron density at the point of ionization and to

the beam ionization rate, which is in turn a function of the local elec-

tron temperature. The total detected ion current must exceed some small

but finite value to obtain accurate potential measurements. This system

is capable of probing in the regions of the hot electron ring (located

near the dashed circle), the warm core plasma (inside the dashed circle)

and the cold surface plasma (which extends out to the wall). Particular

locations in the plasma cross section are selected by setting the gun

energy and injection angle. Measurements are made in one of two ways.

For the first the gun energy is raised with no voltage on the sweep

plates. The locus of points obtained is not a simple plasma diameter or

combination of radii but rather the curved line called the zero

sweep scan in Figure 2. In this figure the gun voltages are indicated for

measuring with Cs ions in EBT-I (B field coil current = 5000 amps). This

information can be scaled for other ions or magnetic fields by noting that

the voltage required to hold constant the local radius of curvature (mv/qB)
2 +scales as B /m... Rb ions, as in Figure 1, have also been used. The zero
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sweep scan provides very rapid measurements of good accuracy. Other

constant sweep angle scans are characterized by a larger variation in

analyzer entrance angle and thus larger range of error. The second type

of measurement is a point-by-point technique. A point in the plasma

is selected (select gun voltage and sweep angle). The energy analyzer

is rotated mechanically to obtain its calibration function (usually

termed angular correction function ) for the particular measurement

conditions. The local potential is then determined. This process is

time consuming and so is usually limited to obtaining profiles along

the horizontal plasma diameter. Very rarely full 2-D scans have also

been made. The implimentation of full computer control will speed up

this process so that full cross section scans become more common place.

In Part II the most important characteristics of EBT-I operation

are described. Host data have been taken under these conditions with

the result that measurement errors are as stated above and well under-

stood. This provides the foundation for Part III on EBT-S data for which

accuracy is not as good. However, the basic features of EBT-I data are

observed.
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2. EBT-I

EBT-I operates at a magnet coil current of 5000 amps with funda-

mental heating at 18 GHz and supplemental ring heating at 10.6 GHz.

Fill pressure and power ^re the quantities that establish the operating

mode. This is the case, at least, when global magnetic field errors

have been minimized by the use of horizontal and vertical field quad-

rupole windings. This data is typically labeled by coil current, micro-

wave power, fill pressure, and the currents in the quadrupole windings.

Unless otherwise indicated all data presented will be for experiment

runs in which field errors have been minimized in some sense. There are

two operating modes in EBT-I in which beam probe measurements are possible.

The cold, collisional (C-) mode is a high neutral pressure mode in which

the plasma is cold and poorly confined and has a high fluctuation level.

The toroidal (T-) mode is an intermediate neutral pressure mode in which

there is a large amount of stored energy in the hot electron rings and

the core plasma is observed to be stable. The core electrons are warm,

and the plasma is well confined. In the low pressure mirror (M-) mode

the plasma is unstable and beam probe measurements are not possible.

The potential structure in the C- mode has little clear global structure.

An example of a horizontal scan is shown in Figure 3. These data have

been taken on a point-by-point basis with a Cs beam. In the C- mode the

potential is generally small and positive, but larger toward the inside

(major axis) than towards the outside. It is not azimuthally symmetric,

and the detailed structure is variable as will be seen below. For this

data, plasma conditions are near the T- mode, so that the potentials are

relatively large.
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An example of a fairly typical T- mode potential structure along the

horizontal line y = 0 is shown in Figure 4. The expected vacuum field

position of the hot electron ring is indicated by the vertical dashed

lines. In the core plasma inside the hot electron ring, there is a deep

potential well. Inside the core, the potential has a nearly parabolic

shape. The azimuthal rotation frequency fiEXB (about 9 x 10 S~ in

Figure 4) is larger than O_B (about 1 x 10 S for 100 eV particles) for

most particles. In a manner similar to the C- mode, the potential in

the surface plasma (outside of the hot electron ring) is not in-out

symmetric. Due to insufficient signal, potential data were not available

for points further out than those indicated.

Figure 5 shows a two-dimensional (2-D) plot of the space potential

for a (different) typical T- mode operating condition. This is a hand

drawn contour plot of the space potential over the entire plasma cross

section in the midplane. It is based on an array of 78 individual data

points taken over a period of approximately 3 hours. Although drift

in the plasma potential over this period of time is small, it is difficult

to completely characterize the uncertainties in the measurement. Approxi-

mately, the uncertainty is +_ 15 V toward the lower edge of the plasma

and up to ± 40 V at the top edge. Any details in these ranges cannot be

necessarily believed. Nevertheless, this plot clearly shows both the deep

azimuthally symmetric potential well in the core plasma and the asymmetric

structure outside the well. These local perturbations may be related to

the positions of the toroidal field correction coils, shown in the figure

(± Iv» ± IH)« The positions of the hot electron ring and of the last closed

dirft surface (for v,^/v = 1 and E = 0) are shown. The actual last
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closed drift surface is more likely to resemble the last closed potential

contour since, when the E x B drift dominates the VB drift, ions and

electrons tend to follow constant potential contours in their drift orbits.

The potential well profiles characteristic of Figures 4 and 5 and

the T- mode in general are nearly parabolic. If <b is exactly parabolic,

the electric field E is a linear function of r. For a constant magnetic

field Q C V D = E/rB is also constant, which would indicate that the plasma
CAD

is a rigid rotator. The EBT B field is not a constant, rather it

follows a roughly gaussian fall off with radius. The radial B field

gradients are sufficiently small such that well in the core plasma, a

parabola still makes a reasonable fit to rigid rotator motion. Unfortu-

nately it is only possible to make this comparison with the vacuum field

since the diamagnetic effect of the hot electron ring has not been measured.

Data is usually not taken using the point-by-point approach because

of the time required and other reasons to be described below. Tine is

the most important consideration because nearly all of the experiments per-

formed involve observing the evolution of the potential profile as plasma

conditions are changed. Zero sweep scans can be taken quickly and give

a good qualitative picture of the profile even though the line scanned

(cf. Figure 2) gives a somewhat distorted view. Figure 7 shows the zero

sweep scans at various pressures for 40 kW of 18 GHz power. Note the

structure is very similar to the horizontal scan of Figure 4 even though

the horizontal scale is gun voltage rather than radius. (This is raw

data right off the x-y recorder). In addition to the total power input

being quite different in the two cases, Figure 4 is for 18 GHz plus 10.6

GHz while Figure 7 is for 18 GHz only. Typically the structure is



131

unaffected by the addition of the supplemental ring heating at 10.6

GHz but the peak potential is lower and the well deeper without it.

As another example of the use of zero sweep scans consider Figure 6.

Here, <t> on the lower half of the zero scan is shown for a measurement

with Cs secondaries. (Cf Figure 2 for the scan used). There is only

18 GHz power in this case because the purpose of the experiment was

to measure the effect of removing power from the cavity (E-6) in which

the measurements are made. The top curve shows <$> with and without

power to E-6. If the assumption is made that the potential without

power is due to the toroidally passing plasma, the conclusion that $

is a toroidally continuous quantity can be made from this measurement.
+2 +2This experiment has also been performed using Cs and Rb secondaries.

Incidentally this also provides a check on the accuracy of the measurement
+3 +2

since the conditions for the Cs and Cs measurements are quite differ-

ent. Unfortunately the agreement between the two breaks down in the

upper half of the plasma because the ion gun voltages required for Cs +

+2are much higher than for Cs . This problem also occurs at the higher

voltages required to make measurements in EBT-S. The bottom curves in

Figure 6 show the total signal collected. This quantity is not the same

without power in the region of the hot electron ring. It is therefore

possible to obtain some roughly quantitative information about the ring.

This was, in fact, the purpose of this particular measurement.

The basic properties of the EBT-I potential structure and the methods

by which measurements are made have just been described. Data have been
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taken under a very large variety of conditions, nearly all of which show

the strong sensitivity of 4> to plasma parameters. In the remainder of

this paper, some of the variations from the base conditions just pre-

sented will be discussed. Only a very small set of experiments will be

considered. Before proceeding to EBT-S and other general operating

modes, the concept of the potential well must be addressed. It is

stated above that the well is found to be parabolic in shape for many

different operating conditions. However, it is usually not possible to

describe the changes in the well in simple terms. For example, the

depth of the well is an obvious choice for cataloging the variation in

<j> as, for example, power or pressure are varied. There is an obvious

flaw in taking scalings of well depth (usually termed A<J> = <j> -$ . )
max m m

with operating conditions if done too simply. In the C- mode there is

no well, so that if conditions are changed over a sufficiently broad

range the definition of the quantity measured becomes difficult. In

Figure 7, zero sweep scans for constant 18 GHz input power of 40 kW

at 19 different fill pressures are presented. The data show a strong

dependence of well depth on pressure but also show that the well becomes

difficult to identify as the C- mode is approached. Scan 19 is in the

T- mode and the characteristic well structure is observed. Scan 1 is in

the C- mode and it evidences nothing that can be clearly called a well.

There appears to ba no relationship between these two scans but they

do deform smoothly from one to the other as the pressure is varied. There

are three local maxima (bumps) on all 19 scans. The left most bump appears

to change the least, growing slightly as pressure decreases. This feature

is probably not related to the well structure. The 2-D scan of Figure 5
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shows a bump in a corresponding location that is localized in azimuth

as well as radius. The other two bumps in scan 19 are essentially the

rim of the potential well. Again the 2-D scan shows that the rim is

also bumpy so a precise identification is not possible. As pressure

is varied the rim bumps coalesce with the right one (plasma top) moving

to a slightly smaller radius and the left one (plasma bottom) moving

across the scan. A strong transition in the position of the left bump

occurs at scans 11 and 12 so that the conclusion could be reached that the

well is still there at higher pressures because the right and left bumps

are still clearly observable. Such an interpretation is not justified

using just this scan; 2-D measurements are necessary. One possibly re-

markable feature of these scans is the lack of any new bumps which might

indicate the motion of a local hill through the scan as pressure is changed.

The potential profile is strongly coupled to the heating geometry.

As stated above, a deep parabolic well is typical in the T- mode core

plasma. Since the hot electron rings provide the mechanism for stabilizing

a bumpy torus and isolates the core plasma from the surface, it is ex-

pected that the width of the potential profile will change with the ring

radius. Figure 8 shows horizontal scans for four values of magnetic field.

Exactly the same parabola has been fit to all the scans. Thus, the E

field remains constant even though the well depth and peak potentials are

changing. (The sum of the well depth and the peak potential remains nearly

constant). The core plasma remains essentially unchanged except in its

dimensions as the field is varied.
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3. EBT-S

Beam probe measurements on EBT-S have been at times, but not usually,

accurately obtained showing that the potential structure is similar to

that of EBT-I. In Figure 9 there are plotted zero sweep scans for EBT-I

and S T- mode plasmas. Since B is 1.45 times larger for S, the gun
2

voltage must be increased to measure the same plasma locations. The B

scaling has been accounted for in the figure. Note that the entire EBT-I

scan can obtained using the voltages used for the lower half of EBT-S.

It is at higher voltages where problems occur with the measurement. There

are a number of possible reasons for these difficulties. System align-

ment must be extremely good with a skew of as little as 0.5° causing

errors in <j>. Some anomolous dips and bumps occur which can be removed or

increased in size by misalignment. In the data presented here these

features will be pointed out. It is possible that such features could

be real but it is unlikely. There are other possible sources of error that

have not yet been eliminated as they were for EBT-I. Power levels are

much higher at 28 GHz which, coupled with a shorter wavelength, means

that more power leaks into the beam optics region and the electrostatic

energy analyzer. Power supplies have, at times, been damaged by micro-

wave plasma loading. Just how difficult this problem is cannot be assessed

without addressing all error sources including others associated with

electronics. It is still possible, given these caveats, to correlate the

gross features of the EBT-S potential to that of EBT-I.
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Figure 10 shows 18 pressure scans corresponding to the EBT-I case

of Figure 7. Exactly the same comments apply to this case except that

a rather sharp dip occurs at about 25 kV on all the scans. Careful

alignment can eliminate this effect but it is not yet possible to do

this systematically for each scan so the dip should be ignored. Over

the range where the well is reasonably identifiable, A<|> scales roughly
-1/2as (pressure) . Other experiments have scaled more nearly with

inverse pressure. Figures lla and b show the zero sweep scans for

various power levels at two different mid T- mode pressures. A<j> scales

here roughly as (power) ' . Both types of scaling experiments are

affected by chamber conditions, time since last opening, etc.
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4. SUMMARY

The potential structure on EBT-I and EBT-S has been shown to

have reproducable gross features that are consistent with the basic

picture of EBT confinement physics. Substantial differences in the

potential profiles have been observed when conditions are varied.

The potential structure in the C- mode is rather chaotic in nature,

with little clear global structure. While generally small and po-

sitive, the potential is larger toward the inside (major axis).

In the T- mode, the overall potential structure is strongly dependent

on field line closure. Usually magnetic field errors and toroidal

current are cancelled out. When this is the case, there is a deep

potential well in the core plasma (inside the hot electron ring). The

shape of the profile is nearly parabolic with depth increasing as

operating pressure is decreased and/or power levels are increased.

However, the dependence on the latter is not strong. The radius of

the well increases as the magnetic field is raised because the electron

ring radius is also increased.
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Figures

1. Heavy ion beam probe system hardware with typical primary/
secondary ion trajectories.

2. Measurement geometry for Cs ions in EBT-I.

3. C--mode horizontal potential scan.

4. T- mode horizontal potential scan.

5. Two dimensional plot of equipotentials in T- mode.

Potential measurement on zero sv
power on and off in cavity E-6.

+36. Potential measurement on zero sweep scan using Cs secondaries for

7. EBT-I Pressure Scan 2/6/81 40 kW 18 GHz, Iv = 10, Iu = -4,
IT = 5000 Amps.

 v M

Pressures: 2.2-0.5 x 10"5, Torr for scans 1 - 18 and 4.7 x 10"6

Torr for scan 19.

8. EBT-I horizontal potential scans for four values of magnetic field.

9. Comparison of EBT-I and EBT-S potentials on zero sweep scan,

10. EBT-S Pressure Scan 2/5/81 105 kW 28 GHz, I., = 10,
Iu = -4, I_ = 7250 Amps. v

Pressures: 3.0. 2.5, 2,0 x 10 Torr for scans 1,2,3;
2.0 - 0.5 x 10-5 Torr for scans 4 - 17, 4.3 x 10-6 Torr for scan
18.

11. (a) . EBT-S power scan~2/2/81—4.7-5.0 x 10"6 Torr, I T = 7250 Amps
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Potential Formation in Nagoya Bumpy Torus

*
H.Iguchi, F.M.Bieniosek , K.Takasugi and NBT group

Institute of Plasma Physics, Nagoya University,

Nagoya 464, Japan
*
Rensselaer Polytechnic Insti tute

Troy, New York 12181 U.S.A.

Abstract

Space potential profiles in Nagoya Bumpy Torus have been measured
with a heavy ion beam probe. Potassium and rubidium ion beams of
1 - 50 uA over an energy range of 3 - 15 kV have been used to measure
the potential with a spatial resolution of about 1 cm. Detected

ii I »

secondary K and Rb currents are on the order of 1 - 10 nA.
Experiments have been performed at several different magnetic fields,
especially at 1.8 kG (SR-mode) and 3.2 kG (FR-mode). Measurements
in typical T-mode operation show a positive potential in the core
plasma of about 200 V in both SR- and FR-modes. Varying the field
correction loop current changes the core potential by + 50 V from its
value for I t ^ 0 but the potential remains positive. The difference
between the space potential and the floating potential measured by
a Langmuir probe is 100 - 150 V, which is a few times the electron
temperature of the core plasma. The effect on space potential of
additional heating at 10.5 GHz is also investigated. Measurements of
the plasma potential in the M-mode show that the potential oscillates
on a time-scale of 6 - 10 msec over a range of several kilovolts and
these oscillations are correlated with oscillations in <n 1>.
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The heavy ion beam probe, which is now a standard tool for

potential measurements in high temperature plasmas as in EBT ', TMX,

etc., has been operating on Nagoya Bumpy Torus(NBT). We describe here

two preliminary experiments on potential formation in NBT. Schematic

diagram of the NBT beam probe system is shown in Fig. 1. Rubidium or

potassium ion beams with the energy of 3 - 15 kV are injected into the

plasma across the toroidal magnetic field. Figure 2 shows the grid

map for the potential measurements on NBT. Energy scale is normalized

and should be converted to know the actual beam energy for a given

magnetic field strength. Small change of secondary beam energy from

primary beam energy, which equals plasma space potential at the

observation point, is measured by use of a feedback controlled parallel

plate energy analyzer with split plate detectors. Typical sum and

difference signals of the split plate detectors for the primary and

the secondary beams are shown in Fig.3.

Figure 4 shows a radial profile of the space potential <j> in

typical T-mode operation in Second Resonance configuration( SR-mode),

where the plasma is produced and heated by 8.5 GHz microwave with

45 kW input power. Floating potential <fc measured by a Langmuir probe

is also shown for comparison. The space potential is positive and of

the order of 200 volts. The difference between <p% and <f>f is 100 - 150

volts in the core plasma region, which should be a few times the

electron temperature. Large error bars may come from plasma or

UV light loading on the energy analyzer, which is under improvement.

The effect of 10.5 GHz additional heating on space potential is

also examined and is shown in Fig. 5. The potential <p at the center
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Fig. 2 Grid map for potential measurements on NBT.
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of the cavity increases almost linearly with additional input power

of 10.5 GHz. The dependence is very similar to that of the hot electron

temperature on 10.5 GHz additional heating as shown in Fig. 6,

suggesting that the space potential has some correlation with high

energy electron components.

When the neutral gas pressure is reduced below some critical value,

plasmas are set into M-mode and become violently unstable. Diamagnetic

signals of the hot electron annulus drop in M-mode and line integral

density < n l > of the core plasma oscillates almost 100 %. We have

investigated the behavior of the plasma in M-mode from the point of

view of plasma potential by use of the heavy ion beam probe. Figure 7

shows the temporal behavior of <n el>and the sum signal of the split

plate detectors with no ion beams. The parameter V.^ is a top plate

potential of the energy analyzer whose geometrical gain is two, meaning

that the detector is observing 2 kV protons ejected from the plasma

when VAN = 1 kV. Those ions are considered to have been accelerated

by large potential gap between the plasma and the wall. We have

confirmed such high plasma potential by use of the primary beams.

Figure 8 shows a time-average detector signals with potassium beam

where the change in accelerating voltage is proportional to the

average space potential. It is found that the plasma states are

oscillating back and forth between two states (reasonably dense plasma

with space potential of a few hundred volts and very tenuous plasma

with that of several kilovolts).

Taking into account of all these results, following model for

M-mode oscillation seems probable. At low neutral gas pressure,
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temperature.
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the hot electron annul us becomes unstable and enhanced hot electron

flux to the wall causes extremely high plasma potential. Then plasma

ions are accelerated by the potential gap between the plasma and wall

and hit the wall producing large amount of neutral gas flux. Dense

plasmas are produced again and hot electron flux decreases until the

hot electron annul us become unstable again. In order to confirm

this model the hot electron instability should be identified, which

is now under study.

In summary, following three models for the potential formation

in NBT have been considered.

1) High energy electron flux to the wall has important role to determine

the ambipolar potential which is the results of electron and ion

flux balance.

re + T.tail = H
2) Plasma stays at positive potential solution of the neoclassical

2)transport theory .

3) Error field diffusion of core plasma with the electron temperature

of about 200 eV is dominated.

We would like to thank Prof. Hickok of Rensselaer Polytechnic

Institute, because the NBT beam probe system has been built under

the collaboration with RPI.
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ALUMINUM IMPURITY IONS AND THE AMBIPOLAR POTENTIAL IN EBT*

R. K. Richards and E. F. Jaeger
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

ABSTRACT

There is experimental evidence of a correlation between the

electric potential and aluninun impurities in EBT. This correlation is

observed in the relation between the temperature of the highest

aluminum charge state and the potential well depth. The aluminum

temperature is determined for each charge state by measuring the

Doppler broadening of a characteristic spectral line. Temperatures as

large as 650 eV have been found for A£+3. Aluminum densities are

derived by measuring the brightness of spectral lines with an

absolutely calibrated spectrometer. Typical central values indicate

nAj/ne ~ 10~^# "^e particle confinement time for the aluminum ions is

determined by comparing the ratios of aluminum ion densities. Values

for the aluminum confinement times are smaller than the electron

confinement time by several orders of magnitude ( T ^ < 100 fjs). This

short lifetime suggests a large particle flux of aluminum and the

formation of an ambipolar potential as a consequence.

•Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide
.Corporation.
See E. F. Jaeger et al., "EBT Transport and Ambipolar Potential
Formation with Rapid Loss of High Energy Impurity Ions," presented
at this conference.
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This paper presents an experimental study of the aluminum impurity

ions in EBT and their possible influence on the ambipolar potential.

The experimental setup is shown in Fig. 1. Two spectroscopic

instruments were.used to measure the properties of the aluminum

impurities. A grazing incidence spectrometer was used to measure the

density of these ions along a chord through the midplane. A visible

spectrometer was positioned to view the impurity spectral lines through

a scanning mirror system; this allowed spatial profile measurements.

The visible spectrometer was also used to measure the Doppler widths of

these impurity spectral lines.

A typical spectral profile for kl+2 is shown in Fig. 2. This

spectral shape does not represent a Maxwellian energy distribution

(which would be fitted by a straight line); however, the higher energy

side of the profile can be approximated by a single temperature, in

this caae 150 eV. The fraction of the distribution represented by this

temperature is -75X. Such an energy is greater than that expected from

ionizing atoms in an electric field. For example, in a 5000-G magnetic

field and an electric field of 50 V/cm, the velocity gained by

ionization is 1 x 10° cm/s. However, the characteristic thermal

velocity for a 150-eV aluminum ion is greater than 2 x 10^ cm/s. Since

the characteristic electric fields in EBT have a maximum value of 50

V/cm, the aluminum ions are not obtaining their energy by ionization in

an electric field.
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The temperature of the higher energy component varies with

operating conditions; this is shown in Fig. 3 for changes in the

fill-gas pressure. Note that the A?."1"2 temperature stays at an almost

constant 200 eV through the low range of fill-gas pressures. The

density of A£ + 2 does not appear to change with fill-gas pressure; this

can be seen in Fig. H. The variation in Fig. 4 is characteristic of

the ne& dependence on the fill-gas pressure. Since the spectral

intensity is proportional to ne'i, the A
l + 2 density should have no

variation.

Absolute intensity measurements were made with the grazing

incidence spectrometer to estimate the densities of A&+ , A£+3, and

A£ . Variations of the densities of these charge states with

microwave power are given in Figs. 5, 6, and 7. Note that the density

decreases with increasing charge state. This could be produced by a

very low temperature plasma (Te < io eV) or a very short confinement

time for these impurities. It will be shown that these impurities

exist in the plasma core where the electron temperature exceeds 100 eV,

suggesting a small confinement time for the aluminum impurities. This

confinement time can be determined by examining the particle balance.

J

where n^ is the density of charge state j, sJ+1 is the ionization rate

coefficient for charge state j into j + 1, and T. is the particle

lifetime of charge state j. For
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n+2 s+3

+3 S+g

using a typical value of " +2
/ n

+3 ~ 5 estimated from Figs. 5 and 6 along

with ne ~ 10
1 2 cm"3 and Te £ 200 eV (giving S+| ~ 5.6 * N T

9 cm3/s and

S+, ~ 3.2 x io~9 cm^/s) yields T + , ~ HO us. Such a short confinement

time does not allow the impurity ions to thermalize. In comparison

with the equiparition time, teq, with protons, T + ^ is small (T+o/teq £

5 x 10~2), allowing the low charge states of aluminum to retain their

large energies.

Such a short lifetime also results in an increased flux of

particles. For example. Fig. 5 can be used to show n+~/ne ~ 10"^, and

with a 40 us lifetime the charge flux approaches that of the electrons.

Spatial profiles of A£+1 and A**2 are shown in Figs. 8 and 9.

These were determined by Abel-inverted brightness profiles measured with

the scanning mirror system shown in Fig. 1. Recent results with

Thomson scattering and soft x-ray diagnostics on EBT-S indicate that

the electron density is very constant across the core. Therefore, the

density of A;.+1 is also constant, as indicated by Fig. 8, and the

density of Af. may be peaked in the center of the plasma. Such

results are consistent with previous spatial profile measurements in

the EBT-I plasma.1 Since the aluminum exists in the plasma core, the

estimated confinement times are representative of the core rather than

the surface plasma.
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Given a sufficient flux of ions to produce an ambipolar electric

field, the potential well depth should exhibit a proportional scaling

with the impurity energy. Such a relation has been observed, as shown

in Fig. 10. Note that the aluminum temperature is normalized by its

charge such that at the largest potential wells (<J> 500 V) T(A£+3) -•

600 eV and T(A£+2) - 200 eV. At the lower values of potential well

depth no M*3 spectral emission could be found, and therefore no A&+3

temperatures are given. The correlation in Fig. 10 appears then

between the potential well depth and the temperature of the highest

observable charge state. The data fit of the temperature versus the

potential in Fig. 10 gives

_ ? 5

REFERENCE
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Al+3 DENSITY vs MICROWAVE POWER
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Al+4DENSITY vs MICROWAVE POWER
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ALUMINUM ION TEMPERATURE vs
POTENTIAL WELL DEPTH
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Fig. 10. The correlation of aluminum temperature, nor-
malized by its charge state, to the potential
well depth.
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EBT TRANSPORT AND AMBIPOLAR POTENTIAL FORMATION
WITH RAPID LOSS OF HIGH ENERGY IMPURITY IONS

E. F. Jaeger, R. K. Richards, and C. L. Hedrick
Oak Ridge National Laboratory

Oak Ridge, Tennessee 3 7830

Density profiles for neutral impurity atons and impurity ions of a

single charge state are calculated as functions of radius in a 1-1/2-D

transport calculation for the EBT toroidal plasma. The ion tail is

neglected along with the source of electrons due to ionization of

neutral impurity atoms. Ad hoc energies and transport rates are

assumed for the impurity ions consistent with spectroscopic

measurement. Ambipolar transport rates are rederlved to include

impurity transport in the flux of positive particles, and the electric

field is computed self-conslatently. Steady-state solutions show

potential well depths on the order of the impurity ion temperature

divided by its charge. Also, due to the large gyroradius of the

impurity ions, viscosity limits shear in the poloidal drift velocity.

Thus, potential profiles tend to be more parabolic, and the plasma

rotates more nearly as a rigid body than would be expected from simple

neoclassical theory with no impurities present.

^Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide
Corporation.
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Spectroscoplc data from the EBT-I/S experiments suggest that the

ambipolar potential In EBT aay be Influenced by a rapid loss of a small

number of aluminum Impurity Ions* In this paper, we consider this

possibility from a theoretical point of view to see what the

Implications of such Impurity transport would be for a simplified

1-1/2-D i adlal transport model.

We assume that the radial flux of impurities Vz is proportional to

radial gradients In Impurity density, nz, impurity temperature, Tz, and

ambipolar potential, $:

3n_ 3T,

17 " D** TF

where Dnz» ^Xz'
 am* vz are c o n s t a nts of proportionality* For parabolic

profiles in nz, Tz, and <J>» with scale length a, the charge flux at t •

a/2 may be written as

(2)

where Z is the charge of the Impurity ion, and the constant C is

typically a number between 1.0 and 2.0.

To confine Impurity ions, the potential must be large enough to

make the term in parentheses in Eq. (2) small; that Is

-Ze4>
— £ ~ 2.0 - 3.0 .
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Scaling similar to that In Eq. (3) has been observed spectroscopically

for the highest aluminum charge state present in the plasma*

To significantly affect the potential, the flux of impurities oust

be comparable to the electron flux* We estimate the magnitude of ZVz

from Eq. (2) with the observed1 lifetime r
n z - 40 wa and density

•I
fraction n /n ~ 10" . Assuming

z' e

±.

Eq. (2) gives

Z a n Ze<J>

Using Eq. (5) with ne ~ 10 1 2 cm"3 and a ~ 10"1 m gives ZTg ~ 7.5 x

1018 m"^" 1 for Z - 2 and ZTZ ~ 1.13 * 10
1 9 m'V" 1 for Z - 3 when <j> -

0. This is Indeed comparable to the electron particle flux.

In Fig. 1 we plot charge flux J/e • zr(r » a/2) versus potential

well depth <J>Q for ad hoc parabolic profiles and EBT-S parameters.

Solid and dashed lines show ion and electron fluxes, raspectively, at r

- a/2. For bulk ions with Kovrizhnykh transport, there is no

ambipolar solution (Te » T^) for which <J>Q < 0. For bulk ions with

plateau transport, there is an ambipolar solution for which the well

depth is <t>0 ~ -50 V ~ kTj/e. Unfortunately, this is lower than typical

EBT-I well depths <t>Q ' -2C« V. For a classical ion tail in the plateau

regime with an enr ?y "10 eV a..d a density IZ of the bulk density,

there J.s also no cmbi--̂  solut a for 4>Q < 0. However, this result
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Fig. 1. Electron (dashed) and ion (solid) charge flux zr vs ambipolar
potential well depth <bQ for various ion and diffusion models.
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depends critically on the tail density* For example, If the density is

102 of the bulk density, solutions may or may not be possible depending

on the tail energy. Finally, there are aluminum impurity ions observed

experimentally with temperatures1 kTz ~ 200 eV Z - 2 and kTz ~ 600 eV

for Z - 3. For Al + 2 a root occurs at $Q ~ -250 V, which is typical of

EBT-I potentials. For Al + 3 the root is at <t>o « -570 V, which is

typical of EBT-S potentials; this suggests that Al+^ is the dominant

impurity in EBT-I, and Al + 3 is dominant in EBT-S. This is not

inconsistent with the experimental observation that Al is observed

for high power operation in EBT-S but not in EBT-I.

Next, we consider the full 1-1/2-D radial transport problem,

including rapid loss of high energy impurities. Electron and ion

fluxes are written as

e

rep = "Dne 1 ^ - DTe

-Dni

where p is a field line label denoting the radial position of a field

line as it intersects the mirror midplane. Impurity flux is assumed to

have a similar form except for an additional viscosity-like term, which

is due to the large gyroradius (r^ "- 1.0 cm) of the energetic

impurities,

~ 4 (8)
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Transport for electrons is assumed similar to Kovrizhnykh's form

but with a factor of 2.0 multiplying the particle rates to approximate

finite electric field effects* For protons, we add the resonant or

"plateau" term, which Is unimportant when e4> is much greater than kT^.

Finally, for impurities we use the experimentally deduced lifetime for

Al + 2 with D_ - a2/2T. This is on the order of kT/eB, the Bohm rate.

Particle balance for the impurities is obtained by summing the

continuity equations for charge states +1 to +Z where +Z Is the highest

observed state.

_+l

3n_ ., , ,„ Il| j2 - -S JL(u2pr«) - n«»e<.v>^
3, (9)

Since the next highest state is not observed, we ignore the loss due to

ionizatlon in the equation for the highest charge state. To simplify

further, we assume that all states below +Z are in equilibrium. Also,

if transport losses for these states are neglected with respect to
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ionizatlon losses, then the summation equation is the same as the

equation for the highest observed state.

Making these assumptions, we arrive at the final set of equations

to be solved in the model:

H 0 )

P

3 3CnkT ) U,

- zrzp , (14)

kTz • constant in P and t (from spectroscopy) . (15)

The impurity energy balance is missing because the impurity

heating mechanism is not presently understood. One possible mechanism

involves fluctuating pololdal electric fields, which heat and diffuse

the impurity ions simultaneously. For now we assume a constant

temperature consistent with spectroscopy.
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Equations (1O)-(1A) can be shown to be consistent with proton

particle balance by multiplying Eq. (10) by Z and subtracting from Eq.

(11), which yields

3 ui a

—[na - Zn,J - nnn0<ov>i „ - — IPUofr^, - ZT,n)] . (16)
3 t^ e z> o e i,H p gp iK 21- eP zp-'J

Combining Eq. (16) with the steady-state version of Eq. (14) gives

- nn<ov> ?± ̂ ( P U / ) (17)

where n^ - ne - Znz. This is the particle balance for protons. It

should be noted that for finite radial electric field E_, a, • n. - Zn,

requires a poloidal component of the electric field Eg , » which is not

included in the present model. This is also true in the case nz » 0.

In the experiment and calculations that follow, »)> >> kT^. In

this case, the bulk protons cannot escape the potential well (f^ < 0 ) ,

and Eq. (17) leads to an ever increasing proton density n. This

unphysical result occurs here because for simplicity we have neglected

the high energy tail on the ion distribution function, which provides a

natural loss mechanism for protons within the well. Since Eq. (17) is

not actually solved in the calculations, this problem does not appear,

directly. It does appear, however, indirectly through the last term in

Eq. (11), which leads to an ever increasing density of electrons when

Tj < 0: thus, it has been necessary to drop that term from Eq. (11) in

order to obtain solutions in the following calculations. Presumably
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this would not be the case If the Ion tail were Included

self-consistently In the equations to be solved.

We assume a simplified model for neutral aluminum transport-

Ignoring charge exchange, particle conservation for neutral aluminum

gives

3t

Simplifying for steady state and slab geometry, and assuming T^ " n^v^

where v^ is a constant related to the sputtering energy of neutral

aluminum, En. (18) gives a neutral density decaying exponentially from

both sides of the slab.

n°(r) a A r A a A
z * * ( i d r \ r f / d r ( d r ^ i« exp ( - J — J + exp l~( J — + I —JJ (19)
nv(a)

 r A ° A ° A
Z Z £» Z

where A, is the mean fret, path for ionization X^ « v,/n.<ov>, .
Z Z Z 6 «

Figure 2 shows the magnetic geometry used in the following

calculations. We assume 3^ annulus ~ ^«2 with anisotropy

P«,annulus/el,annulus ~ °-6* The raod-B contours in Fig. 2(a) show

clearly the magnetic well formed by the hot electron annulus. In

previous calculations with no impurities included, there were no

solutions possible for 3j_ a n n u i u s £ 0.45. The magnetic surfaces over

which the equations are averaged are generated by rotating the magnetic

field lines shown in Fig. 2(b) by 360° in the poloidal direction.



192

0RNL-DWG 81-2797 FED

0.25

0.20 -

0.20

Pig. 2. Contours of (a) constant | S | and (b) constant flux 0|») for six
coi ls with a mirror rat io of 2.0. The constant T pressure
dis t r ibut ion is assumed for an electron annulus 0.04 m wide,
located at r - 8.10 m JLn the mirror mi dp lane (Z « 0) with

° ' 2 a n d PII,max'"!,max - 0-6-



193

Figure 3 shows radial profiles for a typical steady-state solution

with Z - +3, kT2 - 600 eV, and nz/ne - 10~
3. The sputtering energy of

the neutral aluminum Is assumed to be 10 eV. Of most Interest in

Fig. 3 is the aluminum ion density profile, which is parabolic rather

than flat as the electron density. This parabolic shape Is the result

of the nonclassical nature of the impurity diffusion and also the

viscosity due to the large gyroradius of the impurity Ions. The

potential profile is also parabolic, which implies a rigidly rotating

plasma. Also, the well depth is almost an order of magnitude deeper

than found in previous solutions with no Impurities present. '

Figures 4 and 5 show the scaling of these results with neutral

pressure. In Fig. 4, confinement parameters are plotted versus line

average plasma density as the neutral pressure is varied. The typical

nose-shaped curves are similar to those published previously for the

2 6
pure hydrogen plasma, * except that the potential in Fig. 4 is on the

order of the electron temperature rather than the ion temperature as in

the previous work. Figure 5 shows the same results plotted versus edge

neutral density. Results plotted in this manner can be more easily

compared to experimental measurements, which are typically plotted

versus ambient gas pressure.

Figure 6 shows scaling of the results with microwave power for a

fixed edge neutral pressure. Electron temperature increases linearly

with power. Scaling of the confinement parameters with power depends

on the collisionality regime and, hence, on the neutral pressure

chosen. Figure 6 appears to be at the boundary between collisional and

colllsionless behavior.
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ALUMINUM +3

ORNL-DWG 81-2798

kTz = 6OO eV

Eo=10 eV

FED

Fig 3 . Steady-state transport solution from Eqs. (10)-(15) for the
magnetic equilibrium solution of Fig. 2, including the reversed
magnetic gradient region (p/a > 0.83). Total power is 8 kW,
nQ e d - 5 x 109 cm"3, n z /n e - 10"3 for Z • +3 aluminum ions
with RTZ z e

600 eV. Neutral aluminum sputtering energy i s EQ »10 eV.
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SCALING WITH NEUTRAL PRESSURE
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SCALING WITH ELECTRON DENSITY
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Fig* 5. Same as Fig. A with confinenent parameters plotted vs edge
neutral density.
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SCALING WITH POWER
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Fig. 6. Scaling of confinement paraaeters with power for fixed edge
neutral density.
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CONCLUSION

The model suggested here should be considered as only one of a

number of possible explanations for the ambipolar potential in EBT-I/S.

It has been shown that for aluminum densities, temperatures, and

lifetimes similar to those observed spectroscoplcally, the flux of

aluminun ions in the EBT core plasma can be comparable to that of

electrons and, hence, should be included in the charge balance, which

determines the ambipolar potential. This leads to a scaling of the

ambipolar potential well depth $ 0 with the impurity ion temperature

Such a scaling has been observed experimentally for the highest charge

state of aluminum present in the plasma* Inclusion of such impurity

ions in simplified 1-1/2 D transport calculations leads to a number of

new results not previously observed for pure hydrogen plasmas. '

First, self-consistent solutions for & a n n ui u 8 ~ 20% are possible along

with corrections to Kovrizhnykh's transport rates for finite radial

electric fields. Second, aluminum density and, hence, potential

profiles are parabolic. This is consistent with rigid plasma rotation.

Finally, the potential well depth is on the order of the electron

energy rather than the proton energy. A more realistic treatment of

the effect of Impurities on radial transport must include the high

energy proton tail as a loss mechanism for bulk protons and also the

source of electrons due to ionlzation of neutral Impurities, both of
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which have been neglected here. The detailed calculations in this

paper cannot be applied directly to the proton tail problem because the

particle source is assumed to be ionization of neutrals* However, with

appropriate modification of the particle source rate to model

scattering of particles upward in energy, the calculations can be

applied directly to treat the rapid loss of high energy protons*
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MAGNETIC FIELD ERROR EFFECTS ON THE AMBIPOLAR POTENTIAL IN EBT

J. D. Callen
Oak Ridge National Laboratory and University of Wisconsin

Mirror-trapped particles are not significantly affected by field

errors because their motion is restricted to a single mirror cell.

Toroidally passing particles are shown to drift on surfaces of constant1

J = jSdjl/ [vj| + (e/mc)A] = J + (e/mc)ij>, where the loop integral is

over one toroidal transit, and tfd^'A =ffdj>*13 = ij) is the magnetic

flux function associated with the error field. For small field errors

(B/B « p /r * 10"1*) the drift surfaces are nearly the same as those in

the ideal system and the field error effects are negligible. As the

field error is increased into an intermediate range (10"1* ^ p /R <v» B/B <

p /r ^ 10~3) the passing particle drift surfaces become dominated by the

field errors (i.e., tj>), and the toroidally passing electrons cause, via

a Spitzer-type kinetic equation, particle and concomitant current flow

in the direction of the field error (B). However, in the intermediate

regime this charge flow is small compared to the poloidal charge flow

due to the mirror-trapped particles and hence the field error causes

only a slight distortion2 of equipotentials of the ambipolar potential

well — toward those of the field error flux surfaces. For large

field errors (B/B > p /r ̂  10~3) the field error induced charge flow

dominates, there is an electric field and current in the direction of

the error field (B)» a potential well (T-mode operation) becomes impos-

sible, and neoclassical transport is drastically modified. Since the

field error is small, the current and charge flow are effectively in

the toroidal direction, but spiral slowly out of the confinement volume

in the j} direction. The toroidal current causes a poloidal magnetic field

structure which can modify the IJ in the plasma and hence the possibility

of forming a potential well. A number of the characteristics predicted

by this theoretical model are observed experimentally.2»3

XR. J. Hastie, J. B. Taylor and F. A. Haas, Ann. Physics 4^, 302 (1967).
2T. Uckan and F. M. Bieniosek, Bull. Am. Phys. Soc. 24_, 1051 (1979);
T. Uckan, "Field Error Effects in EBT," Fusion Energy Division 1979
Annual Progress Report, ORNL-5645, August, 1980, p. 10.

3B. H. Quon et al., ORHL/TM-6704, February 1979.
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FIELD ERRORS IN EBT AND THEIR EFFECTS
ON THE AMBIPOLAR POTENTIAL*

T. Uckan, F. M. BieniosekV and L. Solensten*
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

ABSTRACT

Because the ELMO Bumpy Torus (EBT) is a closed field line device,

it is very sensitive to small magnetic field asymmetries — field errors

(AB/B < 1.5 x 10"1*). Such field errors are unavoidable due to minute

coil misalignments (0.25 mm) and the ubiquitous earth's field (B ̂  5 x

10~s T). If the inherent error field of the device is large enough, it

causes: (1) a distortion of the poloidal symmetry of the potential

profile and even a total disappearance of the ambipolar potential well,

leading in turn to a deterioration of the plasma confinement parameters;

(2) the establishment of a toroidal current and, therefore, enhancement

of fluctuations; and (3) an opening of the confined closed drift surfaces

that increases particle diffusion.

An estimate of a critical error field (AB/B) can be ascertained
cr

from an inward shift of the drift surface, Ax, such that whenever

(AB/B) > (AB/B) the drift surface becomes open (i.e., Ax ^ plasma

radius) and a toroidal current flows. From the requirement of having

closed drift surfaces, one can show that (AB/B)cr s p ^ R ^ d + R^/R..),

where p is the Larmor radius and R_ and R are the toroidal and mag-
£ i C

netic field radii of curvature, respectively. For EBT-I/S, (AB/B)c a

5 x 10~\ which is comparable to the inherent field error of the device.

Externally, about the same order of magnetic field correction is applied

by two pairs of current loops in order to cancel the error field and

reduce the coroidal current. The cancellation of the toroidal current

provides better confinement parameters, such as a larger potential well

and higher densities and temperatures. At the same time, the density

fluctuations are reduced considerably.

Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-74O5-eng-26 with the Union Carbide Corporation.

Rensselaer Polytechnic Institute, Troy, New York.
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INTRODUCTION

The ELMO Bumpy Torus (EBT) is a closed field line system with zero

rotational transform and no toroidal current.1 The confinement of the

toroidal plasma is obtained through the poloidal drift motion of the

particles resulting from the bumpy mirror field. This current-free

equilibrium configuration can be very sensitive to the system magnetic

field asymmetries (perturbations). These field perturbations, or error

fields, can enhance the plasma losses, as well as lead to "magnetic

islands" and to some current-driven [magnetohydrodynaaiic (HHD)] insta-

bilities. In practice, such field errors are unavoidable due to minute

coil misalignment (0.25 mm), the ubiquitous earth's field (5 x 10~5 T),

and ferromagnetic materials in the surroundings. The measured inherent

error field of the EBT device is about2 (AB/B) a 1.5 x 10"1* at B - 2 kG.

Even though this inherent error field is relatively small, still an

effective external compensation of this field is required due to a long

plasma lifetime. In the EBT experiment, three distinct operating modes

(i.e., the C — cold and noisy, T — toroidally connected and stable, and

M — mirror-like, turbulent) are observed. These are distinguished by

the operating pressure and fluctuation levels for a given microwave

heating power level. The steady-state plasma in EBT is created and

sustained by electron cyclotron heating (ECH). The magnetic field

configurations in EBT-I and -S are capable of supporting resonance fre-

quencies of 18 and 28 GHz, respectively. In the T-mode, a poloidally

symmetric potential well is established. As we discuss later on, error

fields may cause a distortion of the potential well and even a total

disappearance3 of it. In turn, this leads to the deterioration of the

confinement, an opening of the confined closed drift surfaces that

eventually increases the parcicle diffusion, and sets up a toroidal

current and enhancement of the fluctuations. In this paper, we try to

discuss these effects through experimental observation on EBT-I and -S.

DISCUSSION

Let us first start with the toroidal current measurements. In

Fig. 1, the measured toroidal current is plotted as a function of the
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microwave heating power of 18 GHz in EBT-I for various values of neutral

gas filling pressure. We see that the toroidal current almost saturates

for low pressure operations and is not strongly dependent on the heating

power. This toroidal current can be nulled (or minimized) by externally

introduced transverse error fields, as is done in EBT. Two pairs of

correction currents loop around the device as shown in Figs. 2 and 3.

The ambipolar potential is an essential feature of EBT T-mode

operation. In this regime of operation, plasma is quiescent, and a

large, poloidally symmetric negative potential well is observed,4

provided the toroidal current is zero. In the presence of field errors

the field lines spiral out of the confinement region, and the potential

is short-circuited to the system walls.

The effect of having a toroidal current of 50 A on the potential

profile in the EBT-I device is shown in the upper half of Fig. 4. The

potential profile is distorted with no apparent well structure. How-

ever, when the error field is cancelled through the external corrections,

the toroidal current is minimized and the drastic change in potential

profile with large potential well (220 V) is measured as shown in the

lower part of Fig. 4.

One explanation of the disappearance of the potential well may be

given as follows: Since the ambipolar electric field arises from the

balance of the particle flux, I". » I* , a toroidal current J.. in the

system causes an additional radial current to flow, J » J.. (iB/B) » er ,

through the radial component of the error field (AB/B) . This radial

current enhances the equilibrium electron flux T such that eventually

a nonzero equilibrium electric field is not possible for the particle

balance at large values of this toroidal current (as shown schematically

in Fig. 5).

The toroidal current also affects the electron line density n I as

shown in Fig. 6. In this figure, the toroidal current I_ and n I axe.

plotted for various values of external correction current settings (L.,

the vertical correction current, and !„, the horizontal correction

current). As indicated in the figure, in T-mode the line density

increases as the toroidal current decreases. One can also observe the
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extension of the T-mode operation; as the pressure falls, n I slightly

increases if the toroidal current has been minimized.

Thr toroidal current also affects the T-M transition pressure as

shown in Fig. 7. In EBT, favorable scaling of plasma parameters is

observed at low pressures. For example, since the electron temperature

is almost inversely proportional to the filling gas pressure,5 one would

like to lower the pressure as much as possible. If the toroidal current

has not been nulled properly, then the T-M transition will occur at a

higher pressure, leading to a lower electron temperature. This effect

seems more apparent at the lower heating power levels (as in Fig. 7).

At higher power levels (e.g., 100 kW of 28-GHz EBT-S operation), the

value of T-M pressure has not been affected much by the toroidal current

(as illustrated in Fig. 8).

In Fig. 9, the effect of toroidal current on the various plasma

parameters in EBT-I is shown. We see from the figure that, if there is

a large toroidal current, the electric field becomes a small outward

pointing field instead of a large inward pointing one. The electron

temperature from soft x-ray is reduced at least 25%, and density fluc-

tuations decrease as the line density increases. From this figure, we

also see that the toroidal current stays almost zero within a broad

range of external error field. This is a desirable feature and suggests

that there is a critical error field. If the existing error field is

smaller than this critical error field, then the system is free of

toroidal current.

When the direction of the externally introduced error field is

changed, the potential well disappears and a large toroidal current

(>50 A) starts to flow (as shown in Fig. 10 for EBT-I plasma). This

experiment shows the importance of the proper choice of direction of the

correction current.

Similar plasma behavior is also observed in EBT-S (as illustrated

in Figs. 8 and 11). For example, again tha radial electric field almost

disappears when there is a toroidal current.

The synchrotron radiation from the hot electron rings and the

stored ring energy are also studied as functions of the external

correction field in EBT-I. As we see in Fig. 12, the ring stored energy
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W^ does not change with the horizontal correction current or with the

toroidal current (see lig. 9). On the other hand, the radiation intensity

Iu (extraordinary mode) shows a local peak almost where the toroidal

current becomes zero and increases considerably for large toroidal

current or when the external correction current is large and positive.

In order to gain some insight for this measurement, we make use of the

following relations (and/or definitions) for W^ and 1' in terms of ring

density, temperature, and volume:

W, ^ f n . T . dV ,1 Jv ring ringVring

and

1X1X *. [ n . T2. dV - T . W.oi Jv ring ring ring 1
ring

Then, by looking back to Fig. 12, we see a small increase in hot

electron ring temperature when the toroidal current has been minimized
y

at about L, — -6 A. Also interesting here is the large increase in I
at about Iu • 15 A, corresponding to the drop in n I and the increase inn e
<5n£ under these conditions (as shown in Fig. 9).

The setting of the error field correction currents affects the

toroidal current as illustrated in Fig. 13. By changing the horizontal

and vertical correction currents continuously, in a similar systematic

way as that given in Fig. 13, we observe how the potential profiles

change.

In general, the potential profiles are given in terms cf the heavy

ion. beam acceleration gun voltage V . Figure 14 shows the spatial

positions of the ion beam probe scans with associated V values for a
+ gun

Cs beam in EBT-I ?nd -S. For example, the plasma center on the mag-

netic axis corresponds to V as 21 kV for EBT-S and V a 10 kV for
gun gun

EBT-I plasmas.
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We see from Fig. 15 that the potential profiles are nearly insen-

sitive to changes in negative values of IH when the vertical current L

has a positive value (!„ — 10 A). However, we observe a considerable

change in profiles for positive values of !„ when L. is kept constant

and positive (see Fig. 16). Similar effects are also observed when !„

is kept constant (IH * -2 A) and 1^ is varied, as one can see from

Figs. 17 and 18.

So far we have discussed the toroidal current due to the error

field and its effects on the plasma parameters. This current can be

estimated from the finite resistivity of the untrapped electrons.

Because of the radial ambipolar electric field E in EBT, the error

field may cause an electric field component along the magnetic field

lines. Thus, one can write2

£. E (AB/B)

\ - ^ — — •

where n, is the effective parallel resistivity of plasma and can be

defined as

fUT

Hare,

tn \ 8.84 x 10-** - „.
no (fl - m) = • (eV)
s 3^2

is the Spitzer resistivity and fUT is the fraction of the untrapped

electrons (or toroidally passing electrons) with temperature T .

Taking E • -(A<{>/Ar) and integrating Eq. (1) over the plasma cross

section, one can calculate the toroidal current as2
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(2)

where A$ is the potential well depth, Ar ̂  a, and a and R_ are the minor

and major radii of the plasma, respectively.

The drift surfaces of electrons in an ideal bumpy torus geometry

are shifted inward by an amount

-V

where V * -kT /eBR^ is the vertical drift velocity due to toroidal

geometry and r£2 • -kT /eBR is the poloidal drift velocity due to mirror

field with R as the radius of magnetic field curvature. In the presence

of error fields an additional vertical drift of order V., (AB/B) is intro-

duced to the system, and Eq. (3) is modified as follows:

-[V + V«(AB/B)1
Ax ^ J . (4)

Because of this additional vertical drift, the passing particle drift

orbits will shift and eventually will hit the system wall if the inward

displacement given by Eq. (5) is about one-half of the plasma radius.

Thus, one can define a critical error field (AB/B) such that if

(AB/B) > (AB/B) the particle drift surfaces become open and a toroidal

current flows. From the requirement of having closed drift surfaces, we

find

/AB\ /AB\ Pe /Pg\

U I< U ;c r
 2 RTti + o^/iy] - \RC / '

where p is the Larmor radius of the electron.
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By making use of Eqs. (2) and (5) one can estimate the levels of

the inherent error field (if the toroidal current is known) and the

critical value for a typical T-mode operation of EBT.

In E3T-I, we see from Fig. 4 that the toroidal current is about

50 A when there is no error field correction (I.. » I H • 0) and the

potential drop from inside to outside is about A<{> a 100 V. Assuming

(eA(j))/kT 2 0.5, based on the experimental observations, and using

Eq. (2), we estimate (AB/B) to be roughly

(AB/B>estimate "
 5

From Eq. (5) we calculate (AB/B) to be of the same order, i.e.,

(AB/B) a 6 x 10"1*. Here, we have used a ss 14 cm, R a 16 cm, and

IL, * 150 cm. We see that

(?) '(¥) •
estimate cr

and this is the error field that gives rise to about 50-A toroidal

current as measured (see Fig. 4).

In order to null or to minimize this toroidal current experimentally,

we have introduced vertical and horizontal correction currents of Iy •

10 A and I_ • -6 A as they are shown in Fig. 4. The corresponding

correction field is then

which is close to what is estimated from measured toroidal current.

We may also use Eq. (5) for estimating the allowable values of

correction field current settings in EBT-S. From the ratio of critical

field errors between EBT-I and -S, we have
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(AB/B)g p_(S)

357557 - r o r - BTST \ r m \ a o - 8 - (7)

I e L e -i

This result implies that in order to have small or zero toroidal current,

about the same order of external field correction (AB/B) ... is
applied

allowable for EBT-S. For the estimation, we require that (AB/B) .. . <

(AB/B)c . Then, by using Eqs. (6) and (7) for the same applied verticalcorrection current Iy(I) • Iy(S), we find Ij.(S) < -L. • -10 A. Here, we

use Igd) » -8 A (see Fig. 9). As one can see from Fig. 13 if IR > 10 A,

then a large toroidal current starts to flow since (AB/B) ., . >

(AB/B) . This result further indicates that Eq. (S) may give a reason-

able estimate for the allowable value of the field error in the system.

In conclusion, the effects of field error on radial diffusion,

toroidal current, and ambipolar potential do show that plasma behavior

can be altered significantly for large values of (AB/B) > (p /R )

(210"1* in EBT-I/S). Cancellation of the toroidal current provides a

poloidally symmetric large ambipolar potential well and also reduces the

density fluctuations.

In the experiments externally introduced, small magnetic field

perturbations can be useful for studying the plasma transport in EBT.
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Fig. 2. Location of the global field correction loops on EBT. The
applied correction field is given by ^ B / B > a p p l l e d * V B f1 + i\/\)Z)
with typical EBT-I/S values of By a 3-4 G and Ig/Iy - 0.4-0.8.
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ABSTRACT

In the ELMO Bumpy Torus (EBT), the plasma parameters depend on the

microwave heating power P and on the neutral gas pressure p , both of

which define the operating regime (mode) of the device. In order to

assess interrelationships between various confinement parameters, we

have studied radial transport by incorporating experimental observations

into model calculations. Experimentally, the ambipolar potential well $

is measured and is one of the important parameters that strongly affect

the confinement properties. In this study, we make use of P , p , and

<j> in transport modeling to predict the scaling of the density (n) and

temperatures (T , T.) with these quantities. The scaling calculations

are based on neoclassical theory of transport coefficients and experi-

mental observations. A quadratic potential profile and almost flat n

and T profiles are assumed. However, to satisfy the ambipolarity

condition, the ion temperature profile is retained. Experimentally

(EBT-I/S), the electrons are observed to be in the collisionless regime

(v/fi < 0.5) and the electron transport coefficients of Spong (similar

to those of Kovrizhnykh) are used. The ions are observed to have a non-

Maxwellian distribution, and transport coefficients that are modified by

the high energy ion tail, developed by Spong, are employed. The ambipolar-

ity condition and the particle and energy balance equations can be

satisfied by modeling the experimentally observed potential well and ion

tail. The temperature and density scalings with P , p , and $ show

qualitative agreement between this calculation and experimental observa-

tions. Results of this model are presented for typical EBT-I/S operations.

Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7A05-eng-26 with the Union Carbide Corporation.

Rensselaer Polytechnic Institute, Troy, New York 12181
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1. INTRODUCTION

The ELMO Bumpy Torus (EBT)1 is a closed field line toroidal device

with no toroidal current that consists of twenty-four 2:1 mirror sectors.

Steady-state plasma is sustained and heated by electron cyclotron

resonance heating (ECRH). The magnetic field configuration in EBT-I

and EBT-S is capable of supporting resonance frequencies of 18 and

28 GHz, respectively. There are two principal plasma components in EBT:

mirror-trapped, high beta hot electron rings (annuli) and a denser,

lower energy toroidal core plasma. The local magnetic wells produced by

the hot electron rings stabilize the toroidally confined nonaxisynmetric

plasma against flute and interchange modes. Also, a so-called "surface"

plasma exists outside the region of closed drift surfaces. In the

experiment, three distinct operating modes1 (i.e., C — cold and noisy;

T — toroidally connected and stable; and M — mirror-like and turbulent)

are observed. These modes are distinguished by the operating neutral

gas pressure (p ) and the fluctuation levels for a given microwave power

(P ). In T-mode, a nonzero ambipolar potential well <J>, due to non-

axisymmetry, is established as is shown in Fig. 1. In this work, it is

in this operating regime that the confinement parameters of the EBT

plasma are studied. Here, we derive some of the plasma parameters in

terms of potential well depth and, for a given T-mode, operating con-

ditions, such as the microwave power level P and the filling pressure

po-

The outline of this paper is as follows: In Sect. 2, the basic

equations and assumptions are discussed. The expressions for the

various plasma parameters (i.e., temperature, density, confinement time)

are given in Sect. 3. In Sect. 4, the results are applied to EBT-S to

obtain a pressure and power scaling of the confinement parameters. The

findings are then compared with the experimental measurements, indi-

cating a reasonable agreement. A discussion of the results and con-

clusions is given in Sect. 5. From both experimental observations and

the transport calculations presented in this paper, we see that e<j>/kT s«

constant, and the variation of plasma parameters with microwave power

satisfies neoclassical scaling.
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2. BASIC EQUATIONS AND ASSUMPTIONS

In this section we will give the basic equations and assumptions

involved in the selection of the transport coefficients and the density

and temperature profiles as well as the governing relationships for the

particle and energy fluxes, the ambipolarity condition, and particle and

energy balance equations.

2.1 TRANSPORT COEFFICIENTS

Based on experimental observations and theoretical calculations,

the EBT transport is shown to be dominated by neoclassical processes.2"3

The electrons are observed to be in the collisionless regime (v/fi < 1),

and the electron transport coefficient (nonresonant) is given by1*

v2 v
ye e

D * — , (1)
ne g v2 + n2

where

kT
vy --sS- (2)
'e

is the vertical drift velocity,

kT / eE R

is the poloidal drift velocity due to mirror-field and IS x ]$ drift,

B_ IB
R * " 3r '
c
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e ee ei *

and

g = g[(v/no)e,eEr/kTe]

is the scaling factor which depends on collisionality, (v/ft ) , and on

the radial electric field E .

The ions are observed to have a non-Maxwellian distribution2 with

two distinct components: bulk (representing toroidal core plasma) and

high energy tail. The ion poloidal drift velocity [defined by Eq. (3)]

vanishes for some range of energy and pitch angle due to the cancellation

of the £ x IS and mirror-field drifts. Hence., ions are resonant particles,

and the ion transport coefficient in the platsau regime [1 > (v/fi ). > A"3'2,

wtiere A is the aspect ratio] is given by5

V - V ^ * <*>

where

wo. « -(QEr/no.) , (6)

and subscript j represents bulk (i) and tail (t) components.

2.2 PROFILES

In the experiments, the density and electron temperature profiles

are observed to be nearly flat up to the ring (see Fig. 2); i.e.,
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3n 3T

3 7 - 3 T - 0 * o r r < a , (7)

where a is the location of the ring which is about the same as the

plasma radius. In order to satisfy the ambipolarity condition, which

will be discussed later, one should retain the ion temperature profile;

i.e., it is assumed that 3T /3r jt 0.

The ambipolar potential profile, based on the experimental obser-

vation, is nearly quadratic (see Fig. 3), and it can be approximated by

where $ is the potential well depth and $ + 0 in the T-mode. The

radial electric field

<»

is negative, pointing inward inside the ring.

2.3 PARTICLE AND ENERGY FLUXES AND THE AMBIPOLARITY CONDITION

The expressions for particle and energy fluxes are given by3

3n 3Tg

s * ~ n 37 " T 3r ms rs s

and

3n 3Tg

s ns r s s r

(s - e,i,t) .
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Here,

s s

e
MT * kf~ Kns s s

and

(e - -e)

For ions we have5

V. •H

V

and

V " nl\(*o* + i % + 5)

(12)

with j * i,t.

The radial component of the total current density is
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Jr - s-ê i.t V . • (16)

and the ambipolarity condition requires J » 0.

2.4 PARTICLE AND ENERGY BALANCE EQUATIONS

The steady-state particle and energy balance equations are given

by3

7 h ( r V * nno<ov>i • (17)

7 ?7 <rQe> + ePeEr

and

7 h <rV

Here,

nn <ov>. "7 kT - nn <ov>o i 2 o o ex

- ^ • (19)

Qei
(20)

is the energy transfer between electrons and ions through Coulomb

collisions,
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is tbe energy transfer from tail ions with density n to bulk ions,

1.8 x 1 0 " ^

E_ is the ionization energy of atomic hydrogen, P is the absorbed

microwave heating power density in the core plasma, n <ov>. is the

reaction rate for ionization of neutrals (n ,T ), and n <ov> is the
o o o ex

charge-exchange reaction rate. For an electron temperature of 100 < kT

(eV) < 800 (from Ref. 7)

«JV> as 2.8 x 10"8 cm3/s

and

?s 5 x 10"
8 cm3/s

for T± 3 100-eV ions.
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3. DERIVATION OF THE PLASMA PARAMETERS

In chis section we will derive the expressions for the confinement

time and plasma parameters (density and temperatures) in terms of device

parameters and ambipolar potential well depth $ Q, microwave power P ,

and the operating neutral gas pressure p . To derive these relations,

the basic equations, assumptions, and/or relationships given in Sect. 2

will be used.

First, we write an expression for che particle confinement time

T :

T
P

where

ra
* I nn <ov>.r dr ,

r J o I
vT

which can be obtained from Eq. (17). For n (r) st constant, which is

roughly the case in EBT due to its small plasma radius and low density,

T
P
 s v ^ T ' (22)

Assuming nearly flat density and electron temperature profiles

[Eq. (7)] and the quadratic profile for the ambipolar potential

[Eq. (8)], the electron diffusion coefficient becomes

<23>
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In deriving Eq. (23), we have used Eqs. (10), (17), and (22) in addition

to Eqs. (7)-(9).

From the charge neutrality condition, we have

Here, r - u nE is the electron particle flux which is obtained from

Eqs. (10) and (7). The right-hand side of Eq. (24a) is the total ion

flux due to bulk, F., and the tail, T , ions. In terms of the ion

density n. and temperature T , we write

ri + rt " -DT 3 T + V ^ r ' (2Ab)

which is obtained from Eqs. (10), (13), and (7). Here,

r -W -W_/e-
DT-=k?75nl<1 +Ve <

and

~Wo " W o ^ e \
UXT = r f - D. * ^f~ Dn^,e ° + (Se y , (26)

with

Wo
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and

r Rc2 — -

The term D Q in Eqs. (25)-(26) is for bulk ions and is given by Eq. (5).

Assuming a parabolic profile for the bulk ion temperature and using

Eqs. (24b), (25), and (26), we obtain

in 2.5a (5a - I)a6 -r2-

(27)

where

BR2.

In the electron energy balance equation [Eq. (18)], the dominant

in the right-hand side is P because both the i(

(the Coulomb energy transfer) terms are small; i.e.,

term in the right-hand side is P because both the ionization and Q .

n

TP

Thus, using Eq. (11) for electrons, we have

<28>

Furthermore, by combining Eqs. (1), (23), and (28), we can write

\7/2/kT \7'2 , 0.3 C /aa\2 /P \
(__£.} = x7/2 , 2. | _ ) -2 4 f-JL) (29)
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where C Q is the coefficient in the electron collision frequency,

v . C6 ° (kTe/

In order to see the effects of T , $ , and P on the density, we

may rewrite Eq. (28) as

The energy replacement time T- is defined as

T E " 2

By using Eq. (28), we get

3 (1 + T./T )
J- e

xp - 7

Finally, we study the energy balance equations in order to calculate

the ion temperature. By summing Eqs. (18) and (19), one gets

•tot r a^>-^.. + eEjTa - r,) , (32)

where

n <ov> 3
CX"TkT,- » (33)
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and

Q * Q + <L •y t o t y e w i
(34)

From Eqs. (10) and (11), one may write

( )
(35)

and

enE

2 o/Dn
n

Furthermore, for a typical EBT-I/S plasma

n 1 < 10-3 .

and

(36)

(37)

Thus, as a good approximation one can neglect the second term in

Eq. (32) and write

7 nkT
P a •=• as p ;

to t 2 T w
P

(38)
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that, in turn, yields

Q A 3 n /kT
Si) l\j i . Vi* » ~ rr / . . ,rt-fi > (39)

One then obtains

(kTA <av>. n T
- i ) * 3.6 x 10"6 1 £_B . (40)

e / <av> (kT /e) 1/ 2

cx c

In EBT, the collisionality v/QQ is one of the important parameters

determining the regime of the transport coefficients used. As we

mentioned earlier, both electrons and ions are observed to be in the

collisionless regime (v/ft < 1), and we have used the appropriate

coefficients which are valid in that regime. The collisionality for

electrons and ions is defined as follows: for electrons, we have

or, using a = 2rRc/a
2, we get

where x = kT /e. For ions,
e
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4. APPLICATION

In this section, we will apply the expressions developed in the

previous section for the estimates of the plasma parameters in EBT-S

and compare them with the experimental observations. In doing this, we

first give the models for the ambipolar potential well depth <j> , the

particle confinement time T , the scaling factor g, the magnetic field

of curvature parameter a, and the microwave heating power density P in

terms of machine parameters and/or operating ambient neutral gas pressure.

We will then discuss the power and pressure scaling of the plasma

parameters.

The EBT-S machine parameters are given in Table 1, and models for

the above-mentioned quantities (i.e., $ , x , g, a, and P ) are summarized

below:

Ambipolar potential well depth <J>

In T-mode, we observe that the potential well depth changes almost

irly with the pressure p as is shown in Fig. A. \

the experimental data by the following analytical fit:

linearly with the pressure p as is shown in Fig. A. We can approximate

<PCT "
 po )

where ^ - *0(P0 * P-^ • Here, p C T and p ^ are the transition pressures

from C-mode to T-mode and from T-mode to M-raode, respectively. As

observed experimentally, these transition pressures depend on the

microwave heating power (see Fig. 5) and are given by1

particle confinement time t
P

Since the neutral gas pressure is p • n (o)T (o) and p ^ n (a)
o o o o o

for an unshielded plasma (i.e., the mean free path of neutrals is larger
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Table 1. EBT-S device parameters

Parameter Value

Mirror sectors, N 24

Major radius, R_ 150 cm

Cavity radius, a 25 cm
c

Ring location, a ^12 cm

Midplane magnetic field, B 7.25 kG

Mirror ratio, M 2

Microwave heating frequency, f 28 GHz

Core plasma volume, V 0.3 m3

C01T6
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254

than the plasma size, which is the case in EBT), we then have

Tp

* Scaling factor g

In Sect. 2, g is defined as a scaling factor in Eq. (1) which

depends on collisionality and on the electric field. The finite electric

field diffusion coefficient obtained by Spong et al.4 is greater than

the one given by Kovrizhynkh8 for the large electric field limit by

about a factor of 5-6. That is,

or

g s 1-1.2 .

In these calculations we will assume g • 1.

• Magnetic field curvature parameter a

After modeling the EBT vacuum midplane magnetic field,1 B - B(r),

we find that

2rR
a £-3s 2.28 r < a .

a2

Here,

B_ 31$
R * " 3r
c
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• Microwave heating power density P

Here we use the following definition for the absorbed power density

at the core plasma in terms of applied microwave power, p a p p l i e d»
 as

P , eeffPaPPlied
w V

core

with an effective absorption efficiency of e .- s 0.1.

A.I PRESSURE SCALING

The pressure scaling of the plasma parameters in T-mode will be

given for an applied microwave power level of P - . , • 100 kW, 28 GHz

in EBT-S. From the pressure scaling shown in Fig. 5, we determine the

pressures for the C-T and T-M transitions for 100 kW to be

PCT a 13.5 x 10"
6 torr

and

a 5 x 10"6 torr.

From the measurements of nn by charge-exchange neutrals (see Fig. 6)

and measurements of electron line density nil by microwave interferometer

(see Fig. 5), we estimate that n as 2 x 109 cm"3 at 5 x 10~6 torr, which

leads to a particle confinement time of t ^ 18 ms. Also, from the

charge-exchange neutral measurements (see Fig. 6), we estimate the

fraction of the tail density to be given by the following relation:

fi « — as
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From the models discussed in this section (which are obtained from

the experimental observations) and using the T-mode operating regime

parameters which are discussed above [Eqs. (27), (29), (30), and (40)],

we estimate the scaling of the plasma parameters with pressure. The

results are normalized to p * 10~s torr and are shown in Fig. 7.

The estimated behavior of the plasma parameters which are shown in

Fig. 7 is in reasonably good agreement with the trend observed from the

experiments as they are shown in Figs. 8, 9, and 10.

4.2 POWER SCALING

From the measurements, the power scaling of the plasma parameters

in T-mode is shown in Fig. 11. Here, the operating pressure is

5 x 10~6 torr for the applied microwave power levels of 60-120 kW.

Shown in Fig. 11 are the plasma density n measured by the microwave

interferometer, the electron temperature T measured by the soft x-rays,

the potential well depth $ measured by the heavy ion beam probe,9 the

bulk ion temperature T. measured by charge exchange and spectroscopy,

the ion tail temperature T measured by charge exchange, and the calcu-

lated values of x_ using the measured values of n and T .

£i e

By making use of the measured values of the potential well depth,

we have estimated the power scaling of the plasma parameters which are

shown in Fig. 12. From the comparison of Figs. 11 and 12, we observe a

good agreement between the estimated and measured plasma parameters. In

addition, the estimated values of collisionality (say at 100 kW) for
electrons [(v/ft ) ^ 0.22] and for ions [(v/n ). ̂  1] are within theo e ox
validity range of expressions used here for these calculations.
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5. DISCUSSION OF RESULTS AND CONCLUSIONS

In this paper, in order to assess interrelationships between the

various confinement parameters of EBT, we have studied the radial

transport by incorporating the experimental observations into the

neoclassical transport calculations through the particle and energy

balance equations. Ambipolar potential is a necessary concomitant of

EBT plasma that strongly influences the confinement properties and is

measured experimentally by heavy ion beam probe. In our study, we made

use of the measured potential well depth <j> for the estimation of the

plasma confinement parameters (n, T , T., etc.) and in the scaling

predictions of these parameters with power P and pressure p . The

results of these calculations compare favorably with the experimental

measurements.

Both from experimental observations and model calculations we see

that

e*
T-S2- * constant (^0.6-0.7) (42)

e

as shown in Figs. 10-12. For a given neutral pressure (i.e., a given

neutral density), if we make use of Eq. (42) we immediately find from

Eq. (29) that

T
e

From the power balance equation [Eq. (28)], one can get

n ^ Pj)*6 (44)

because T ^ P°, independent of power for fixed neutral density for

100 < kTg(eV) < 800 (see Sects. 3 and 4). As a result, the neoclassical

scaling
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nr_. * A 2T 3/ 2 (45)
E e

in the collisionless regime is satisfied. Here, A = R_VR in the

magnetic aspect ratio of the device. Equation (45) can easily be

obtained by combining Eqs. (1) and (23) and using (v/& ) < 1. The

power scaling of electron confinement parameters derived here (i.e.,

n % PDi6, T (̂ji <\. P ° * \ and x ^ P°) for a given neutral density (or
u e o ] j p , & ii

pressure) is consistent within the uncertainties of the measurements

(see Fig. 11) and the neoclassical calculations (see Fig. 12).

It should be noted here that one cannot arbitrarily fix the operating

pressure independent of the microwave power level and still be in the

T-mode operation of the device. As we see from Fig. 5 and the relation

given in Eq. (41), C-T and T-M transition pressures change with the

applied microwave power. In Fig. 10, the experimental measurements are

for fixed pressure, p s* 5 x 10"6 torr at power levels of 60-120 kW. At

that pressure and these narrow power ranges, the plasma is in the

T-mode and the above arguments for the power scaling can be applied.

However, for a wide range of power levels (say, 30-200 kW where 200 kW

is the maximum power output capability of the 28-GHz gyrotron, arid the

experiments with P .. . > 150 kW are planned on EBT-S for the near

future), comparisons of theory with experimental results require a

systematic selection of data points (pressures for given power levels)

corresponding to equivalent mode of operation (i.e., C-T transition,

T-mode, T-M transition, etc.), of the device.
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POWER REQUIREMENTS FOR ION TAIL FORMATION IN EBT*

J . S. T o l l i v e r , E. F. Jaeger and C. L. Hedrick
Oak Ridge Nat ional Laboratory

Oak Ridge, Tennessee 37830

ABSTRACT

Experimental evidence suggests the possible presence of an

enhanced high energy tail on the ion distribution function, and a

simple theoretical analysis indicates that an ion tall may be a major

contributor to neoclassical losses which In turn influence the

ambipolar potential. In order to study these effects, a kinetic model

for neoclassical transport is developed using a Fokker-Planck collision

operator and assuming Isotropic electron and Ion velocity

distributions. Three coupled nonlinear integrodifferential equations

are solved numerically. The solution shows a non-Maxwellian lowest

order ion distribution function. This non-Maxwellian solution leads to

higher core ion temperatures and larger ion diffusion rates than those

obtained when a Maxwellian distribution is assumed. If the ion tail is

further enhanced by a small amount of ad hoc heating, even higher core

temperatures and loss rates are obtained.

Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide
Corporation.
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I. INTRODUCTION

Neoclassical transport rates for bumpy torus geometries were first

calculated by Kovrlzhnyich1 In the limit of large radial electric

fields. When these rates are applied In a one-dimensional (1-D) radial

transport model2"3 for ELMO Bumpy Torus (EBT), stable solutions with

negative ambipolar electric fields are obtained, as experimentally

observed.1* However, the electron temperature and the magnitude of the

negative electric field are lower than those experimentally observed.

Consideration of finite electric fields and of the existence of phase

space regions where the pololdal drift frequency is small leads to

enhanced ion diffusion coefficients approximately independent of

collisionality.3*5"6 When these "plateau" diffusion coefficients for

Ions are used In conjunction with Kovrizhnykh large-field rates for

electrons, results are obtained with relatively warm electron

temperatures and collisionless scaling (i.e., energy confinement

increasing with temperature) that agree more closely with the

experiment.6 The magnitude of the electric field Is still lower than

experimental results, though, and the neutral density Is about an order

of magnitude below that observed experimentally. When realistic

diffusion coefficients for electrons In finite radial electric

fields3'7 are used, enhanced electron losses occur, and a negative

electric field solution is lost altogether since the electron losses

become larger than the Ion losses (an indication that theoretical ion

losses are too small)•
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The phenomenon of resonance (in which the poloidal drift frequency

becomes small and the diffusion step size is greatly enhanced) is the

major contributor to ion losses* Resonance occurs only for a very

narrow region In phase space at energies which are a few times thermal

energies. There are few particles in a Maxwellian distribution at this

resonant energy. For more resonant losses, more particles are required

at the resonant energy or higher. That is, a non-Maxwell Ian ion

distribution with an enhanced high energy tail is desired. Approximate

calculations by Cordey8 have indicated that an enhanced ion tail forms

due to Coulomb collisions between hot electrons and cooler ions.

Furthermore, experimental evidence14 suggests the presence of an

energetic tail in EBT. It is conjectured that high energy particles In

the tail are rapidly lost and, thus, set up the relatively large

experimentally measured negative electric field. Because the formation

and sustenance of an enhanced ion tail is of a kinetic nature, the

effects of an enhanced tail have not been Included in transport

calculations previously, except in an artificial and inexact fashion.

As a result, the presence of an enhanced tail is a possible source of

enhanced ion losses lacking in current neoclassical transport theory*

In Sect. II the development of a kinetic model to examine the

formation and effects of an enhanced ion tail is reported; Sect. Ill

reports numerical results with a small ion tail as predicted by Cordey

as well as with supplemental tail heating.
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II. KINETIC MODEL9

The couplete solution of the drift kinetic equation in

six-dimensional phase space is, of course, intractable* Thus, we

assume azimuthal symmetry in velocity space and bounce average over the

rapid parallel motion of a guiding center. As a further simplifying

assumption we take the electron and ion velocity distribution functions

to be isotropic Under these assumptions the bounce-averaged drift

kinetic equation may be written as9

where e, m, and v are the charge, mass, and velocity, respectively; E

is the electric field (assumed purely radial); C(f) is the collision

operator; and the bounce-averaged drift velocity is given by

Vj, - (V sin 6)r + (v cos 6 + r%)e (2)

with

"T
 a inr

BoRT

and

cos 9
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In Eqs. (3), BQ(r) Is an Ideal bumpy cylinder magnetic field, Rj. is the

najor radius of the torus, and Rc is the magnetic radius of curvature

defined by Rc = -(VB/B)"
1.

By expanding the distribution function f in a Fourier series in

the poloidal angle 0 and dropping all terms beyond first order, Eq. (1)

may be resolved into the three coupled equations

3fo lr , 3 fs fa> E fai e E Vv 3fs

(4a)

and

- C0(fc) +CC(£O) , (4b)

3f8 3fo eEVv 3fo
T 1 - "fc + vv -T 2 + " T2- " Co ( fs ) + Cs ( f o>
3t c ° 3r m v o v o s s o

where

f - fo + fccos 6 + ff lsin 6 ; (5)

32ffl 3fft

Ca(fft) - a(fa) — f + b(fa) - ± + c(fa)f& + S(fa) ; (6)

and a, b, c, and S are linear functionals of f. The collision operator

in Eq. (6) is written in a general form that may include the

Fokker-Planck representation for Coulomb collisions through the

coefficients a, b, and c plus optional source and sink terms through S*
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The collision operator used In the results presented here Includes the

Rosenbluth potentials for isotropic distribution functions10 plus terms

to model lonlzatlon and charge-exchange collisions. With the Fourier

expansion used above the particle flux is given by

F - j ii j fVsin 8 d3v - 4* J v2dv i^l . (7)

For further simplification we introduce a point model approximation for

the radial derivatives in Eqs. (4). Thus, 3fg/
3r becomes fs/A, and

3fo/3r becomes -fQ/fc, where the scale length I is chosen to be one-half

the plasma radius.
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III. RESULTS

The thcee coupled nonlinear Integrodlfferential equations In this

model are solved numerically for the Ions as an Initial value problem

which Is followed to Its steady-state solution.9 As an Initial step In

the solution we assume that f0 Is a Maxwellian and solve only for fc

and fg. The Inadequacy of the Maxwellian assumption Is manifest when

the particle flux Is calculated using Eq. (7). The Ion flux as a

function of the electrostatic potential Is similar to analytic results

and fluid code results that have no provision for an ion tail. The

potential well depth predicted by this Maxwellian model is less than

80 V, In contradiction with experimental results.

As a second step, we solve all three equations simultaneously and

observe a small tail forming on the lowest order ion distribution

function fQ. This tail is the one predicted by Cordey8 and is due to

collisions between hot electrons and cool ions. Unfortunately, the

Cordey tail is so slight that it produces no real change in the

particle flux. There is a small increase in the flux, however, due to

the increased core ion temperature, which is determined

self-conslstently when solving for fQ as well as fc and £g*

Finally, to examine the effects of an energetic tail we introduce

an ad hoc heating term representing a diffusion in velocity space. We

choose the heating to be well into the tail region (about 2000 eV) so

as not to accidentally heat the bulk Ion distribution. More detailed

results are available In Ref. 9, but we report here that with as

little as 100 W of this artificial power, a sizable tail forms on the

ion distribution function. Then, through tail-to-core coupling by
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Coulomb collisions, the bulk ion temperature is increased. This

increased bulk temperature leads directly to higher ion loss rates*

Since the electron flux is not calculated in this model, we cannot

quantitatively solve for the electric field. However, it is evident

that the increased ion loss rates will lead to a larger ambipolar

potential well than is obtained without tail heating.
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IV. CONCLUSION

We have shown that a non-MaxwellIan lowest order Ion distribution

function with an enhanced tail nay be an Important feature of EBT

transport physics. The purely classical tail due to Cordey heating

alone is insufficient to produce mich change in the ion transport

rates, but only a small amount of additional heating at tail energies

is necessary to produce energetic ion tails. At this point, it is

important to recall the ^ajor assumption of this model — that the

electron and ion distribution functions are isotropic. The effects of

pitch angle collisions should be included in a more exact model; this

work is left for future research.
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EFFECTS OF FLUCTUATING ELECTRIC FIELDS ON
HYDROGEN AND IMPURITY TONS IN EBT

L. W. Owen

Computer Sciences at
Oak Ridge National Laboratory

Oak Ridge, Tennesee 37830

The effects of fluctuating poloidal electric fields on the orbits

and on the heating and loss rates of ions and impurities in EBT are

examined. The equations of motion for particles confined to a sector

midplane are numerically integrated to yield the temporal behavior of

the velocity snd position coordinates in the presence of the vacuum

magnetic field, a realistic steady state ambipolar electric field, and

the sinusoidally varying electric field of a wave propagating in the

poloidal direction. It is shown that a wave of modest amplitude, and

frequency comparable to typical fluctuation frequencies (10-150-KHz)

measured in EBT, can lead to large excursions in the kinetic energy and

radial position of the hydrogen or impurity ion. The possible

relevance of the results of these calculations to the behavior of

impurity ions as functions of the mass, charge state, fluctuation

level, steady state potential, etc. is discussed.

Research sponsored by ths Office of Fusion Energy, U.S. Department of
Energy, under contract W^7*IO5-eng-26 with the Union Carbide Corporation.
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I. Introduction

Evidence from EBT-I/S experiments suggests that drift wave

excitation may play a role in the heating and loss rates for impurity

ions and hydrogen ions in the tail of the distribution function. In

particular, the observation of high energy, short-lived impurity ions

in the core plasma of EBT, reported by Richards and Jaeger in this

workshop, suggests the presence of a heating mechanism that is much

stronger than that associated with Coulomb collisions. In addition,

hydrogen ion power balance calculations suggest that more power is lost

via charge exchange than is input via Coulomb collisions with

electrons, implying a source of additional ion heating power.1 As the

T-M transition is approached, a definite correlation exists between the

observed increased fluctuation levels and enhanced ion heating rates.

The excitation and behavior of low frequency drift waves in an

inhomogeneous plasma has been extensively investigated.2'^' In

general, plasma with a pressure gradient perpendicular to the magnetic

field is susceptible to the excitation of drift waves that usually

propagate perpendicular to the gradient and almost perpendicular to the

magnetic field. The phase velocity of the waves is of the order of the

drift velocity of the plasma i.e, w/kj^ ~ vD, where S is the drift wave

angular frequency, k^ is the component of the wave vector perpendicular

to the magnetic field, and vD is the plasma drift velocity.
- > • - > •

We note that, in EBT the ExB drift resulting from the ambipolar
•>

electric field dominates for low particle energies, while the VB and
curvature drifts increase in importance as the kinetic energy

->• •> -»•

increases. In addition, the signs of the ExB and VB drifts are
opposite for ions, which means the electron and ion drift velocities

can be quite different for energies of the order of the ambipolar

potential and higher.

The purpose of this work is to investigate, within the framework

of a simplified model, possible effects of low frequency drift waves on

the behavior of impurity and hydrogen ions in EBT. For simplicity and

calculational convenience, the ions are assumed to be constrained to

the midplane of a simple mirror i.e., they have no component of

velocity parallel to the magnetic field. The drift wave propagation
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vector is assumed to have only a poloidal component in the direction of

the ExB drift. A code is also presently being developed to examine the

effects of drift waves in bumpy torus geometry with 3-D ambipolar

electric and equilibrium magnetic fields.

In Sect. II the analytic solution of the Lorentz equation for the

special case of a particle in a uniform, constant magnetic field and a

spatially varying electric field is outlined. In Sect. Ill the models

assumed for the vacuum magnetic field, ambipolar electric field, and

the fluctuating drift wave electric and magnetic fields are discussed.

Numerical results and conclusions are presented in Sect. IV.

II. Particle Orbits in a Spatially Varying Electric Field

The equations of motion of a particle in a uniform, constant

magnetic field and a spatially varying electric field can be solved

analytically. The solution offers insight into the behavior of

particle orbits in time varying fields, to be discussed in Sections III

and IV.

Let the steady state electric field, with scale length L, and the

magnetic field be given by

E = Eo(1 + x/L) ex; B = BQ e 2 . (1)

The Lorentz equations of motion reduce to a set <;f two coupled second

order differenti .;. equations with constant coefficients, and are given

by

x - fty - flVE(1 + x/L) = 0 ,

y + fix = 0 , (2)

where a = qBQ/m is the cyclotron frequency and V £ = E o/
B
o
 is the E*B

drift velocity at x = 0. With initial conditions x(0> = y(0) = 0,

x(0) = U, and y(0) = W, the solution of Eq. (2) is
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VE + W
r 1 - cosojt-, U . .

x = - i r - { 1 ] *•sinwt

y = _ZL . ( l iH^ - t) + _ J ^ _ ( l i ^ - Yt) + L_(coso,t - 1) , (3)
1 Y W 1 Y W

where u = ft/1 - y. and y = VgAflL) = p£/L i s the ra t io of the par t ic le

gyroradius to the e lec t r ic field scale length.

The kinetic energy e, with U = W = 0, is given by

e = lm(x2 + y2) = {(1 - coswt)2 + (1 - Y)sin2ut} , (H)
2 2(1 - y)2

which is a function that oscillates within the limits

0 < E < i»(imVE
2)/(1 - Y ) 2 • (5)

Note that if L is small and/or p F is large, the maximum kinetic energy

could be appreciably larger than four times the E*B drift energy.

However, even for heavy impurity ions like carbon and aluminum, y < 0.1

for typical ambipolar electric fields in EBT-I/S. The maximum kinetic

energy given by Eq. (5) is modified by a radial gradient in the
->• ->•

magnetic field, being smaller (larger) if E and VB are in the same
(opposite) directions. (See Fig. 3.)

III. Magnetic and Electric Field Models

The geometry assumed for these calculations is that of a simple

mirror consisting of two parallel circular filamentary coils with

radius and separation adjusted to give a mirror ratio M ~ 2. The

problem can be reduced to two dimensions (radius r and poloidal angle

6) by constraining the particle to the mirror midplane i.e., by

assuming v,, = 0. (Only the fluctuating fields associated with the
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drift wave depend upon o.) Typical EBT-I parameters are chosen for the

vacuum magnetic filed and for the depth and radial profile of the

ambipolar potential i. The ambipolar electric field is given by

L * -v-* = - i£ e . (6)
ft dr r

The radial shapes of B, *, and EA used in these calculations is shown

in Fig. 1.

The drift wave propagation vector is taken to be in the direction

of the ExB drift velocity. The fluctuating electric field is assumed

to be of the form

E(r,Q,t) = eeEo?(r) / dw S(ui)cos[m9 - (St + <|i)]/{ d<3 S(2), (7)

where S(2) = 6(2 - w0) (8)

or S(S) = wexp{-(" —) ). (9)
Aw

The total electric field is then E = E A + E. Most of the calculations

reported here assume a monochromatic wave with S(OJ) given by the delta

function in Eq. (8). In Eq. (7). m is the poloidal mode number and ̂

is the initial phase angle of the wave. The radial-dependent amplitude

factor E0T(r) is displayed in the lower left of Fig. 1. The

fluctuation amplitude is peaked in the region of the hot electron rings

where the pressure gradient is largest. The application of Faraday's

Law gives the fluctuating magnetic field of the wave,

">• f ^

B(r,6,t) = e , - £ — ( r T) T — S(S)sin[me - (St + ip)]//°° dSS(u) (10)
r dr o S o
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The monochromatic drift wave frequency v = uo/2irm is approximately

the ExB drift frequency, displayed in Fig. 2. All of the calculations

reported here correspond to particles that are ionized inside the hot

electron rings, where v ~ 17 to 20 KHz. In practice v is chosen to be

slightly smaller because of the cancellation effect of the VB drift for

ions.

Typical drift orbits for particles inside (outside) the peak of

£he ambipolar potential are shown on the left (right) of Fig. 3 for

E = 0. The respective drift directions are counterclockwise

(clockwise). The magnitude of the fluctuating electric field seen by

the ion as it drifts in the poloidal direction is maximum when

mO - (u>t + ty) ~ 0 or n. Differentiating with respect to time gives

m9 r mvp/r ~ 3, or, u/ke ~ v^. If the phase velocity of the wave and

the drift velocity of the particle are nearly the same, a resonance

condition occurs in which the particle rapidly gains (or loses) energy

through interaction with the wave.

As shown in Figs. 1 and 3 and Eq. (7), the direction of the

fluctuating electric field is opposite to that of the ExB drift

velocity when cos[m9 - (St + t|>)] > 0. The net drift motion (including

E) is then an inward spiral, displayed at the top of Fig. 4 for Al + +

ions. Likewise, if cos[mQ - (wt + ty)] < 0, the particle will spiral

outward until the direction of the ambipolar EAxB drift charges sign.

The kinetic energy of the Al + + ions, plotted as a function of time in

Fig. 1, is seen to increase from zero to ~ 600 ev in two drift periods.

Note that the time required for the ion to execute the second drift

orbit, ~ ?5ysee, is about 25% longer than that for the first orbit,

~ 60psec. This is due to the effect of the VB drift, which is

proportional to the transverse kinetic energy. This dependence of the

drift velocity upon energy is primarily responsible for changing the

relative phase of the wave and the ion as the energy changes.

It is instructive to examine the mechanism whereby the ion gains

(or loses) energy in the presence of a time varying electric field when

the characteristic time of variation greatly exceeds the ion cyclotron

period. As discussed in Sect. II, the kinetic energy of an ion in a

spatially varying, but time-independent, electric field oscillates as

it alternately gains and gives up energy from the ambipolar potential.
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There is no net radial displacement of the guiding center and the

average kinetic energy remains constant.

Now consider the motion of an ion guiding center in the presence

of the ambipolar field and a slowly varying poloidal electric field.

For the conditions of Fig. 4, the guiding center spirals inward due to

the ExB drift. Since the guiding center drift velocity is
+

perpendicular to E, there can be no net change in the average kinetic

energy associated with guiding center motion alone for a particle

confined to the mirror midplane i.e., de/dt « vD«E = 0, within this

model for the electric and magnetic fields. In other words, in the

guiding center approximation, the energy gained by the ion in falling

through the ambipolar potential is given up to the wave. Therefore,

the de/dt seen in Fig. 4 must be due to finite Larmor radius (FLR)

effects.

The net change in kinetic energy per Larmor period is

Ac = Ze j E'dSL = Ze[$ EA-dJl + j> E«d£] , (11)

where the integral is over a complete Larmor orbit. In Fig. H, the

Al++ ion is assumed to be born at rest. The first few Larmor orbits

have the familiar cusp shape obtained when "E = 0; hence, the j> E«dfc

term in Eq. (11) is negative. As the kinetic energy increasest>the

Larmor orbit becomes more nearly circular.. The contribution to j> £*d£

from the outer part of the orbit, where E»d2 is positive and where E is

largest (see^Fig. 1) , then dominates that from the inside part of the

orbit where E«d£ is negative. Thus, in the initial phase of its motion

the ion falls through the ambipolar potential and gains more energy

than it gives up to the wave. (The wave amplitude is assumed to be

constant in these calculations.) At later times the net contributions

per Larmor orbit from both terms in Eq. (11) are positive and the ion

gains kinetic energy until it becomes out of phase with the wave. This

suggests, and numerical calculations verify, that if the wave amplitude

were constant as a function of radius i.e., Ue¥(r) = constant in

Eq. (7), then de/dt would be small. By^the same token, since Ae in

Eq. (11) depends on the relative values of E on the inside and outside
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parts of the Larmor orbit, dc/dt is proportional to the Larmor radius

of the ion.

IV. Numerical Results and Conclusions

The Lorentz equations are solved numerically for the particle

position r and velocity v with the electric and magnetic fields

discussed in Sect. III. The effects of varying (a) the parameters of

the fluctuating fields and (b) the Larmor radius of the ion are

investigated. Unless otherwise noted, S(w) is given by Eq. (8), ty = 0,

r(t = 0) = 8 cm, and v(t = 0) = 0.

The dependence upon the poloidal mode number of the wave is shown

in Fig. 5 for So/?n equal to 31.5 KHz (m = 2) and 63 KHz (m = H).

While there are detailed differences, the "energy sloshing rate" is

approximately the same for the two cases, indicating the ion stays in

phase with the shorter wavelength m = 1 wave almost as long as it does

with the longer wavelength one.

The effects of varying the initial relative phase ij> of the wave

and ion are illustrated in Fig. 6. (See Fig. 5 for the ^ = 0

case.) It is found the energy sloshing rate increases as $ is

increased from ty = 0. The reason for this is that the energy

transferred to the wave in the first few Larmor orbits decreases for

0 < i|i < n/2. For n/2 < i|» < n the ion spirals outward initially until
+ + ~

E^ changes sign. However, E^ is small in this region and E points in

the direction of vD. The net wave heating exceeds the amount of

kinetic energy that, is converted to potential energy. No increase in

the average kinetic energy is observed for -n < i|> < 0.

It was argued in Sect. Ill that the ion heating rate should be

proportional to the Larmor radius. This is verified in Figs. 7, 8, and

9, where the initial (t - 0) kinetic energy and ion mass and charge are

varied. In Fig. 7 the initial Larmor radius of an H+ ion is increased

by /2 (e(t = 0) is doubled) giving ~ /2 increase in the heating (energy

sloshing) rate. Comparing only the first peaks in Fig. 8, the heating

rate for Al + + is seen to be approximately 1.8 times that for C*+.

Fig. 9 shows the kinetic energy e(t) and radius r(t) for C*" and C*"+.

Again, comparing only the first peaks de/dt for C* is ~1.5 times that
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for C**. The rate de/dt is also found to be directly proportional to

the amplitude of the fluctuating field.

If the wave is assumed to have a spectrum of frequencies given by

S(S) in Eq. (9) the behavior of c(t) and r(t) for Al*+ ions is

illustrated in Fig. 10. The oscillations observed for a monochronatic

wave are seen to be completely damped after the initial heating phase.

In addition, the maximum kinetic energy attained by the ion is roughly

inversely perportional to the width of the spectrum. Very similar

results were obtained for H* ions having e(t = 0) = 10 ev.

In conclusion, these calculations illustrate the behavior of

hydrogen and impurity ions in the presence of a poloidally propagating

drift wave. The kinetic energy and radial position of the ions

oscillate (for Aw ~ 0) as they are alternately in and out of phase with

the wave. The rate of charge of kinetic energy is proportional to the

ion Larmor radius and to the strength of the fluctuating electric

field. Within the framework of this simplified model, the results

presented here suggest a possible explanation for the observed behavior

of impurity ions and the high energy hydrogen ion tail in EBT-I/S.
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Figure 1. Radial profiles for the vacuum magnetic field, ambipolar
potential, ambipolar electric field, and the fluctuating
poloidal electric field.
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£XB ORIFT FREQUENCY
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Figure 2. The E^B drift frequency as a function of radius for the
vacuum magnetic field and ambipolar electric field of
Fig. 1.
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Figure 3. Typical drift orbits of AT5" ions in the negative (left)
and positive (right) ambipolar electric field regions with
g - 0.
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Figure 4. Al"1 "̂ drift orbits and kinetic energy in the presence of the
fluctuating poloidal electric field of a drift wave.
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Figure 5. The kinetic energy of A1++ ions as functions of time for
two values of the poloidal mode number and frequency.
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Figure 6. The kinetic energy of Al"1"1" ions as functions of time for
two values of the initial phase angle of the wave.
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Figure 7. The dependence of e(t) for H+ ions on the initial ion
kinetic energy e(t = 0).
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Figure 8. The mass dependence of e(t) is illustrated by comparison
of 0++ with A1++.
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Figure 9. The kinetic energy e(t) and radial position r(t) for CT1"
and C*+, showing the effects of the ion charge state.
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Figure 10. The behavior of e(t) and r(t) in the presence of a drift
wave having a spectrum of frequencies.
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ANOMALOUS TRANSPORT AND THE AMBIPOLAR FIELD IN EBT

N. A. Krall and H. H. Klein

OAYCOR, San Diego, California

Recent results from the EBT-S experiment suggest that although the

confinement times in the device are comparable to neoclassical predictions,

the detailed relation between T , T., and the ambipolar potential 4. may be
12anomalous. This motivates us to resume our earlier work ' on the modeling

of EBT with instability-induced losses.

The following work is very much in the nature of a survey to establish

the consequences of assumed loss mechanisms. The results are not intended

to "explain" the EBT-S, but to guide future work.

We have shown previously that if the plasma 1s unstable to dissipative

trapped ion modes, ' losses from this instability would produce substantial

changes in Te/T.. and e<j>A/Te, even when the diffusion time from the instability

is no less than neoclassical times. These results were for equilibria with

positive potential (ion rich plasma) and predicted hotter electrons* cooler

ions, and larger potentials than predicted by neoclassical theory (Fig. 1,

Fig. 2).

Since that work was performed, it has become clear that the EBT equili-

bria in present experiments have negative ambipoler potential (electron rich).

Therefore in the present work, we apply our earlier studies to negative poten-

tial equilibria, considering two specific mechanisms for anomalous transport.

The first is the diffusion due to the trapped ion instability, a mode plausibly

unstable in EBT, although detailed calculations are lacking. The second loss

mechanism is from ion tail formation. The loss from a high energy tail (E* a

T ) is very different from that from the bulk (E^ < 0.1 T ). In facit, tail

formation and loss offers a mechanism for ambipolar diffusion even with
e*A > ^i* There are a number of mechanisms for ion tail formation. One ii

in response to instability (lower hybrid or Ion sound), a second is in response
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to the thermal level of ion waves in a plasma with T e » T\ (spectral density
5

M k ~ fc2 ADi 2 (1 + k* A D i 2 j l k Te for Te >> V " and a th1rd is direct forma'
tion by ion heating in ICRH experiments.

We model the electrons and ions by solving, in one dimension, the trans-
port equations shown in Figs. 3-4. The neoclassical electron and ion transport
coefficients are those shown in Figs. 5-6. The model magnetic field used for
the calculations is shown in Fig. 7, and the parameters for all of the calcula-
tions are given in Fig. 8.

The model used to calculate the effect of drift wave transport is iden-
w

term
tical with that described previously, with the addition of an anomalous loss

where the fraction of trapped particles f^ for a 2:1 mirror is
The total loss rate is now taken to be

where T N denotes the neoclassical loss rate and a = 0, 1 turns off, on the
wave induced transport. Since the diffusion due to electrostatic drift wave
turbulence is ambipolar, there is a self-consistent radial electric field in
our model from the residual neoclassical ambipolar diffusion determined ayain
by setting t = T..

Typical results are shown in Figs. 9-10. The addition of the loss
term - which is automatically ambipolar - increases T /T., but does not lead
to an increase in the ambipolar potential. This is primarily due to the
ambipolar nature of anomalous transport involving electrostatic waves.

Ion loss through tail formation is a possible explanation for enhanced
ion loss rates relative to electron loss. Various plasma waves, e.g., ion-
acoustic modes, are known to have the quasilinear effect of driving ions from
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the bulk to the tail. Even for quite small levels of excitation, W/nT ~ 10" ,
tail populations of 10% of the bulk have been reported. The effective tem-
perature of the tail is T^ « T .

To survey the effect of such a mechanism, we treat a three component
plasma. Bulk ions are transported to the tail at a rate faster than the neo-
classical loss rates, until the tail is about 10% of the bulk. The loss rate
from the tail is neoclassical. The tail model is shown in Fig. 11. Results
are shown in Figs. 12-15. The immediate effect of the tail is to drive the
system to an equilibria with a large ambipoiar field, which confines both ions
and electrons for longer times. Reducing the power absorption to get T compa-
rable to EBT-S gives the results of Figs. 14-15, in which e<|>A is found to exceed
T. (bulk). This is the first such modeling result we are familiar with, and
suggests a possible direction for future work.
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Fig. 1. Stable operating characteristics for a neoclassical
EBT-S choosing P = 2.5 x 104 W/m3.



297

20

10

0

400

300

T . ' T l
eV)

200

100

eaE/T

1

\

\
\

- ^ • ^

i

EBT-S
RT * 1.5 m
a • 0. 1 m
Rc • 0.188 m
B » 10W3
Ptf * 2. 5 x 104

\

^ ^

—

-

W/m3

—

No
solutions

1
2.5 3.0 3.S 4.0

n(1012)

_ 1.0

-0.5

- 14

_ 12

10

X

_ 8

_ 6
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to the neoclassical contribution for comparison with Fig. 1.
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Fig. 3. Mass and energy conservation equations for bulk ions and electrons.
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rj = -Dnj vnj " DTj vTj + nj "j Er

*J = Knj V nj " KTj VTj + nj T j Er

At each radial point we solve the ambipolar constraint equation

re (Er) = ri (Er)

to obtain E .

Fig. 4. Particle and energy fluxes in terms of diffusion
coefficients.
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Fig. 5. Electron transport coefficients (KOVRIZHNYKH).
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Fig. 7. Model magnetic field used in the calculations.
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Ry = 150 cm (major radius)

a • 10 cm (minor radius)

Bo = 6.4 kG

N * 24 (number of mirror sections)

B. * .37 (annulus beta)

Tg(a) * 13.5 eV (boundary electron temperature)

T.j(a) = 13.5 eV (boundary Ion temperature)

Fig. 8. Basic parameters used for the calculations.
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Fig. 9. Superscript NC indicates calculation using neoclassical transport.
Superscript NC+A indicates calculation using neoclassical plus
anomalous transport.
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Fig. 10. Superscript NC indicates calculation using neoclassical transport.
Superscript NC+A indicates calculation using neoclassical plus
anomalous transport.
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Fig. I'l. Ion tail mass conservation equation and transport coefficient.
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transport and ion tail formation.
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Fig. 13. Superscript NC indicates calculation using neoclassical transport.
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Fig. 14. Superscript NC indicates calculation using neoclassical transport.
Superscript NC+TAIL indicates calculation using neoclassical
transport and ion ta i l formation.
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Fig. 15. Superscript NC indicates calculation using neoclassical
transport. Superscript NC+TAIL indicates calculation
using neoclassical transport and ion tail formation.
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Prospects for EBT-R Potential Control*

J. Rand McNally, Jr.
Fusion Energy Division

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

R. A. Dandl proposed the injection of molecular hydrogen ions into

an ELMO Bumpy Torus (EBT) to control the plasma potential by depositing

an unbalanced (net positive) charge in the plasma.1 Jaeger and Hedrick

have demonstrated that such a positive potential in the plasma leads to

a stable plasma with an order of magnitude increase in confinement times

compared to negative plasmas.2 The ELMO Bumpy Torus Reactor (EBT-R) will

require very high energy H- (or D- or DT ) ions for injection with trap-

ping primarily by the dissociation reaction H* + (i,e) •*• H° + H + + (i,e).

Scaling from the results of Lee for a 40-coil EBT-P1*3 one finds that ^

35 MeV H_ ions would be suitable for injection into an EBT-R. The pro-

jected mean free path for 90% H- dissociation in such an EBT-P scaled

up (photographic enlargement) to a 40-coil EBT-R sized device operating

at 1020 e/m3 is about 26 m whereas the average H- confinement path length

exceeds 44 m without electron rings present and 74 m with electron rings

present in a 5° x 5° injection window, thus giving more than 90% H- dis-

sociation in either case. This would provide about 5 x 10 1 7 H /sec and

about 1.6 MW of plasma heating power per injector. Detailed H_ orbit

Injection and H confinement studies are necessary to ensure that an

adequate injection window exists in the proposed 24-coil EBT-R design.

•Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy under contract W-7405-eng-26 with the Union Carbide Corporation.

:R. A. Dandl et al., "The EBT-II Conceptual Design Study," OENL/TM-5955,
September 1978; also, EBASCO Report, "ELMO Bumpy Torus — POP Project
Definition Study 1980.

2E. F. Jaeger and C. L. Hedrick, unpublished report, October 1980.
3J. K. Lee, "Molecular Ion Injection into the ELMO Bumpy Torus: Tra-
jectory Studies," General Atomics report GA-A15635, September 1980.
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RADIAL ELECTRIC FIELD AND POTENTIAL CONTROL IN
AN ELECTRIC FIELD BUMPY TORUS (EFBT) PLASMA

by

J. Reece Roth
Department of Electrical Engineering

University of Tennessee
Knoxville, Tennessee 37916

ABSTRACT

In the Electric Field Bumpy horus (EFBT), gross confinement is pro-

vided by a bumpy torus magnetic field, and plasma heating, macroscopic

stabilization, and enhanced confinement by externally applied electric

fields. It was suggested in 1967 that a toroidal plasma could be heated

and confined in an electric field bumpy torus configuration employing

strong crossed electric and magnetic fields, such that the plasma is a

toroidal electrostatic potential well for ions. In the EFBT experiment,

the toroidal plasma can be biased to high potentials with electrodes which

pass through its minor diameter or surround its minor circumference.

When the electrode polarity is positive (negative), radial electric fields

point outward (inward). The toroidal plasma was observed to be biased to

80 or 90 percent of the potential on the midplane electrodes, regardless

of polarity. The radial electric field has exceeded 1 kilovolt per cen-

timeter at theplasma boundary and has penetrated inward to at least one-

half of the plasma radius.

These high d.c. radial electric fields lead to strong low frequency

fluctuations of the density and potential, and enhanced fluctuation-in-

duced transport. It was found that under appropriate conditions, radially

inward fluctuation-induced transport against the radial plasma density

gradient was observed. The electrode rings act like large Langmuir probes

in ion (electron) saturation when they are negatively (positively) biased.

When the imposed radial electric fields reach values characteristic

of this experiment, the E/B drift velocities are comparable to the particle

thermal velocities. Indeed, ions and electrons receive their energy from

power supplies through the imposed radial electric field.
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The Effect of "Transiting" Electrons on

The Ambipolar Potential In A Tandem

Mirror Plasma*

D. L. Galbraith and T. Kammash

University of Michigan

Ann Arbor, Mich. 48109

Abstract

In a standard Tandem Mirror device the electrons trapped

in the plugs generally have a temperature which is distinct

from that of the central cell electrons. The latter, however,

are not restrained by the electrostatic forces from entering

the plug region. These electrons which enter the plug are

accelerated by the potential across this region to the end of

the device where the potential drops below its value in the

central cell. At that point most central cell electrons are

reflected back across the plug into the central cell once

more. These "passing" electrons exchange energy with the

plug electrons while transiting, and for reactor grade plasmas

the energy transferred to the plug electrons by these particles

can be as large as 60% of the energy flow from the plugs to

the central cell. This can result in widening the electron

temperature difference between the plug and the central cell

which in turn may affect the confining potential.

Introduction

The "hump" in electrostatic potential in the plug of a

Tandem Mirror device, which looks like a "well" to electrons,

traps a population of electrons within the plug which may

have a temperature distinct from that of the central cell

electrons. The latter, however, are not inhibited at all by

the electrostatic forces from entering the plug region. Cen-

tral cell electrons which enter the plug are accelerated by

the electrostatic potential across the plug to the end of the

*Work supported by DOE
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machine where the plasma potential drops below its value in

the central cell. At that point, most central cell electrons

are reflected back across the plug into the central cell once

more. These central cell electrons which transit the plug

and return are referred to as "passing" electrons while in the

plug region. The passing electrons will interact with the

plug (trapped) electrons losing energy to them, or possibly

gaining energy from them while transiting. There is, of course,

also an interaction with the plug ions, but this energy

exchange is almost certainly much smaller than that for the

plug electrons.

In this paper we calculate the rate at which energy is

exchanged between plug electrons and passing central cell elec-

trons. To do this, we first derive expressions for the number

density and average kinetic energy of the passing electrons.

Using a relativistic slowing down formula we find, for a

reactor grade plasma, that the energy transfer to the plug

electrons by the central cell electrons can be as high as 60%

of the energy transfer from the trapped plug electrons to the

central cell. This could increase the plug electrons tempera-

ture relative to that of the central cell electrons which in

turn could lead to maintaining the confining potential at a

lower plug to central cell density ratio.

Basic Equations and Analysis

We begin by noting that the energy loss per unit time by

a relativistic electron slowing down in a Maxwellian distri-

bution of target electrons with a temperature sufficiently

smaller than the rest mass energy, is given by

dt vr\

where Y\ is the density of the plasma electrons whose tempera-

ture is I , £v\A. is the familiar Coulomb logarithm, and <§

is the error function. The quantity V is the conventional

relativistic parameter i.e., Y = 0~/@z) * •» ( ' - ""/cO"*

where \f is the velocity of the incident electron, and
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is the ratio of the relativistic Kinetic

energy of the test electron to the temperature of the field

particles. It should be noted that Eq. (1) is based on binary-

collision theory and thus represents a conservative measure of

the energy deposition since it ignores collective effects.

However, in the present case, we shall see that the passing

electrons have quite large velocities perpendicular to the

magnetic axis and thus do not display much "beam" behavior.

Therefore the binary collision model may be quite appropriate.

The non-relativistic version of Eq. (1) can be readily

obtained by setting Y' =• ̂  » afid replacing the relativistic

kinetic energy />!£.*•(Y — 0 by its non relativistic form. A

quick calculation of the terms in the curly bracket shows that

the relativistic energy loss rate is about 50% larger than the

non-relativistic for kinetic energies greater than 150 k e V .

However, the greatest relative difference occurs when the ki-

netic energy of the incident electron is quite close to the

plasma electron temperature, T •

The power loss by passing electrons can be written as

(2)

where ^t is the density of passing electrons whose velocity

distribution is denoted by T ({£) . Since the form of \-CO")

does not appear to lend itself to analytic integration when

combined with Eq. (1), we find it reasonable and sufficiently

accurate to compute the power loss by ~}jf Q^£)j in place of

^ ^ p ( c ) y where ^ c ^ is the average kinetic energy of the

passing electrons. We proceed therefore to obtain ?T.L and

In the interests of both consistency and accuracy we

should calculate the distribution and density of the electrons

relativistically. However in the interest of simplicity we

shall use non-relativistic mechanics for this portion of the

calculation. It is likely that the error from doing so is no

greater than that from using dtj C(£)\ in place of / dt (£y\
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For purposes of identification we designate the coordinates

and velocity of the electron in the central cell by the sub-

script "0". Thus, in the central cell, the electron has the

kinetic energy

[•$.*"• « C + C J (3)

We shall use un-subscripted coordinates and velocities to

describe the electron as it passes through the plug region.

Hence the kinetic energy of a passing electron is given by

(4)

following the same notation, we see that the magnetic field in

the central cell can be written as B ( \ ) —"Bo, and the

electrostatic potential as (P (io) • In the plug region these

quantities become Bfil)- ft an<3 (p(i) •* Tl^'^)^'^f • However

since both energy and magnetic moment are conserved, then

where

(6)

In order for a central cell electron to reach the plug

region, its parallel velocity ^ j a must be greater than zero

everywhere from central cell to plug. From Eg. (5) we see that

this requires that the parallel velocity within the central cell

satisfy the condition.

B ] - t
for all H in the transition region. We shall arbitrarily

assume that if this condition is fulfilled in the plug region

it is also satisfied in the transition region. Thus the condi-

tion on \J~2.o c a n b e written as
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where

QC^) <*>
is the ratio of plug to central cell magnetic fields. We

assume that the electrons in the central cell have a Maxwellian

distribution i.e.,

(10)

If we now let t'j.j s t/u* -«-̂ Jo / then the distribution becomes

If the density of central cell electrons is fig , then the

density of central cell electrons capable of reaching the plug

region is

where

Actually, /ld should be half the value given by (12) since only

those electrons with Mj^ y Q will reach the plug region (The

others may reach the other plug but that is of no concern to

the present calculation). However, each electron which reaches

the plug region gets counted twice, coming and going, so that
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the factor of 1/2 is effectively cancelled out.
Equation (12) can most readily be evaluated by reversing

the order of integration to obtain

(14)

where

7 I l i t - « k ^ < A SA I

(15)

Equation (14) can now be readily integrated to give

We recall that Y\t is the density in the central of electrons

which are capable of reaching the plug, and thus becoming pas-

sing electrons. It is not, however, the density of passing

electrons in the plug region, y}, . The two are related by

IT*l )% Ci4o> = *• Ar Ai * ̂ y (17)

where f^c is the radius of the plasma in the central cell and

/L» is the plasma radius in the plug. The quantities < l ^ o ^

and ^ &£ y are the average velocities parallelito the magnetic

axis in the central cell and plug, respectively, for electrons

capable of passing from one to the other. Since it does not

appear possible to obtain an analytic expression for ^ C £ ^

we shall use in place of Eg. (17) the approximate, but ana-

lytically calculable, relationship

If we now multiply Eq. (14) by Vk. and integrate we get
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Prom Eqs. (5), (6) and (9) we find that

(19)

(20)

so that we can write

*> = / ;

(21)

After some manipulation the above result becomes

S j +

(22)

Substituting (22), (19) and (14) in (18) we finally obtain for

the density of passing electrons

, *

J * » g^2 - 2 « £ / - f ^ ) ^ fi-(|^7J (23)
We turn now to the calculation of the average kinetic

energy of the passing electrons. As pointed out earlier we

shall use the non-relativistic form for this part of the cal-

culation, namely
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Equations (22) and (14) give us

,>. (9) we can write

so that

(24)

From Eqs. (6) and

(25)

,*• z.

(26)

Performing the needed integrations we obtain

(27)

which upon combining with Eq. (22) we get

X

We note that the ratio ^€ } / To takes the value _£_

when I? - I , while at the other extreme it becomes

(28)

**

I
Table 1 gives sample values of

(29)

f"To

\
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Table 1

versus R for different

values of C t><p/"%

= 2 R = 5 K= 7 g = 10
1.

2.

3.

4.

5.

00

00

00

00

00

2

3

4

5

6

.148

.288

.391

.448

.476

1.926

2.907

3.951

5.100

6.069

1.896

2.843

3.860

4.896

5.939

1.876

2.798

3.792

4.810

5.836

It should be noted that the quantity R which appears in

the expressions for the density and the average kinetic energy

of the passing electrons is in general a function of the space

variable ^ . However, for most purposes it is adaquate to

evaluate it at the midpoints in both the plug and central cell

regions. In that case we can write

where (Cpc and K^p are the plasma mirror ratios for the central

cell and plug respectively.

Returning to the energy loss rate by a single (average)

electron, Eq. (1), it can be put in the form

At
where ^f is the trapped plug electron density,

temperature expressed in kilovolts, and

and

The quantity^£ > , we recall, is the average (non-relativistic)

of the passing electrons in the plug region, and expressed in



326

terms of the central cell temperature, Ice. , it assumes the

form

<£>
/ —

(34)

Clearly, /eg must be expressed in kilovolts, in order for (32)

and (33) to hold.

Before applying the above results to a specific example it

should be kept in mind that in addition to the energy transfer

mechanism discussed above (i.e., one which results from the

drag experienced by all central cell electrons which pass through

the plug region) there is another energy transfer mechanism which

arises from the physical exchange of electrons between plug and

central cell. A certain fraction of the passing central cell

electrons will lose enough energy to become trapped in the plug

region. This flow of electrons from central cell to plug will

be approximately balanced by plug electrons which escape from

the potential well and enter the central cell. This power term

can be expressed approximately by

(35)

p
where (y\ Z) pee is the Pastukhov* ' confinement parameter for

electrons having the plug electron temperature, Tp£ , and

excaping from an electrostatic well of depth €L &<( .

To see how the power f? compares with fpC£ we have taken

a sample calculation for which (??£)f»ce was obtained numer-

ically. The relevant plasma and device parameters are shown

in Table II.
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Table II

Parameters for Sample Calculation

-"»1p = 2.3643 x 1014 cm"3

6.2047 x 1013 cm"3

112.0660 keV

41.1110 keV

93.7270 keV

= 9-81156

1.8833

Ac. = 1.14»24 »rt

Am- 0.5000 m

We find in this case that the Pastukhov confinement parameter

is (V»t)*ce = 9.3943X1011 sec/cm3, and therefore foc«L - -
18 3

4.22207x10 kev/cm -sec. From Eq. (23) we see that the density

of passing electrons is Wfc = 9.4290x10 cm , while Eq. (34)

yields for the average kinetic energy of these particles, < £ > =

130.980 keV. Equations (32) and (33) give Y = 1.2563 and

f - 1.0811, and as a result Eq. (31) yields

so that

• t = i. £10 *?

These results indicate that even though >p-e. is over 2.7 times

as large as Ttd (which is why fipce is negative) 1£ is posi-

tive, indicating that the passing central cell electrons lose

energy to the plug electrons rather than gaining energy from

them. This is due primarily to the fact that ^ £ > is some-

what larger than ~7J)£ . The net result is that the energy

flow from plug electrons to central cell electrons is less

than 40% of the value given by Rce alone.
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The above effect may have significant impact on the main-

tainability of the electrostatic potential since it depends on

the density and temperature of the electrons in the plugs and

central cell. The relationship of interest is given by :

Because the passing electrons tend to return a significant

portion of the energy flow from the plugs to the central cell,

back to the plug, this will lead to an increase in '|»« relative

to lc£ • This might lead to an enhancement of e A ^ , according

to Eq. (36), due to the increase in lp£ since the decrease in

~ile /"TpC i s logarithmic. If on the other hand, £.&<(' is

maintained by some other means then the effect of the passing

electrons may manifest itself in reducing the density ratio

^P /^€ needed for a fixed t. A, <f\
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CENTRAL CELL CONFINEMENT IN MFTF-B

R. A. Jong
Lawrence Livermore National Laboratory, University of California

Livermore, CA 94550

ABSTRACT

The point model code TANDEM has been used to survey the range of plasma

parameters which can be attained in MFTF-B. The code solves for the electron

and ion densities and temperatures in the central cell, yin-yang, barrier, and

A-cell regions as well as the plasma potential in each region. In these

studies, the A-cell sloshing ion beams were fixed while the neutral beams in

the yin-yang and central cell, the gas feed in the central cell, and the ap-

plied ECRH power in the barrier region were varied. The variations of the

central cell 6, central cell ion density and temperature, and the confining

potential are discussed.

The calculations indicate that large changes in the central cell beta

cannot be achieved by varying the central cell gas or neutral beams or the

yin-yang beams. Changes in these beam and gas feeds have the greatest effect

on the central cell ion temperature and generally degrade the central cell

confinement. Increasing the ECRH power applied to the barrier region causes

an improvement in the central cell confinement and a linear increase (with

applied power) of the central cell 6. The central cell parameters which can

be achieved are $c - 0.13 to 0.20, with ion densities =3 x 10
1 cm and ion

temperatures in the 8 to 15 keV range.
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A. INTRODUCTION

The zero-dimension code, TANDEM, was used to survey the range of central

cell beta (6 ) and other plasma parameters that could be achieved in the

large tandem-mirror experiment, MFTF-B. This code solves time dependent

balance equations for the electron and ion densities and temperatures in the

central cell, yin-yang, barrier, and A-cell regions, and also calculates the

plasma potential in each region. In these studies, certain external plasma

controls were varied and the effect on the central-cell plasma parameters was

determined. These external plasma controls included the central-cell neutral-

beam current, the central-cell gas feed, the yin-yang neutral-beam current, and

the ECRH power applied in the barrier region.

B. TANDEM SYNOPSIS

TANDEM calculates the plasma potentials, densities, and temperatures in

each region of the tandem mirror configuration shown schematically in Fig. 1.

The code was written by R. S. Devoto, following the formulation of

B. G. Logan. It calculates the temperature and density of the central-cell

ions and electrons, the ions in the yin-yang region, the sloshing ions in the

A-cell, the hot electrons in the barrier region, and the warm electrons at the

potential peak in the A cell.

The time dependent balance equations include particle inputs from the

central-cell neutral beams and gas feed, the yin-yang beams, the sloshing-ion

beams in the A-cell and the high-energy and low-energy pump beams that pump

out ions trapped in the barrier region. The energy sources for the energy

balance equations include the neutral beams and the microwave power injected

into the barrier region at (b) and the A-cell potential-peak region at (a)

(see Fig. 1).
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Fig. 1. Schematic of MFTF-B magnetic field and potential profile.
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The sloshing-ion beam can be injected at one of three positions: the

peak potential point (a), the barrier position (b), or at the conjugate turning

point (a1). If injected at (b), the injection angle is less than 90° to the

field line direction, while injection at (a) or (a1) employs a 90° injection

angle. In the initial MFTF-B design, the sloshing beams were injected at (a).

However, the sloshing beams also act as a large source of cold electrons.

These electrons when injected at (a), lowered the warm electron temperature

and depressed the peak potential that could be maintained. Alternatively, to

maintain the high peak potential, more ECRH power would be needed.

In order to remove this electron source from region (a), the sloshing-ion

beams are now injected at the inboard turning point (a*). Injection at this

position has an additional advantage. Because the plasma density is higher in

this region, the beam utilization is higher, and lower sloshing-ion beam cur-

rents can be used to produce the same sloshing ion densities.

While the same reasoning would suggest that the low-energy pump beams

should be injected near (a1), the present calculations consider the low-energy

pump beams injected inboard of (a). The high-energy pump beam is injected

at (b).

C. RESULTS

1. Variation of central cell neutral beams

Increasing the central cell neutral beam has very little effect on the

central cell beta (B ) as seen in Fig. 2(a). The increased beam causes the

ion temperature to rise [Fig. 2(b)], and since <j> remains nearly constant,

this degrades the central cell ion confinement, as indicated by the drop in

<j> /T. [Fig. 2(c)] and decreasing ion density [Fig. 2(b)L The ion lifetime,

T in the central cell is given by the Pastuhkov time, and its dependence on $

and T^c can be written
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Hence, while the increase in ion temperature increases T. by a factor of

~2.4, the decrease in <f> /T. causes T, the confinement time, to decrease by an

overall factor of ~4.5.

2. Variation of central cell gas feed

Increasing the central cell gas feed causes S> to decrease as shown in

Fig. 3(a). The large drop in g results from the rapid decrease in T- as the

c ic

gas current increases [Fig. 3(b)]. Since $ decreases less than T. , the

confinement parameter <f> /T. increases with the amount of gas [Fig. 3(c)l.

However, the increase in ion density shown in Fig. 3(b) combines with the even

larger drop in T. , causing an overall decrease in 3 .

While it appears that @ cannot be increased by changing the central cell

neutral beam and gas feeds, varying these two quantities does permit the ion

density and temperature to be set independently.

3. Variation of yin yang beams

Increasing the yin-yang beam current causes 8 to increase linearly as

shown in Fig. 4(a). The increase in 8 results from increases in both ion
c

density and temperature [Figs. 4(b), 4(c)]. The larger yin-yang beam current

increases the electron populations in the barrier (b) and peak potential (a)

regions, resulting in large drops in the warm and hot electron temperatures.
2

Since the potential is given by :
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and

I CW l + JAB Nc
«• - T In N . . "° (3)
a ew | cw 1 + JAB N c w

n ( a ) / T v1/2

K = ew (_££.) (4)
cw n (b) \1 ) w

ec x ew'
the drop in T causes 5$ and hence 4>c to decrease. Since $ decreases and

T. increases, the confinement parameter ^ /T. decreases with increased yin-yang

beam [Fig. 4(d)] in apparent conflict with the increase in ion density. This

increase in density, however, is caused by the increased particle feed into the

central cell from the yin-yang region resulting from the increased yin-yang

beam injection. This larger particle source is more than sufficient to in-

crease the central cell ion density in spite of the poorer ion confinement.

4. Variation of barrier region microwave power

Of the external plasma controls that have been examined, changes in the

absorbed rf power in the barrier region have had the greatest apparent influ-

ence on the central cell b-ita. In Fig. 5(a), the central cell beta rises

linearly with absorbed power, increasing by a factor of nearly 40% for a 50%

increase in power. The ion temperature remains relatively constant while the

ion density rises [Fig. 5(b)]. This rise in density is consistent with the

nearly factor of two improvement in confinement time that results from the

increase in A and in $ /T. [Fig. 5(c)].

This increase in $ is produced by the large drop in the cold passing

electron density, n (b), as the barrier rf is increased. This can be seen

from Eqs. (2-4). J is very small so that Eq. (3) can be approximated by:

5*a = Tew l n <Ncw> ' (5)
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As the barrier rf is increased, T decreases slightly, but N increases so
sw cw

that even with the log dependence, 6<(> increases with the rf. Since $. only

increases slowly, <j> increases with applied barrier rf.

While 3 has increased over the range of barrier rf shown here, there is

an upper limit to the amount of rf that can be applied to the barrier region.

As the rf is increased, <f>, increases and the barrier becomes more effective in

limiting the number of cold passing electrons from the central cell that can

reach the barrier. Since these passing electrons serve to stabilize the ion

two stream instability, there is a lower bound on the cold electron number

that must reach the barrier from the central cell. In addition, the model

breaks down if d>, > <)> + hi> or the number of hot electrons becomes too
D e pc

large. Consequently, there is an upper bound on the applied rf power in the

barrier region above which the potential barrier cannot be maintained.

D. CONCLUSIONS

The calculations show that significant changes to the central cell beta

cannot be achieved by varying the neutral beams in the central cell or

yin-yang, while only small changes in 3 can be attained by varying the

central cell gas feed. Changing the central cell beam or gas feed generally

has the greatest impact on the ion temperature. Since the confining potential

<f> is a much weaker function of these two external controls, the ion con fine-
c '

ment time, T, generally has an inverse dependence on T. . Consequently, the

ion density varies nearly inversely with T. and 3 depends only very weakly

on the central cell gas and neutral-beam currents. Increasing the yin-yang

beam increases 3 slightly by adding more particles to the central cell, al-

though the central cell confinement becomes poorer as more beam is injected

into the yin-yang cell.
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Variation of the barrier rf was found to have a larger influence on the

central cel l beta. More rf nnKes the barrier more effective in cutting off

the flow of cold electrons from the central ce l l . This decrease in the number

of cold electrons reaching the barrier region increases 6<J> and hence the

confining potential, <t> . The improved confinement results in a 3 which in-

creases linearly over the range of applied rf power.

For this limited parameter study, the central cel l parameters which were

achieved are e - 0.13 to 0.20, with ion densities -3 x 10 cm and ion

temperatures in the 8 to 15 keV range.
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INSTABILITIES IK A SMALL AXISYMYETRIC HIRROB"

Michael Wickham

University of California., Irvine

We have observed both the interchange instability and a

aicroiastabllity which is consistent with the drift cone sod*.

We have observed these Instabilities in an ICRH barium plasma

in which T^ was 3.5 ev and T was .25 ev. The ICRH heating

process was studied with the aid of laser-induced fluorescence

techniques, by measuring the ion velocity distribution in de-

tail as a function of time that the ICRH was on and as a func-

tion of the mirror ratio. There is evidence that the heatirg

process exhibits a very coherent coupling between the RF field

and the ion notion. The interchange mode was consistent with

a theory which included effects due to electric field, FLR,

line-tying and a radial conducting wall. A finite k| was ob-

served in the mirror throat. The drift cone mode was observed

in which 1 ( ^ * 2 . S , ku — 0, u)»<uci. The made was restricted to

a radial position of strong density gradient. The initial

velocity distribution was measured and used in the linear sta-

bility analysis. The mode also exhibited an axial phase shift

in the mirror throat.

* Work supported by the Department of Energy.
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An experiment wa« performed on the UCI Q-machine (Fig. 1).

The magnetic field was changed fro* the usual solenoi<Ul field to

a staple axlsymaetric mirror of mirror ratio 2.53. The B field

configuration used is also shown in Fig. 1, the B at midplane was

3 VsG. The plasma radius, ro, at midplane was 2.8 cm. To insure

that the plasma remain collislonless the density was not higher

than 1 - 5 x 10 cm yielding an electron mean-free path of several

machine lengths. The background pressure was ~ 3 x 10~ torr.

The Ba Q-machlne plasma was heated by inductive coll excitation

at the ion cyclotron frequency at midplane resonance. The coil used

was one wavelength with five filaments in scries with a length of

65 cm. The calculated fields were approximately .1 V/cm. The

parallel and perpendicular ion velocity distributions were optically

determined using laser induced resonance fluorescence. The plasma

was heated from an Initial perpendicular temperature of .25 eV to a

final temperature of 3.5 eV. However, the parallel ion temperature

did not change. Figure 2 shows f(Vx) (x Is perpendicular to B) as

a function of tlae that the 1CRH was on. The A temperature does

not Increase after an ion transit time - .5 us but the density does

increase indicating that ions are moving out of the loss cone. In

Fig. 3 is shown the temporal evolution of the parallel Ion velocity

distribution. The initial f(vt) is a drifting beam (Enri2t - 1.4 «V)

caused by a sheath potential drop at the source. The back beam

appearing for t> .5 mu is the reflection of this forward beam after

vx has been increased moving the ions out of the loss cone.

In Fig. 4 is shown n^, T1, vs B midplane. Keeping the 1CR

frequency constant the mirror valley field was swept which causes

a phase shift between the RF field and the ion cyclotron motion.

jy L_ (1)

where L is the length of the RF field region. The oscillations

In Fig. 4 are a result of this phase shift. The dips correspond
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to the Epj, and V. vectors having a total pbase rotation of nrr

during a transit of the heating region. The peaks correspond to

icp * (2n+l) j.

Once heated, the plasma from the source was cut off by a high

transparency fine mesh planar grid placed between the source and

the mirror region. The grid was biased 2 volts below the plasma

potential to repel electrons, and the ions did not travel very far

beyond the grid because of space charge. A second grid between the

first grid and the mirror region acted as a buffer to separate the

first grid from the mirror confined plasma. The experiment was

repeated at a rate of 10 sec .

The plasma was terminated by a floating molybdenum endplate.

Unless the endplate was heated, it quickly coated with barium and

became a poor conductor. By heating the endplate, we could clean

it and create a partially line-tied plasma. In this manner we

could control the amount of line-tying to a higher degree than most

mirror experiments. In most mirror experiments the plasma is much

more energetic and it is impossible to eliminate line-tying.

Energetic plasma bombarding the plasma terminator can create a

low energy plasma which can line-tie the plasma.

Once the source was cut off so also was the stabilizing influence

of the source. The source (hot 3000° tungsten) is a very good line-

tying plasma terminator. Once deline-tied the plasma immediately

became unstable to the interchange mode. The mode has a small growth

3 -1
rate (Y _„ * 3.6 x 10 rad sec ), however, the instability was ob-

served quickly because the plasma was slightly asymmetric giving the

m - 1 mode an initial amplitude. The frequency, growth rate, and

nonflute-like effects of this mode have been measured and compared

with theory. Effects due to radial electric field, finite ion Larmor

radius, line-tying, wall radius and parallel electron response are

included.

The dispersion relation describing this mode was derived using

the finite Larmor radius fluid equations derived by Rosenbluth and

Simon.1
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DPH+ ~2 ^ • {PM D 5 - D ̂ P: - 0 (2)

Dp - 0 (3)

where 0 * 3/3t + V -v and v > (G x z)/n. P M is tbe mass density, p

is the pressure, and G represents tbe acceleration of all forces

other than the v x B force. These equations can be linearized to

yield a relationship between the perturbed ion charge density p^(r)

and cpj(r):

PI ' Ri "l ( 4 )

where

j. { ^ D

and 3 is the differential operator

4nr o | ui ui » I (5)

2 2
m - HI - mur and » D • 2 v^ /rQ nA is the ion diamagnetic drift fre-

2 2 2 2
quency, and €x • ""̂  /Oj . IÛ^ - 4Ttne /lî  is the ion plasma frequency

and has the same r and z dependence as tbe unperturbed density no(z).

The electron electron response can be derived using the drift equa-

tions and tbe sheath model of Leiberman to describe the sheath

response or line-tying of the plasma terminator.

3 . ' i-*i£(s), (7)
e ^ ? ( 5 5 ) 1

where v^ is the ion thermal velocity near the plasma terminator and

I D is the length of tbe mirror. We now impose quasineutrality

(PA + p e - 0) and combine Eqs. (4) and (7) to yield the differential

equation:
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2
ci + ? 9i " TT 3 " -*v (»' - d+*)o) - o

r r " *"'
o

This nay also be written as the eigenvalue equation Scp̂  and Xtp

where

••2 —
•S + 2u)(nuj_4*iv) + n 4

Primes denote differentiation with respect to r. Equation (8) can

be put in the form of Whittaker's equation and is similar to the

equation solved by Roaenbluth et al.6 but includes finite wall radius

and line-tying. The constant X is determined by requiring that

(PjCr) - 0 at r - rw. As the wall radius rw goes to infinity

\ - m+2q-l, a and q are azimuthal and radial mode numbers. Equation

(10) is quadradic in u> and has the solution:

( U )

(12)
A - 1 + \

B - nu>E + i v -r Xsiuijj/2 (13)>E + i v -r Xsiuijj

C - n,2
( 1 4 )

In the limit of infinite wall radius for the m - 1 , q - 0 mode this

reduces to:

• - - iv = i -,v +a./-2ivU)EJ- { 1 5 )

Figure 5 shows w versus v fcr various values of uî . When o>E - 0,
o

line-tying always reduces the growth rate which approaches u>c /2v

when v » mc. When w £ is not zero the real part of the u> approaches

tti- when v»u> . Line-tying has an unexpected effect on the mod*
Xi C

when ID_ a ui • The growth rate is increased for moderate values of v.

The radial electric field can drive the m - 1 , q - 0 mode unstable only

when an endplate or conducting wall is present.
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The mode frequency was determined with four probes, each separated

by 90° and placed in the mirror valley at r - + 4 cm. See Fig. 6.

Density profiles, mode frequency, and k parallel measurements were

made with probes, which were biased to collect ion saturation current

far into the saturation region in order to minimize error due to changes

in the plasma potential.

The growth rate of the mode was determined by using time resolved

vertical and horizontal density profiles of the plasma at midplane.

This was possible because the mode was quite reproducible. The growth

rate was estimated by measuring the initial displacement and velocity

of the plasma. Since the early time behavior is given by r - AeY «

A+Ayt, the initial velocity is related to the growth rate y, by

VQ - Af. The initial displacement A is due to the non uniformities

inherent xn the plasma production. We estimate A to be 1 cm.

If we use Eq. (11) to find what value of v/u>c best fits our

observations we find that v/w - 1.28 which would give U) « 4.1 x 10

rad sec" and y - °..3 x 10 rad sec . These values are within 18%

of the observed values and correctly predict the direction of propa-

gation which was in the electron diamagnetic direction due to the

direction of the radial electric field, in order to further investi-

gate the effect of line-tying, we increased the conductivity of the

endplate by heating it. As predicted by Eq. (11) and Fig. 2 for

large \, "T increased to approximately UJ£ and Y was reduced to roughly

uic/9. From Eq. (10) this would indicate that v/tuc - 18.9. Thus by

heating the plasma terminator v/t»c changed from 1.28 to 18.9, an

increase of a factor of 15. We expect v for a clean endplate to

be given approximately by Eq. (3). Evaluating this expression

for v we find v/i»c « 25. This agrees quite well with the best fit

value of v/ivc - 18.9. The sheath model we have used in deriving

Eq. (8) models the sheath response as beung purely resistive. It

also has a capacitive component but this is negligible compared to

the resistive response. The effect of a "dirty" endplate

can be modeled as an added resistance so that vIL-.. - v ~ + v"
HvL&U O £iP

where V Q is given by Eq. (8). We will not attempt to derive an

expression for v_ , the endplate contribution to vT(jr^L- The

measurement of k,| was done with the plasma terminator cold.
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A physical explanation for tbe electrostatic finite kz effect

is as follows: By quasineutrality, pe + s>^ - 0 for all z. The

perturbed charge densities have different z dependencies and if

the system varies along z then the electron and ion currents will

not cancel for all z. Thus quasineutrality implies a parallel

perturbed electron current. The parallel electric field required

to drive this current iaplies that cp- must vary along z Since

£ - - vcplf the perpendicular perturbed electric field must depend

on z. The amount of phase shift that we expect is the imaginary

part of X <<P - |«p|

• - i r lt2Cz) dz

The measurement of k is shown in Fig. 7. The probes were equally

spaced along z, 23 cm apart, and the radial position were chosen so

that all probes were on the same magnetic field line. The phase shift

estimated from this figure is ~ 10s. Tbe value predicted from Eq. (15)

is - 3.3° assuming no io_ variation.

The discrepancy between tbe theoretical phase shift and the

experimentally observed phase shift could be due to variations in

wv or line-tying. The phase shift is especially sensitive to any change

in u ; a change in u> of a few percent could account for the larger

observed phase shift. An attempt was made to measure the difference

in it_ but it was not possible to measure the potential profiles to the

degree of accuracy required, More details about tbe interchange mode

that we observed and equations that we have presented here are given

in an article we have submitted to The Physics of Fluids.

In the presence of this interchange mode we also observed a

microinstability which is consistent with the drift cyclotron loss

cone mode. The mode had <u a uici ̂ ±9^ m 2.8 and appears an ion

transit time after tbe source was cut off; the time required to

develop a loss cone. It was also observed in a cylindrical annulus

at a radial position of strong density gradient, (1/n) dn/dx x ?t* .3.
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We used the measured initial f (Vx) to calculate the stability

boundary using the dispersion relation below:

SiniTS L # J V (16)

and we have best fit our measured distribution to:

vl7)

In Figure 8 is shown the stability boundary for X - .9 and 5 -1.1

to 1.0. 6 - 1.1 is the initial distribution. The distribution for

t 70 could not be measured because the plasma was floating away.

It is interesting to note in Eq. (16) that the only place IT

appears is in the combination u> ./fici which makes the use of Barium

equivalent to a hydrogen plasma which is 137 tines denser. The

other place »i appears is p^ which is . 7 cm for our T^ and B. Also

g effects are much more accessible. S effects should occur for

g>me/mi. The use of Barium here is like working in H 137 times

hotter. Finite S effects should begin to appear in Ba for n - 4x 10

cm"3, B - 2 hg, Tx - 10 eV.

Axial transport due to the microinstability was observed.

Transport out the mirror was observed only in the annulus where the

wave was. Figure 9 shows the wave in detail and also the transport

out the mirror through on 2 time scales. The density depression in

the airror valley in Fig. 9 appears as a density increase in the

mirror throat probe in Fig. 10. Also shown in Fig. 20 is the wave

spectrum and the RF pump spectrum. The wave spectrum is broad because

the mode is somewhat randomly doppler shifted due to the flute motion.
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Also obs«rv«d was an axial phase shift of 122° as the wave excited

th« machine. More details of this aicroinstability are being pre-

pared for The Pbysics of Fluids.
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ELECTROSTATIC POTENTIAL MEASUREMENTS IN THE UCLA

LARGE AXISYMMETRIC MIRROR EXPERIMENT

B. J. Leikind, J. R. Ferron, P. E. Young, and A. Y. Wong

Department of Physics, University of California, Los Angeles, CA 90024

Using axial and radial emissive and swept voltage double probes we

have studied the behavior of the electrostatic potential in the UCLA

Large Axisymmetric Mirror Experiment.1 This experiment, which features

an axisymmetric magnetic field configuration capable of achieving mirror

ratios as high as 20 and a titanium washer gun injected plasma, has

plasma parameters (n < 1011 cm"3, T. £ 100 eV, and T ^ 5 eV) that

allow for probe measurements in the interior of the plasma. We compare

the measured variation in potential, electron density, and electron

temperature with a Boltzmann factor functional relationship at several

mirror ratios.

Research supported by U.S. Department of Energy.

A. Y. Wong, B. J. Leikind, J, R. Ferron, P. E. Young and G. Dimonte,
Comments on Plasma Physics and Controlled Fusion, to be published 1981.
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EFFECTS DUE TO THE LARGE AMBIPOLAR POTENTIAL IN TMX*

E. B. Hooper, Jr., S. L. Allen, P. Coakley,** D. L. Correll, R. P. Drake,
J. H. Foote, D. P. Grubb, G. Hallock,t G. D. Porter,

T. D. Rognlien, and 0. T. Strand+t
Lawrence Livermore National Laboratory, University of California

Livermore, CA 94550

ABSTRACT

The large potentials and potential gradients in tandem mirrors have

several effects . Some of these are discussed, together with supporting data

from TMX. These include: azimuthal averaging by the E x B rotation, reduction

of radial outward drifts (from high order multipoles) by the rapid E x B

azimuthal velocity, neoclassical-resonant diffusion, Joule heating of central

cell ions due to non-ambipolar transport in the radial electric f ie ld , low

frequency instabi l i t ies , and differences between the details of the electron

behavior and theory.
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I. INTRODUCTION

Large ambipolar potentials play an essential role in the axial confine-

ment of plasmas in Tandem Mirrors. The formation of these potentials and the

demonstration that they provide axial confinement of ions in the central cell

of TMX are well documented.

The enhancement of the axial confinement of ions in the central cell is

due to the potential difference, <f> , between the central cell and plugs

which arises from the electron density and temperature differences in the two

regions. In addition, axial confinement of the central cell electrons results

from an ambipolar potential, 4> , between the central cell and end walls.
e

This potential adjusts itself so that the plasma is everywhere quasineutral;

both axial and transverse transport thus contribute to the distribution of

potential throughout the machine.

In TMX, the value of $ on axis was generally in the range of 350 to

850 V. The full central cell radius of 38 cm (to a limiter) caused radial

electric fields of order 10 V/cm, resulting in a rotation frequency in the

0.1 T field of 5 to 15 kHz. Although it was often constant in the core

(r < 20 cm), in general, the precise value varied across the plasma.

These large potentials and their gradients have numerous effects on the

equilibrium and stability of Tandem Mirrors. We discuss some of them here,

together with documentation from the Tandem Mirror Experiment (TMX). These

effects include: (a) E x B rotation which causes an azimuthal averaging of

nonsymmetries in gas and beam feed and reduction of outward drifts resulting

from high order multipole fields at large radii. (2) Neoclassical resonant

transport of the central cell ions which arises from resonances between the

quadrupole field and axial particle bounce motion. (3) Ion heating in the

central cell which arises from nonambipolar radial transport across the

ambipolar field potential. (4) Low frequency instabilities which may be
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associated with the centrifugal forces due to plasma rotation. (5) Coupling

between the average plasma behavior and the electrons in the tail of the

distribution through the large potentials, thus making the detailed physics

sensitive to anomalous effects.

II. ROTATIONAL AVERAGING

The rapid rotation of the plasma will average out asymmetries in the gas

and neutral beam feeds because the average particle confinement time, 1 to

5 ms, greatly exceeds the rotation time, 0.05 to 0.2 ms. An example is il-

lustrated in Fig. 1. Deuterium was injected into the TMX central cell from

below, resulting in a large asymmetry in the Lyman-a radiation generated

during the ionization of the gas. It was found, however, that density and

other parameters were symmetric to within the accuracy of the measurements.

Shown is the emission from N II in the central cell. The emission is pro-

portional to the densities of N and of n ; the symmetry of emission thus

implies symmetry in the charged particle densities. The symmetry in this and

other measurements verifies the azimuthal averaging.

TMX utilizes "octupole coils" in the central cell plug region to

compensate for octupole components of the primary coils. As a result,

circular flux surfaces in the central cell map to circular surfaces in the

plug centers. Because these coils provide an average compensation, not a

local one, i.here are pa.ticles whose magnetic drifts would carry them out of

the machine. An example is shown in Fig. 2(a).

These bad drifts are believed to occur when the bounce-averaged azimuthal

drift of particles "stalls" so that the radial drift can accumulate over many

bounces, so it was expected that the E x B rotation would eliminate the effect.

The result of adding a radial electric field to the central cell is shown in

Fig. 2(b); we see that the predicted healing of the orbits does occur.
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Possible residual transport due to the high order multipoles has not been

evaluated.

I I I . RADIAL TRANSPORT

Tb~ jiictirupole fields in the transition regions at the ends of the

central cel l cause resonant-neoclassical transport ' when the bounce

frequency of ions equals the time for a part icle to dr if t azimuthally through

kir/2 radians (k = 1 ,2 , . . . ) . In the presence of an E x B dr i f t this occurs for

a significant number of particles in TMX when f — v t h ^ L "" **0^ | /TT Hz,

where the central cell length L * 314 cm. Thus, at typical central cel l ion

temperatures of 25 eV and above, the condition is easily satisfied and resonant

diffusion is important.

Because the resonance occurs for ions but not for electrons, the radial

ion transport exceeds the radial electron transport. The resulting current is

balanced by an excess electron current to the end (metal) wall of the vacuum

tank. This current was measured to determine the radial , non-ambipolar t rans-

port in the central c e l l ; from current continuity one finds:

In Eq. (1) all quantities are referred to the central midplane. T. is the

axially averaged radial ion flux and j (r) the sum of axial end loss electron

currents densities. Azimuthal symmetry has been assumed.

The end loss electron current density was determined from the difference

between the net current density to the end wall (as measured by current col-

lectors at the wall) and the ion current density (measured by Faraday cups).
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Figure 3 compares results of the integration of Eq. (1) with predictions based

q
on theoretical diffusion coefficients. Near the axis the measured electron

current has been reduced by the current predicted to originate in the plugs

from radial transport of plug ions caused by charge exchange with the neutral

beams. The effect on the axial electron current density is sizable inside

15 cm, but makes a negligible contribution outside that radius.

The errors in the predicted flux arise primarily from uncertainties in

the radial electric field. We see that the measured and predicted fluxes are

comparable although large uncertainties exist in both. Resonant transport con-

tributes substantially to, and may be the sole source of the radial, nonambi-

polar ion transport.

The net radial current flow along the radial electric field causes Joule

heating in the central cell plasma; the effect is included in computer codes

Q

calculating the effects of resonant transportation. The effect, however,

is general and not just a result of resonant transport. NonambipoLar transport

generally will arise from collisions between two classes of ions. There is a

dissipative process, therefore, which involves the ions, and the resultant

Joule heating will heat the ions. The net mechanism, therefore, results in a

flow of energy from the electrons (which generate the ambipolar field) to the

ions.

The eifect can be substantial. The radial heating in TMX is shown in

Fig. 4, where we have plotted dP/dr = 2it r L e I". E , with E the radial
c l f r r r

electric field. The values of F. are those derived for Fig. 3. The very
1 i r

rapid increase with radius occurs because the factors r, r. , and E all in-
i,r r

crease rapidly. Although there are no measurements of the radial ion temper-

ature profile, the effect is predicted to cause the temperature to be nearly

uniform across the central cell radius.
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IV. PLASMA STABILITY

The centrifugal force associated with rotation is well known to provide

a drive for MHD instabilities. The most recent theory predicts that

TMX should be stable because the energy required to bend the magnetic field is

larger than the calculated drive.

Despite this, an m " 1 mode is observed in the central cell under some

gas input conditions. The instability occurs when the gas input is sufficient-

ly large that the radial density profile is flat or slightly inverted near the

axis. The eigenmode, Fig. 5, is large in the region of steepest density

gradient, with an amplitude approaching 100% near the plasma edge. For larger

gas inputs, the density profile becomes distinctly inverted in the plasma

interior with a very steep gradient near the edge, and the oscillations are

turbulent.

The potential profile is not well known near the edge of the plasma, but

the oscillation frequency, 7 kHz, appears to be close to the average E x B

rotation frequency in that region. The large amplitude potential oscillations

prevented accurate comparison of the two frequencies.

The density oscillation is observed in the end plugs, but with an

amplitude reduced by a factor of 20. The oscillations in the plugs and

central cell are in phase. The mode is consequently "balloon-like," with a

wavelength of at least 1000 cm. The axial phase velocity is thus of order

7 x 10 cm/s. This would correspond to the sound speed with T + T. » 100 eV,

approximately the measured average value in the central cell. It is far below

the Alfve'n speed, 9 x 107 cm/s.

Figure 5 also compares the calculated source of ions with the measured

end-loss current density. The two differ by a large amount in the region in

which the oscillation amplitude is large. It seems likely, therefore, that

the mode generates a strong, ambipolar radial transport. This is supported by
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the fact that at low gas feeds the mode is not detected and the marked dis-

crepancy does not exist.

The source of energy for the instability thus remains uncertain. Any

new theory will have to consider the centrifugal force as a possible driving

mechanism.

V. ELECTRON PHYSICS

The central cell to plug potential, 4> , generally exceeds T , and the

potential to the end wall, 41 , is typically about S T . The usual models

assume that the bulk of the electron distribution function is a Maxwellian and

then calculate the modification either arising from the effect of escaping

electrons on the high energy tail or arising from collisions between particles

near the interaction energy of overlapping populations (e.g., plug and central

cell). However, differences between theory and experiment are observed, in-

dicating that the details of the physics of potential formation and eleccron

loss can differ from those based upon approximately Maxwell-Boltzmann behavior.

The first observation is that the plug and central cell electron temper-

atures differ by more than predicted. As an example, in one series of TMX

experimental shots conducted under nominally identical conditions, the two

temperatures were found from Thompson scattering at r • 0 to be 87 + 22 eV and

49 • 15 eV.

We can easily calculate an upper limit to the temperature difference by

neglecting sources of cold electrons in the plugs (and thus the power drain

needed to heat them), and by assuming that the absorbed neutral beam power is

lost entirely by drag between the hot ions and the plug electrons. In these

12
limits, the theoretical temperature difference between plug (T ) and

P

central cell (T ) becomes
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PTT — T < —
p c — eN exp (-e<J> /T )

with P the total trapped beam power, N the tota l number of e lectrons in the

plug, <j> the central c e l l confining potent ia l , and t i s the time for energy

exchange between plug and central c e l l e lec trons:

T « 2.2 x 105 T1/2(e<J>)/n A
p p ee

13 -3
For the particular observations used in the illustration, r. = 1.3 x 10 cm ,

N /n = 7.2 x 103 cm3, T = 87 eV, * = 150 V, Age = 15, and P = 8 x 10
4 W,

so that T - T £.17 eV. The approximations are all in the direction of over-

estimating the difference, and the plug temperatures are consistently measured

to be well above the central cell temperatures (as in this example), so we

conclude that there must be processes occurring which are not included in the

theory.

For these conditions the measured central cell to plug potential differ-

ence near r = 0 is observed to be in good agreement with the predicted

3 12

T In n /n . The temperature difference could exist according to theory

if there were a thermal barrier between plug and central cell. Measurements of

the plasma density along the axis of the TMX found no density depression which

could generate a thermal barrier. It cannot be completely ruled out, however,

as the measurements yielded the line integrated density and thus rely on know-

ledge of radial profiles to yield the density on axis. Profiles were measured

at the central cell and plug mi dp lanes and extrapolated along magnetic field

lines.

The electron temperature near the end wall was measured by Langmuir
9 -3

probes to be 5 to 10 eV with a density of ~10 cm . A careful search was made

for a tail of electrons at a temperature corresponding to the central cell

7 -3
electrons. None was found, and an upper limit of 2 x 10 cm was placed upon
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their density. In modeling the axial electron loss with a Monte Carlo code,

it is round that the electrons escaping from the device have an average energy

near the central cell temperature (~40 eV) and that their density at the wall

ft _ Q

is in the range of 10 cm . The code has the freedom to fix either the

plug to wall potential or to fix the current density at the wall. If the po-

tential is set at the experimental value, the predicted electron current is a

factor of 5 below that measured. If, on the other hand, the electron current

is fixed at the measured value, the predicted potential drop is lower (by about
1.5 T ) than the measured value,

ec

To see whether effects near the end wall are important, low energy elec-

trons are injected near the wall, simulating ionization of neutral gas or

secondary emission. It is found that the electron density increases to the

9 — 3
range of the measured value (~10 cm ) and the mean temperature near the wall

is 5 to 10 eV. Most of these electrons are Yushmanov trapped by the very large

mirror ratio (260) looking back into the device. However, because they

originated from ionization or secondary emission, they do not contribute a net

electron current. Consequently, the predicted electron loss current is still

too low. In order to obtain the experimentally observed electron current, a

significant population of hot electrons (>10 cm ) is still required.

The reason for the discrepancy is not understood. It may plausibly in-

volve electron-electron (or other) instabilities in the device which enhance

the axial electron loss rate.

VI. CONCLUSIONS

The ambipolar potential generated in TMX has been shown to have signi-

ficant effects on the plasma. The general features are in agreement with pre-

diction. However, these are effects which demonstrate that further analysis

is required to fully understand the mechanisms and their full implications.



379

REFERENCES

*Work performed under the auspices of the U.S. Department of Energy by the

Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.

**University of Iowa.

tRensselaer Polytechnic Institute.

++Johns Hopkins University.

1. F. H. Coensgen et al., Phys. Rev. Lett., 44, 1132 (1980).

2. T. C. Simonen et al., Proc. 8th Intern. Conf. Plasma Physics and

Controlled Nuclear Fusion Research, to be published.

3. D. L. Correll et al., this workshop.

4. G. A. Hallock, R. L. Hickok, and W. C. Jennings, this workshop.

5. D. E. Baldwin, private communication.

6. D. D.'Ryutov and G. V. Stupakov, Pis'ma Zh. Ehksp. Theo. Fiz. ̂ 6_, 186

(1977); JETP Lett. ̂ 6, 174 (1977).

7. R. H. Cohen, Nucl. Fusion lj}, 1579 (1979).

8. R. H. Cohen, private communication.

9. M. E. Rensink, private communication.

10. M. N. Rosenbluth and A. Simon, Phys. Fluids 8_, 1300 (1965).

11. J. P. Freidberg and L. D. Pearlstein, Phys. Fluids il_, 1207 (1978).

12. R. H. Cohen, I. B. Bernstein, J. J. Doming, and G. Rowlands, Nucl.

Fusion 20, 1421 (1980).



380



381

FORMATION AND CONTROL OF PLASMA POTENTIALS IN TMX UPGRADE*

T. C. Simonen, T.J. OrzecnowsKi, M. Porkolab1 , and B. tf. Stallard
Lawrence Livennore National Laboratory, University of California,

Livermore, Calitornia 94550

ABSTRACT

The methods to be employed to form and control plasma

potentials in the TMX Upgrade tandem mirror with thermal

barriers are described. ECKH-generated mirror-confined electron

plasmas are used to establish a negative potential region to

isolate the end-plug and central-cell electrons. This thermal

isolation will allow a higher end-plug electron temperature and

an increased central-cell confining potential. Improved axial

central-cell ion confinement results since higher temperature

central-cell ions can be confined.

This paper describes; (l) calculations of the sensitivity

of barrier formation to vacuum conditions and to the presence ot

impurities in the neutral beams, (2) calculations of microwave

penetration and absorption used to design the ECRH system, and

(3) techniques to limit electron runaway to high energies by

localized microwave beams and by relativistic detuning.
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I. PHYSICS OBJECTIVES OF TMX UPGRADE

The TMX experiment successfully demonstrated that the tandem-mirror

configuration could be generated and sustained by neutral-beam injection and

that confinement of both ions and electrons was improved over that in single

mirrors. The TMX Upgrade will verify that the addition of thermal barriers to

the tandem mirror will improve potential confinement and thus increase the

attractiveness of the tandem-mirror reactor concept. TMX Upgrade is the first

complete tandem-mirror thermal-barrier system. An added ana necessary feature

of TMX Upgrade is that it is designed to avoid mi.croinstabilities.

The advantage of the thermal-barrier tandem over a basic tandem such as

TMX is illustrated by the relative magnitudes of the confining potential

wells, which are shown to scale in Fig. 1. This figure shows that a

depression in plasma potential <$>, isolates the plug electrons, with density

and temperature n and T , from the central-cell electrons, with density

and temperature n and T . If the density of electrons passing between

these two regions, n, , is sufficiently small, a large electrostatic

potential barrier cj> can be generated by using ECRH to raise X . As <j>

is increased, higher energy central-cell ions are electrostatically confined.

Central-cell confinement improves with higher central-cell temperatures. An

unequivocal demonstration of the thermal-barrier concept will be an

improvement in plasma confinement in TMX Upgrade relative to TMX.

The two physics objectives of TMX Upgrade are:

1. Investigate a complete tandem-mirror thermal-barrier system.

• Achieve microstability.

• Maintain MHD stability.
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• Generate potential profiles by electron heating.

• Control axial electron temperature gradients.

2. Improve tandem mirror performance over that of TMX.

II. CHARACTERISTICS OF TMX UPGRADE

Machine parameters for TMX Upgrade are given in Table I. TMX has been

modified and systems have been added or modifed as briefly described below.

These improvements were needed to carry out the thermal-barrier experimental

objectives outlined above. A schematic of TMX Upgrade is shown in Fig. 2.

The plug magnet system, shown in Fig. 3, was lengthened to allow access

for neutral-beam injection at 45° in order to achieve microstability. To

confine 4-3° injected ions, the plug mirror ratio was increased from 2:1 to

4:1. The magnetic field strength was selected to allow the use of

commercially available 28-GKz gyrotrons for microwave heating. The

central-cell field strength was increased to 0.3 T and has an axisyiumetric

rise in magnetic field to reduce resonant-neoclassical radial ion transport.

A high-power ECRH microwave heating system was added to generate

magnetically confined electrons to form thermal barriers. The 28-GHz gyrotron

system is also needed to raise the end-plug electron temperature to increase

ths confining electrostatic potential well.

Several changes were necessary in the neutral-beam system. Already

mentioned was the capability for injection at 45° rather than 90° for

microstability. Thermal-barrier pumping beams inject at 18°. Since the

temperatures are higher and the plasma larger in TMX Upgrade, it was necessary

to increase the output power of the neutral-beam system to 10 MW. To sustain
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TABLE I . Comparison or major d i f i e r e n c e s between TUX and TMX Upgrade.

TMX TMX U p g r a d e

Magnet System

End plug midplane cield

Plug mirror ratio

Plug length

Central-cell length

Central-cell field strength

Magnet power system

Overall machine length

Neutral-Beam System

Duration .5 ill 75 ms

Maximum power 5 MW 1 0 MW

Plug injection angles 90° 90°, 65°, 45°, IB0

Central-cell injection angles 90°

ECRH System

Number of gyrotrons 0 4

Maximum power per gyrotron - 200 kW

Frequency - 28 GHz

Vacuum System

Vo lume

Pumping speed

Gas feed system

l.o r

2:1

0.9 m

5.5 m

0.2 I

13 MW

15 m

0.5 T

4:1

3.0 m

8.0 m

0.3 T

26 MW

22 m

120

3 x 107l/s

Pulsed

225 a3

5 x 107l/s

Programmable
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FIG. 2. Cutaway schematic of TMX Upgrade.



FIG. 3. The TMX Upgrade magnet and neutral-beam systems.
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plasmas for several confinement times, and to allow time for buildup, the beam

duration was increased from 25 to 75 msec. TMX Upgrade will operate with

hydrogen, rather than deuterium, in order to increase the central-cell radial

confinement and to increase the heating rate of ions injected by central-cell

neutral beams. The pump beams will, however, operate with deuterium for

increased crapping efliciency.

III. FORMATION OF A THERMAL BARRIER BY GENERATION OF AN

AMBIPOLAR POTENTIAL PROFILE

The thermal-barrier concept improves the performance of tandem mirror

systems by allowing larger electrostatic confining potentials to be

established while at the same time allowing low-energy ions to penetrate into

the end cells to improve their microstability. The thermal-barrier potential

profile in the end cell of the TMX Upgrade is shown in Fig. k. Ions are

injected at position (b) at approximately 43°. Consequently, the injected

ions slosh back and forth creating density peaks at their turning points.

Applying ECRH to the outer density peak in conjunction with a thermal barrier

produces the final potential peak desirede

To maintain the sloshing-ion density profile, energetic ions that become

deeply trapped must be pumped away, along with trapped ions accumulated by

collisions among ions passing back and forth from the central cell. These

trapped ions are pumped away by undergoing charge-exchange interactions with

neutral beams located at each end of the machine. These neutral beams are

aimed at 18° to the axis so that they are not mirror confined and pass

through the end plugs. A charge-exchange collision between a trapped ion and
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FIG. 4. Comparison of electrostatic potential barrier in a basic tandem

mirror to that with a thermal barrier.
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an axially aimed neutral beam swaps a trapped ion for one that is not

trapped. Charge-exchange collisions with the sloshing beams also provide

pumping.

Details of the various populations of passing and trapped ions and

electrons are shown in Fig. 5, including the magnetically trapped hot

electrons (u-trapped) that are created by applying ECRH at point (b) to

depress the potential further and thereby block the flow of passing thermal

electrons. This is essential to create a large potential difference <j

between point (a) and the central cell,

(1)

Here n, is the passing electron density at the position (b) and the

subscripts e, c, and p refer co electron, central cell, and peak,

respectively. The factor X, described in Section IV, describes the effect of

electron sources in the plug region. Under ideal circumstances, X = 1. To

obtain the desired benefit from the thermal barrier requires T > T
n ep ec

*
Also as long as n, << n. (good blockage of the thermal electrons), we

can obtain a large value of <f even if the plug density n is less than

the central-cell density n ; namely, if n > n > n, >> n, .

Finally, from Fig. 5, we can see how the thermal-barrier designs

discussed here lead to microstable configurations. As an be seen from the

figure, the passing-ion and cold-trapped-ion populations extend deep into the

end plug. Only the outer peak at the turning point of the hot ions is

unprotected. The loss cone need not be filled everywhere, especially if

locally dB/dz + 0.
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FIG. 5. Spatial distribution of ions and electrons in TMX Upgrade end cells.
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IV. THE EFFECT OF NEUTRAL GAS ON PLASMA POTENTIAL

In this section we evaluate the effect of neutral gas on plasma

potential and conclude that the vacuum-system requirements are similar to

those imposed by other constraints, such as hot-ion charge exchange. Electron

sources in the end plug, such as those generated by cold gas, degrade the

confining electrostatic potential. The reason for this degradation is that

electrons generated in the plug region are trapped in the electrostatic well

and tend to balance the net positive charge of the electrostatic plug. The

factor X in the logarithm of Eq. (1) describes the effect of a source ol

electrons in the plug region:

X = A , A V , , , (2)

where

. T J

AB " 4 U R ; C__n
RF ep

and

CRF = 1 + D1RF/Dclassical

Here x is the large angle scattering time (T = 4 x 10 T /n ),
ee ee ew ew '

the mirror ratio (R = Bb/Ba = 0.5 for TMX Upgrade), and Jg is the electron

production rate in the plug (cm /s). The ratio of this rate to the rate at
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which electrons scatter out of the plug is J For no electron production

(Je * 0), X = 1. As Je increases, X decreases, (0 < X < 1). The

confining potential, <}> , is plotted in Fig. 6 as a function of J for a

typical set of TMX Upgrade parameters.

Figure 6 indicates that tolerable levels of cold electron production

(Jg) in the plug are on the order of 10 cm /s. This rate results in

roughly a 10% decrease of the confining potential. At larger values of J ,

the reduction is larger. By examining the plug-barrier region in TMX Upgrade,

we can estimate the magnitude of J to be expected. The plasma volume in

the end cell is approximately 100 liters, so a tolerable cold electron

production rate in each end cell is about 1& amps.

The sources of cold electrons in the plug are impurities and cold

hydrogen gas, both of which can penetrate to the core of the plasma and be

ionized there. On the basis of the 2X1IB and TMX experiments, the primary

impurity in the plasma will most likely be oxygen injected by the neutral

beams. The oxygen current fraction in the neutral-beam sources is presently

about 2%. For 150 A of neutral-beam current, we can expect 3 A of oxygen to

be injected into the end-ceil plasma. Assuming each oxygen atom contributes 5

electrons to the end-cell plasma, the oxygen in the neutral beams would

contribute 15 A of cold electrons to the end cell.

There are two sources for the cold hydrogen: the first is streaming gas

from the neutral beams, and the second is reflux from the wall due to the

energetic neutrals striking it. The nine neutral-beam sources in each end

cell give a total of 6 A of streaming hydrogen to the plasma. The wall reflux

comes from the charge-exchange products striking the walls and from the small

fraction of the neutral beams that strike nearby walls. The charge-exchange
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current from the plasma is approximately 40 A. Of this, 8 A is incident on

the plasma, assuming that 2()% is not absorbed on the titanium-gettered walls.

Thus, from the various sources of hydrogen gas, we can expect about 14 A of

neutral atoms to impinge on the end-cell plasma. If all of these neutrals

penetrate to the core of the plasma and are ionized, the electrons that would

be produced (from this and from the impurities) would reduce the confining

potential.

Most of the neutral-gas molecules penetrate to the center of the plasma

where they also can be a source of electrons. That is, a neutral molecule has

only a small probability of being ionized and magnetically trapped outside the

plasma core since the plug density is only 7 x 10 and the fan field

thickness is '"•nly 8 cm. Setting the ionization rate of these molecules equal

to the maximum allowable electron-production rate, we calculate that the

maximum hydrogen pressure permitted outside the plasma is 1 x 10 Torr.

In summary, cold gas and impurities, which penetrate to the center of the

plasma in the plug region and are ionized there, can reduce the confining

potential. The cold-electron production rate due to this ionization should be

15 —3
Kept below 10 cm /s. The neutral pressure outside the plaama region

must be less than 1 x 10 Torr. Alternatively, the ionization current in

the end cell must be less than 16 A. Oxygen injected with the beam could

contribute this amount. These considerations have led us to improve the

vacuum system in TMX Upgrade and to decrease the neutral-beam impurities.

Since these effects are additive, TMX Upgrade design requirements are more

stringent than outlined here. Our design includes better pumping of the cold

gas from the neutral beams and titanium-gettered walls to minimize gas

recycling. To compensate tor the reduction in confining potential, the plug
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electron temperature can be increased with microwave heating as illustrated in

Fig. 6.

V. ELECTRON-CYCLOTRON RESONANCE HEATING (ECRH)

TMX Upgrade will employ four 200-kW, 28-GHz gyrotrons. At each end, one

gyrotron will create the magnetically confined barrier electrons and another

will heat the electrons in the potential peak. As shown in Fig. 7, microwave

horns will illuminate the 0.5-T barrier region for second-harmonic heating and

tne 1.0-T plug region for fundamental heating. Our design allows us to launch

either ordinary or extraordinary waves in order to optimize the absorption

profile.

Ray-tracing calculations are being carried out to determine optimum

antenna locations, aiming, and polarization. These calculations include the

spatial variations in magnetic field strength and plasma electron density.

Results of such calculations for the extraordinary wave are shown in Figs. 8

and 9.

Figure 8 shows the ray trajectories for second-harmonic heating at the

0.5-T resonance. The two curves show examples of the illumination of the

resonant surface as the mirror ratio for resonance is varied (for reasons

described later). The microwave aiming is adjusted to intersect the resonant

surface. These calculations have shown that the ray trajectories of the

microwave beam are a reasonable match to the absorption profile of the hot

electrons at the desired temperature and density. (T . - 50 keV, n , ~

4 x 10 ). They also show strong ray bending if the density appoaches

cutoff (nec = 5 x 10 1 2).
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Figure 9 shows ray trajectories for fundamental heating at the 1.0-T

potential plug. The two calculations show the effect of spatial shift of the

resonant location with beta shift due to an increase in density from

12 —31 to 7 x 10 cm . From such calculations we conclude that absorption of

the extraordinary mode should be highly efficient. Because of the magnetic

geometry for mirrors (VB II h) the rays tend to follow the resonance surface

leading to enhanced absorption.

We used such ray-tracing calculations to design the microwave antenna

system. We concluded that the extraordinary wave may be very strongly

absorbed on the edge of the plasma, depending upon the radial

electron-temperature profile, and that it may be necessary to use the ordinary

wave in order to penetrate into the central region. The ore"nary wave's

absorption is about 30%. Our antenna system with 12 horns will allow us to

vary the amount of power in each polarization in order to control the radial

absorption profile.

The localization of the incident microwave power in the thermal barrier

allows us to control both ECRH runaway and electron anisotropy as illustrated

in Fig. 10.

If electron runaway is not inhibited, the electron beta would be due to a

small number of energetic electrons. In this event, the thermal barrier would

be inefficient, since a higher fraction of passing electrons would exist to

transfer heat from the plug to the central cell. Localized electron heating

inhibits runaway since energetic electrons will be detuned from cyclotron

resonance.

Electron anisotropy must also be controlled to prevent excessive power

loss due to a class of electron microinstabilities driven by anisotropy.
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Sufficient parallel temperature stabilizes the electron microinstabilities.

Off-tnidplane heating will produce an effective parallel temperature, as well

as a perpendicular temperature. Varying the midplane field B , relative to

the resonance field Bf controls the anisotropy, T../T, * B /BQ - 1.

Control of other modes, such as the upper-hybrid loss-cone mode, are under

study.

To determine the heating rates, steady-state temperatures, and electron

velocity-distribution functions for microstability analysis, Fokker Planck and

Monte Carlo codes have been developed. The preliminary results from these

codes by Matsuda and Rognlein are qualitatively similar and indicate that the

required electron energies and densities can be achieved within TMX Upgrade

time scales. Ongoing work with these codes is including Doppler-shift effects

and more self-consistent electrostatic-potential effects.

In summary, ray-tracing and heating calculations have been and are being

used to design the TMX Upgrade ECRH system and to guide experimental plans and

ultimately, data analysis. These calculations have already led us away from

several pitfalls and directed us toward several promising approaches that are

now being evaluated in greater detail. At final operating temperatures,

absorption of the extraordinary wave is strong, so we are providing the

capability of launching a controllable fraction of ordinary wave power.

VI. SUMMARY

We have described the formation and control of plasma potentials in the

TMX Upgrade tandem mirror. A potential depression between the end plug and

central cel l forms a thermal barrier that allows the end-plug electron
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temperature to be increased to about twice that of the central ce l l . The

higher plug electron temperature generates a higher plug electrostatic

potential. The larger potential barrier should allow us to reach higher

central-cell ion temperatures and confinement times than were possible in TMX.

Me have evaluated the consequences of cold gas on potential formation and

found the TMX Upgrade vacuum requirements Co be comparable to those based on

cold-gas charge exchange of hot ions.

Calculations of energy absorption and control in ECRH have indicated that

the required energies and densities can be achieved and controlled. Our

calculations show high absorption of the extraordinary wave at the plasma

boundary so we are planning to employ a variable fraction of ordinary wave

power to control the radial power-deposition profile. Electron energy control

appears achievable by localized electron heating.

At the time of the Mirror League meeting next spring, we expect to be

able to report on ini t ia l experimental results from TMX Upgrade. By that

time, we expect to have begun our first plasma experiments and to be beginning

experiments to form and control ambipolar potentials in a thermal-barrier

tandem mirror.
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AMBIPOLAR POTENTIAL CONTROL BY FAST WAVE
HEATING IN BUMPY TORI*

R. B. CAMPBELL
TRW, Inc., One Space Park, Redondo Beach, CA 90278

R. J. KASHUBA
McDonnell Douglas Corporation, P.O. Box 516, St. Louis, MO. 63166

T. KAMMASH
Dept. of Nuclear Engineering , The University of Michigan, Ann Arbor,

Michigan 48109

The ambipolarity condition in a bumpy torus heated by fast waves is modified
because of the neoclassical ion flux produced by wave-particle scatterings. The
condition is applied to a case in which the bulk ion species is heated by the
fast wave at w=2n *. We find that the radial profile of ambipolar potential may

C I

be modified by introducing the effects of the wave energy deposition profile.
Results will be presented to support this claim.

1. Introduction
In this paper we will discuss the modification of the ambipolar potential

in a bumpy torus due to the application of heating in the ion cyclotron range
of frequencies (ICRH). It is advantageous to be able to control the potential
for several reasons. Two of these are a) shielding the core plasma from
impurities and b) controlling density and temperature profiles by modifying
transport rates. The method relies on modifying the radial diffusion coeffi-
cient of ions by making their distribution non-Maxwellian to Zeroth order in
inverse aspect ratio. The ambipolarity condition demands that the electron
and ion particle fluxes be equal, regardless of the modification which occurs in
the ion flux due to ICRH. Thus the radial electric field will change in order
that the flux balance be maintained. Vie will address two aspects of the problem
here. First we will show that a reasonable amount of wave heating power can
produce a non-trivial change in the ion transport coefficients and secondly
that this will lead to a modification of the ambipolar potential.

* Work supported by TRW and McDonnell Douglas Independent Research and
Development Programs.
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In Section 2 the transport model is outlined and the modified distribution
function and transport coefficients are described. Section 3 presents a point
model calculation using the modified transport coefficients.

2. Transport Coefficients
The kinetic model is developed ' ' on the basis of the bounce averaged drift

kinetic equation for ions, including kinetic terms which model the heating wave-
particle interaction as well as change exchange and cross field transport energy
losses. This equation takes the form:

VD . vf = C (f) + Cw (f) + (f).

The operator C models particle-particle collisions,
an incoherent velocity space diffusion process and C

(1)

,, models wave heating as
models energy loss by

change exchange. The expression for \T_ is well known (2) for bumpy tori, and will
not be reproduced her, however, we do note in passing that we have included a
poloidai component of the ambipolar electric field in the radial drift. The
transport coefficients valid in the plateau regime, (RC/RT) ' < v/flo < 1, will be
presented since the evaluations are more straightforward than in the low collisiona-

3/2lity "banana" regime (R /Ry) > v/Sio and the high collisionality "Kovrizhnykh"
regime V/JI >1. The details of the calculations are presented elsewhere. (1)
The transport matrix may be written:

r

Q

r Dn

Kn

DT
en

en
Kn ^ Ke

an_

3(kBT)

ar

ft U

3r

(2)

(Q) r and (r) r are the radial components of the heat and particle fluxes,
respectively. The rest of the variables should be self explanatory. Note that
two new transport coefficients proportional to 3'B* and ffj> have arisen here
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which do not h>.ve analogies in the standard neoclassical theory, which assumes
the distribution is Maxwellian to lowest order. These new terms exist because
f is anisotropic, and depends upon the radial structure of the wave electric
field.

Performing the evaluations for the transport coefficients in the plateau

plregime applying second harmonic (u> = 2n .•) heating one finds for D , for example:

°

where VQ and QQ are thermal values for the vertical drift and poloidal drift

frequency, respectively, e*/kDT ^ e R E7k DT is the normalized ambipolar
D c r D

potential, "a" and "b" are parameters related to Vp, U is the confluent hyper-

geometric function, and C , B*, c» y? and R» are 9iven by:
r - 1 R 3/2 3RW * 1 u,
Co • 2 R" 3R., - 1 (4a

(a-1)
e*

(4b)

3R., (R., -1)
2 (3R,, -1)

(4e)

Most of the formulea for the other transport coefficients can be written as D

times complicated functions of e<j>/fcgT, B*. C, Y~» arvc' "«•• ^ won't reproduce

them here, but they are contained in reference 1.

These plateau regime coefficients are complicated functions of R,,, which

is a function of the ion energy confinement time, TEI-, and the charge exchange

time, T C X . Since r£i depends on Kn', Kj.
1, Kg1 and K£ ', the expressions for
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these coefficients are no longer expl ic i t , but represent a set of two coupled
non-linear equations. The introduction of wave heating effects into the
plateau transport coefficients makes them functions of col l is ional i ty , through
the T - ^AJ :

 and T i i / T
C x t e r t n s ™ R » • Tn^s roakes sense physically, since as the

plasma becomes more coll isionless, the scattering of particles by fast waves
is more effective in producing non-Maxwellian distributions, thereby making
the change in the coefficients more pronounced.

I f e_ and e$/kDT are treated as parameters, a surface such as that shown
P t»

in Fig?ire 1 is generated. This perspective view shows the ratio of the D '
coefficient normalized to the plateau result without wave heating plotted versus

2
e$/kgT and a e^, which is a measure of the wave heating power applied. The
surfaces for the other coefficients are quite similar, and w i l l not be presented.
From this f igure, i t is evident that the transport coefficients may be either
reduced or increased over the standard plateau result, depending upon the value
of e^/kpT. For low |e*/kgT] £ 1, the coefficients are reduced and for inter-
mediate to large values of |e<}>/kDT|, the coefficients are increased. Note that

D

the change in the coefficients is greater for second harmonic heating.

The effect may be understood physically by examining Figure 2, on which

the contour where the poloidal drift frequency, n1, vanishes is plotted in

(v , v,,) velocity space for several values of e$/kDT. In the plateau regime.
D

the transport is due to particles near this "resonant" zone. For small values
of |e<}>/kgTj, the n'=0 contour for trapped particles occurs at low energy, and
for large \"e*,/kDl\, the v.'=Q contour occurs at higher energy. Since the wave
heating tends to scatter particles to higher perpendicular velocity, in the
case where |e$/kBT| is small the wave-particle interaction produces scattering
away from the n'=0 "loss cone", decreasing the transport coefficients; for the
case of intermediate to large e$/kgT, the wave-particle scattering causes par t i -
cles to be scattered into the loss cone, thereby increasing the transport
coefficients.

Note also from Fig. 2 that the effect becomes considerably more pronounced
as |e$/kgT| is increased. However, there wi l l be a maximum value of ]e*/kgT|
above which the results should be questioned, primarily because of the Bessel
function approximation used in Cw( f0 ' ) . For 1 _< |e«ti/kBT|< 8, the range of
val idi ty of the calculation, and low 8- <<1, the expansion of the Bessel
function is s t i l l quite accurate.
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Figure 1. Normalized plateau transport coefficient modified
by second harmonic heating.
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Figure 2. Contours on which PL = 0 for several etf/k T.
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The coefficient Dn1 is displayed in Figure 1 by treating e(R,,) and e$/kgT
as parameters which can be varied independently. This in fact is not strictly true,

since (1) Rl( depends on e<t>/kgT, K ', and IC
1, as well as the neutral hydrogen

density, n . and ion temperature, kDT; and (2) the value of e<)>/kDT must be
O b D

determined by the ambipolarity condition, which states that the electron and

ion fluxes must be equal. To say that a transport coefficient increases or

decreases at a fixed e(Rn) or e<t>/kgT when wave heating is introduced does not

mean that the transport rates will behave the same way when comparing two power

balance solutions, one with wave heating effects included in the transport

coefficients, the other without. This is because the ambipolar potential will

change in such a way as to keep r. = r , and the change will either enhance or

detract from the effect produced by wave heating. Next, we will account for

these interrelationships in a self-consistent manner by solving the ambipolarity

condition along with point model particle and energy balance relationships.

3, Point Model
We now want to see how these modified coefficients change the power balance.

We shall do this by solving the spatially averaged power balance relations
using the modified ion coefficients. We shall use the Kovrizhnykh forms for
the electrons throughout this analysis.

An ion heated EBT device with the physical characteristics of EBT-1 is

considered. The device parameters are shown in Table 1. The balance equations

and ambipolarity condition are very similar to those of reference 3, except the

gradient scalelengths of density and temperature, denote by L and Ly respec-

t ive ly , are treated as parameters here.

The equations are solved for a self-consistent e<f>/kDT, neutral density,
o

nQ, ion temperature, kgT^, temperature ratio Tg/T.., and ion heating power, P..

The plasma density, n, is fixed by the requirement that at least the first

radial eigenmode for the fast wave exist for second harmonic heating, w'. =
2 ? P'

U/2r n) c , where w • is the ion plasma frequency, and r_ is the plasma
P P1 13 _o P

radius. This yields an n = 1.25 x 10 cm for an EBT-I size machine. The
collisionality of the ions, v ^ / % . is fixed at a value which places the ions
at the low collisionality end of the plateau regime. This was thought to be
a plausible constraint, since a primary goal of an ion heated experiment is
to produce collisioniess ions; one output of the code would be the ion heating
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TABLE 1

Geometric and Magnetic Parameters

Parameters EBT-I

Plasma minor radius, r (cm) 10

Major radius, M e m ) 150

Number of Mirror Sections, N 24

Mirror radius of curvature, R (cm) 7.8

Magnetic Aspect Ratio (Rp/Rj) 5.2x7O"2

Midplane Magnetic Field, BM (gauss) 6.5x10
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power required to achieve the assumed coilisionality. It is also assumed that
the toroidal core plasma is heated only by the fast wave, any direct wave heating
(ECRH) of core electrons is neglected.

The point model equations do not determine the values of L and Lj. self-
consistently. Therefore, these scalelengths must be specified as input parameters.
The transport coefficient expressions represent a set of coupled non-linear
equations. The point model considered here accounts for their implicitness by
solving for them by a rapidly converging fixed point iteration method.

Tables 2 and 3 show power balance solutions for two values of Ln/
r
D;

 a

moderate density gradient case, L /r = 1, and a steep density gradient case,
L /r = 0.2. The temperature gradient scalelength, L_, was set in these two cases
at L /L,. = 0.2. In these tables, the two columns for f correspond to the
solutions when (1) f for ions is taken to be a Maxwellian, fM, (2) f for ions
is modified by second harmonic heating, f<j. As can be seen from Table 2, the
effect of fast wave heating on the power balance solutions is almost non-existent
in the case of "moderate" density gradients, and mild temperature gradients, as
might be encountered in the center of the plasma. However, if the temperature
gradients are kept mild, but the density gradients are instead considered steep,
the effect of fast wave heating on power balance is far more noticeable, as can
be seen from Table 3. The parameter which is effected most strongly by wave
heating is the self-consistent value of the ambipolar potential, e*/kDT., its

D I

magnitude is increased when the effect of wave heating is included. If the
ambipolar potential in these two cases may be regarded as a local value which
would exist at radial positions where the density gradient scalelength takes
on either moderate or large values, one might conclude that ion heating tends
to increase the potential gradient in regions of steep density gradients.
Figure 3 shows the magnitude of e<(>/kDT. as a function of r /L . If the variation

D I p n
of L is assumed to model different radial positions in the plasma, then small
r /L represents locations near the center of the plasma, and large r_/L
represents the plasma edge.
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TABLE 2

Ion Heated EBT Base Cases-EBT-I Size, federate Gradients

Parameter

Ln/rp

Ln'LT

kBTi <eV>

e*/k8T i

no (cm"3)

VT i
Dn
Df
M
H

(msec)
Tp

r

(msec)
TEe

(msec)
TEi

(msec)

P, (kW)

fo= fH

1

0.2

1.2xlO-2

451

- 1.12

2.05x109

0.51

0.131

0.426

0.623

2.35

19.1

3.45

2.66

0.939

259

Vfs
1

0.2

1.2xlO-2

451

- 1.129

2.05x109

0.51

0.128

0.422

0.615

2.38

19.1

3.45

2.58

0.939

264
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TABLE 3

Ion Heated EBT Base Cases-EBT-I Size, Steep Gradients

Parameter

Ln / LT

k ^ (eV)

e«/kBT.

n (cm-3)
0

Dn

Kn

KT

TEe

TEi

(msec)

(msec)

(msec)

(msec)

VfM
0.2

0.2

1.2x10

451

-2.916

2.15x10

0.445

-2

3.65x10

2.5xlO"2

-3

3.04x10

0.2172

17.6

2.79

2.03

0.939

310

-2

Vfs
0.2

0.2

1.2x10

451

-5.1177

1.27x10

0.555

-2

1.646x10

1.95xlO"2

-3

2.19x10

0.2661

31.2

5.36

2.24

0.939

249

,-2
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These tables and figures show that e^/kpT. may be changed considerably.
The change in e<i>/kr,T. changes the confirement times, typically increasing
them when wave heating induced transport is introduced. Note that the electron
energy confinement times are changed more than the ion confinement times. This
surprising result may be explained in the following way. Recall that for
|e<j>/kBT.| around 1.5 and above, the plateau transport coefficients for ions with
wave heating effects included are increased over the P-=0 case. This would,
of course, imply reduced confinement times i f the value of eifr/k-T. is held fixed.
However, the ambipolar potential must adjust to compensate for the increased ion
particle loss, so |e<j>/kgT. | must increase. For the case of the ions, there are
two competing effects; the reduction in the confinement times due to the wave
heating, and the increase in confinement times due to the larger magnitude of

e<j>/kDT. required for ambi polarity. For electrons, however, there are no competing
D i

effects, only the increase in the confinement times due to the larger |ej>/kBT. | .

In the ion case, i t appears that the increase in |e*/kgT.| produces an effect

which is just sl ight ly larger than the effect that wave heating has, whereas

for the electrons, the larger |e<^/kgT.| can increase the electron energy confine-

ment time by almost 100% in the steep gradient second harmonic heating case, as

shown in Table 3.

Note also from Table 3 that the local particle confinement time may be
doubled by the introduction of fast wave heating, indicating that the increase
in |e$/kgT.| is dominant in this case. The wave heating power deposited into
the ions to sustain the given density and col l is ional i ty appears to be reduced
when non-Maxwellian ion distributions are accounted for due to wave heating, up
to 20% for second harmonic heating. The reduction in P. comes primarily from
the reduction in the neutral density, n , due to the longer particle confinement
time.

Up to this point, fast wave heating seems to make a difference in plasma

behavior only where the density gradients are large. For the effect to be

observable on an ion heated experiment, some degree of edge heating must exist.

Edge heating is not a desirable condition and wave launching structures w i l l be

designed to excite waves which w i l l penetrate as far into the plasma as possible.
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However, this conclusion is based on calculations which assume the temperature

gradient scalelengths are relatively mild. Figure 4 shows the magnitude of
e*/kDT. versus L /LT with the density gradient scalelength L set equal to

D 1 n I n

its nominal value of r . Note that even for moderate density and temperature

gradients L *> LT ^ r , the effect of wave heatina on the ambipolar potential

can be considerable. In fact, for identical profiles of temperature and

density L /I, = 1, the effects car, be comparable to the effect which existed

at the edge of the plasma when LT = 5r . This figure suggests that the mod-

ification of the potential profile due to wave heating may exist in all regions

of the plasma cross section, provided the temperature profile is sufficiently

peaked at the center.

Although treating the gradient scalelengths as parameters in a point model

may be acceptable as a first attempt in solving the wave heating induced trans-

port problem, a more detailed study must be carried out using a radially re-

solved (1-D) fluid transport code^ ', in which the gradients are determined

self-consistently.

We have shown that a reasonable amount of ICRH power can produce a non-trivial

change in the ion neoclassical transport coefficient. This in turn modifies the

ambipolar potential. We have assumed that neoclassical processes dominate the

transport. The limits this places on the allowed modification of the distri-

bution function should be more thoroughly investigated. However, it is not

clear whether the radial profile of ion heating can be sufficiently well controlled

to make this method a viable control scheme, in contrast to only a modification

of the ambipolar potential. In addition we have not investigated the power

penalty for a reactor, i.e., is the penalty worth the presumed benefits of

controlling <j>.
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Effect on Ambipolar Potential of Ion Cyclotron Heating

T. Shoji, F. Tsuboi and NBT Group
Institute of Plasma Physics, Nagoya University Nagoya 464, Japan

ABSTRACT

Variation of ambipolar potential accompanied with ion cyclotron
heating has been studied. The ion cyclotron heating has been carried
out in Nagoya Bumpy Torus by using a half turn antenna which is in-
stalled near the mirror throat. The frequency of the RF oscillator is
chosen to excite a slow wave mode to heat ions. In typical T-mode
operation, an increase in ambipolar potential and forming a positive
potential hill is observed by using heavy ion beam probe and Langmuir
probe. Change in potential is found to be affected by error field and
has its maximum value when the field correction current is adjusted so
as to minimize the toroidal current.
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INTRODUCTION

A series of experiments on ion cyclotron heating(ICH)

has been done in Nagoya Bumpy Torus. Because of the axial

and radial nonunifonnity of troidal magnetic field,and seg-

mented structure, ICH on the bumpy torus shows different

characteristics from those on stellarators and Tokamaks.

Effect of the ion heating on transport in the bumpy torus has

been discussed associated with the change in the arabipolar

potential. ;

The present paper describes the variation of ambipolar

potential accompanied with the ion heating.

DEVICE AND PLASMA PARAMETERS

Nagoya Bumpy Torus (NBT) consists of 24 connected toroi-

dal mirrors with a 1.9 : 1 mirror ratio which is shown in Pig.

1. The major radius of the circle section is 160 cm and the

minor radius at the midplane of each mirror section is approx-

imately 20 cm. The following are typical NBT machine para-

meters :

Magnetic field (Maximum) 4 kG (midplane) - 8 kG (throat)

Magnetic field power 4 MW

Plasma volume = 500 liters

Major radius 160 cm

Average aspect ratio 10 : 1

Microwave power sources 20 kW cw maximum at 18 GHz
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30 kW cw maximum at 10.5 GHz

100 kW cw maximum at 8.5 GHz

30 kW cw maximum at 6.4 GHz

Extensive experimental studies are made on NBT plasmas,

whose parameters are summarized in Table I

EXPERIMENTAL VALUES

Mirror Ratio/Aspect rlatio

Bres

Bulk Heating Power

Profile Heating Power

Power to Core Plasma

Average Core Plasma Radius

Major Radius R

Central Density n

Table I.

en
(W)

on
(W)

(m)

(m)

(m~3)

Central Electron Temp. Te(0) (eV)

Central Ion Tprnp. Ti(0)

Ti with 11 kW ICRH

Potential Well Depth V

Neutral Density n

(eV)

(eV)

(V)

(rrT3)

l

3 .x

1 X

1-3

0

3

(0

NBT-SR

.9:1/8:1

0.3

104(8.5 Gfe)

104(10.5 GHz)

:< 103

.06-0.09

1.6

.5 x K>17

<60

-15

-40

<50

.5-1) x 10 1 6

6

1

(0

NBT-FR

1.9:1/8:1

0.4S

x 104 f8.5 C

x 104(10.5 C

0.09

1.6

-v. 1 X 10 1 8

<20

>40

.5-1) x 10 1 6

In Table I, NBT-SR corresponds to the case when the hot

electron ring is generated at the second harmonic resonance,

while NBT-BR is the case when the ring is produced by using

the fundamental cyclotron resonance, that is, under the con-

detion of higher magnetic field. The latter case is charac-

terized by the higher density profile whithin the region
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encircled by the ring with a sharp density gradient at the

outside periphery of the ring.

SLOW WAVE HEATING

It is well known that two types cold plasma waves are

known to propagate in the ion cyclotron frequency range,

those are, fast wave mode (compressional Alfven or magneto-

sonic wave) and slow wave (shear Alfven or ion cyclotron wave)

The slow wave is important for heating NBT plasma because

12 —3the plasma density is relatively low (ne < 10 cm ) and

the large variation in magnetic field is well studied for

the wave damping on a magnetic beach.

In order to excite the slow wave, the half turn antenna

with full Faraday shield is installed at the higher magnetic

field side( near the mirror throat) as shown schematically

in Fig.2.

This antenna installation was found more effective than

mounting the antenna directly at the midplane, in which case

the rf magnetic field was observed to propagete along the

magnetic field lines but to be shielded radially across the

field lines within a centimeter. The rf input power is

available up to 160 kW at the frequency variable from 2 to

9 MHz with 10 msec duration.

Typical data of the variation of plasma parameters due

to ICH is shown in Fig.3. The rf power of 78kW with the
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pulse width of 8 msec is applied on the plasma before turn-

ing off the microwave power. No change in the plasma

density which is measured by the interferometer is observed

by ICH.

The second trace in Fig.3 shows that the intensity of
o

Ha line at it's center wave length (6562.8A) decreases some-

what when the rf field is applied.

In order to get an information about an ion temperature

the tail profile of Ha line, which include the charge ex-

changed neutral signal, is measured. The third trace in Fig.

3 shows the increase in such tail intensity of Ha line indi-

cating a production of energetic ions due to ICH. The ambi-

polar potential, as the one of the important quantities which

determine the transport in the bumpy torus, is affected by

the ion heating and the remarkable increase in the floating

potential at the center of the mirror is observed (bottom

trace in Fig.3). (We also measure the increase in space

potential by the heavy ion beam prove, which is shown later,

and it shows almost the same value as the increase in the

floating potential).

In Fig.4 an example of the change in the energy dis-

tribution function which is measured from the doppler broad-

ed profile of the Ha line. In typical T-mode operation (S.R.

mode), the temperature of bulk hydrogen ions are increased

from 15 eV to 40 eV by appling the input rf power of 60 kW

(about 11 kW is absorbed by the plasma).
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AMBIPOLAR POTENTIAL

Radial profile of the ambipolar potential is measured

by Langmuir probe and heavy ion beam probe. When the rf

field is applied the floating potential profile is varied

remarkably and the large potential hill of which peak is

located around the center of the troidal particles is formed.

(Eig.5). (Here, Te is almost constant in the core plasma

region).

The dependence of the increase in the space potential

on the axis at the midplane on the rf input power is measured

by heavy ion beam probe (Fig.6). We find that the space

potential increases as the rf power increases or Ti increases.

The ion heating shows a resonance near f=fco, ' where fco is

the ion cyclotron frequency at the center of the mirror, and

it results in the resonant increase in the ambipolar poten-

tial. The mechanism for such change in the potential profile

has not been made clear, hawever several conjectures have

been discussed as follows;

Neoclassical theory predicts that a stable solution with a

large radially outward ambipolar field ' exists only when

T^>Te and it results in large confinement time. So the

positive potential observed here agrees with this prediction,

however the change in the positive potential with respect

the ion temperature calculated from this theory is too small

to explain the experimental results. Another simple explana-

tion for this positive potential profile may be based on the
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reduction of the ion-ion collision frequency as ions are

heated. The resulting enhancement of ion confinement with

respect to the electron confinement then naturally results

in an increase in the arabipolar potential.

EFFECT OF ERROR FIELD

In order to study the role of the troidal particles in

the formation of the potential hill, an error magnetic field,

which affects a confinement of the troidal particles, is

varied externally.

In Nagoya Bumpy Torus the natural error field is caused

at the troidal coil feeder and five correction coils are set

as shown in Fig.7. Here, the correction coil I c o is used

mainly to cancel the error field. In Fig.8, two cases of

the potential profiles with a large and a small error field

are compaired. In the case of the poor correction (large

error field, Ico= 4A), the increase in the potential due to

the ion heating is relatively small compairing to the case

of the small error field (ICO=9A).

The increase in the potential at the center of the

mirror due to ICH is plotted as a function of the field

correction current in Fig.9. The increase in the potential

has it's maximum when I__^9A, where the troidal current in-

duced by the error field is desappeared. In the case of the

large error field, the magnetic field line spirals out and

finally touches the cavity wall, thus the short circuitting
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effect along the magnetic field line may result in reducing

the potential increase. These results imply that the troidal

particles plays an important role in the positive potential

hill formation.

The results of our study of the potential formation

related to ICH to date can be summarized by the following

conclusions;

(1) Radial potential profile is affected by ion heating and

the positive hill is formed.

(2) Central potential increases as the rf input power in-

creases or the ion temperature increases.

(3) The formation of the positive potential hill is sensi-

tive to the error field and it implies that trc^dal

particles plays an important role in those potential

formation.
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Fig. 1 Schematic drawing of the NBT machine.
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Fig,2 The tuning circuit and the antenna,
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Fig.3 The time evolution of plasma parameters: electron density,

intensities of H^ line at A=6562.8A and at X=6559,6A,

and floating potential.
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Fig.4 Examples of the charactaristic energy spectrum detected

from the Doppler broadning of Hw line,
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Fig.5 Variation of the radial profile of the floating potential

accompanied with the ion cyclotron heating.
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Fig'6 Relation between the input rf power and the increase

in the space potential on the axis at the midplane which

is measured by the heavy ion beam probe, (.f is the

ion cyclotron frequency at the center of the mirror.)
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Fig.7 schmatic drawing of the field correction coils and the

distribution of the error field of the machine.
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Fig.8 Effect of the error field on the radial profile of the

floating potential for two cases: Ca) The error field

is reduced by adjusting the correction field, (b) The

correction field poorly cancels the error field.
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Fig.9 Dependence on the correction field current of the increase

in the potential caused by the ion cyclotron heating.
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Initial ICRH Experiments on EBT-S

F. W. Baity and 0. C. Eldridge, ORNL

T. L. Owens, J. H. Mullen, and A. L. Henderson, MDAC

Steady-state, fast-wave ICRH experiments have been performed at

power levels up to 10 kW on EBT-S using an all-metal, double Faraday-

shielded 120° loop antenna located in a cavity midplane. A broadband

matching circuit was used covering the frequency range of 10-50 MHz.

The experiments have shown: fairly high antenna loading for

majority deuterium, minority hydrogen plasmas; somewhat weaker coupling

for pure hydrogen plasmas; strongly damped but apparently propagating

waves around the torus; and production of substantial energetic ion

tails (from charge-exchange measurements).

Figure 1 (ORNL-DWG 81-2064) shows schematically the antenna and

broadband, tunable matching circuit on EBT-S. All critical components

are water-cooled for steady-state operation, and the design has proven

compatible with the high-power microwave environment.

Figure 2 (ORNL-DWG 81-2577) shows the antenna loading versus

frequency for a plasma consisting of 98% deuterium and 2% hydrogen in

both the C- and T-modes of operation of EBT-S. The transmitter used for

these experiments operates only in the frequency range of 2-30 MHz.

Measurements above 30 MHz were made using a signal generator. In the

range available from the transmitter, the highest loading occurs at 30

MHz, so most of the high-power measurements were made at this frequency.

Figure 3 (ORNL-DWG 81-2642) shows the distribution of wave amplitude

as measured by shielded B loop probes in different cavities around the
z
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torus. The antenna was in cavity W3, and cavity E3 is 180° around the

torus. In vacuum, there is essentially no signal present on any probe

except in the antenna cavity. As the frequency is raised toward 30 MHz,

wave propagation through the mirror throats begins, as seen by the loop

probes.

Figure 4 (ORNL-DWG 81-2644) shows the ion distribution function as

a function of energy for power levels up to 10 kW at 30 MHz, as measured

by a charge-exchange analyzer 4 cavities away from the antenna. As the

ICRH power is increased, both the density and temperature of the ener-

getic ion tail component increase. The analyzer used for these measure-

ments does not have a mass filter; future experiments are planned which

will be capable of mass resolution.

The effects of the ICRH power on other plasma parameters appear to

be slight — no major problems are foreseen to the application of increased

power levels in future experiments. The results to date have been

encouraging that fast-wave ICRH will be effective on EBT-P as a means of

providing sufficient direct ion heating for testing core beta limits in

EBTs.
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