
/ r ' , UCRL—53120 

^ (^ ^ M A S T E R "=82 005607 

Summary of Results from the 
Tandem Mirror Experiment (TMX) 

TMX Group 

February 26, 1981 



UCRL-53120 
Distribution Category UC-20,20f,20g 

Summary of Results from the 
Tandem Mirror Experiment (TMX) 

TMX Group 
T. C. Simonen, Editor 

Manuscript date: February 26, 1981 

LAWRENCE LIVERMORE LABORATORY! 
University of California • Livermore, California • 945501 

Available from: National Technical Information Service • U.S. Department of Commerce 
5285 Port Royal Road • Springfield. VA 22161 • SI6.00 per copy • (Microfiche S3.S0 ) 

S/ST-T.'JJL' V,rJft 
fr 



CONTRIBUTORS 

TMX Experimental Physicists, LLNL 
S. L. Allen. T. A. Casper, J. F. Clauser, F. H. Coensgen, W. Condil. D. L. Correll, 

W. C. Cummins. J. C. Davis. R. P. Drake. J. H. Foolc, A. H. Futch, R. K. Goodman. 
15. P. Grubb. I:. B. Hooper, R. S. Hornudy. A. L. Hunt. C. V. Karmendy. A. W. Molvik. 

W. h. Nexscn. W. L. Pickles P. Poulsen. T. C. Simonen. B. W. Stailard 

VI Division Experimental and Computational Physicists, LLNL 

W. [.. Barr, J. M. Gilmore. CJ, E. Gryc/kowski, G. W. Leppeimeier, 
A. A. Mirin. M. 1L. Rensink, G. D. Porter 

I. Division X-Ray/Optics Diagnostics Team, LLNL 

C. A. Anderson. G. A. Burginvan. R. Crabb. A. M. Frank. C. E. Frerking. 
II Koehlcr. M. 1-:. McGec, L.'B. Oik, H. D. Snyder, J. P. Sloerin(!. A. Toor 

E Division Spectroscopy and Neutron Diagnostic Teams, LLNL 

D. D. Dietrich. R. J. Former. D. R. Slaughter 

Surface Studies Team, Sandia National Laboratories 

M.J. H.iskcs. R. Bastas/. W. Bauer. L. G. Haggmark. A. E. Ponlau, W. R. Wampler, K. L. Wilson 

Department of Applied Science, UC Davis—Livermore Campus 

S. Fallabclla. T. J. Nash 

Rensselaer Polytechnic Institute 

G. A.Hallock 

Johns Hopkins University 

O. T. Strand 

University of Iowa 

P. Coakley 

Participating Scientists 

D. Boyd, University of Maryland: A. L. Gardner. Brigham Young University; W. Getty, University 
of Michigan; N. Her.shkov.il/. University of Iowa; R. L. Hickock. Rensselaer Polytechnic Institute; 
T. Kawabe. Tsukuba University, Jap;;n; H. W. Moos, Johns Hopkins University; M. P. Paul, Alcorn State 
University; M. Siedel, Stevens Institute of Technology; R.S. Post, University of Wisconsin; K. Yatsu, 
Tsukuba University. Japan. 

http://Her.shkov.il/


CONTENTS 
1. Summary of TMX Results—Executive Summary 1-1 

1.1 Introduction 1-1 
1.2 Initial TMX Results 1-2 

1.2.1 Tandem Mirror Configuration 1-2 
1.2.2 Improved Plasma Confinement 1-2 

1.3 N e w Results Presented in This Report 1-4 
1.3.1 Tandem Configuration 1-4 
1.3.2 Plasma Confinement 1-4 
1.3.3 Power Balance 1-4 
1.3.4 Plasma Beta Measurements 1-4 
1.3.5 Radial Transpor t 1-4 
1.3.b Radio-Frequency Measurements 1-4 
1.3.7 Impurity Studies 1-5 
1.3.6 Sandia Surface-Probe Studies 1-5 
1.3.9 End-Wall Plasma Characteristics 1-5 

2. Introduction 2-1 
2.1 Tandem Mirror Concept 2-1 
2.2 The TMX Tandem Mirror Experiment 2-2 
2.3 Outl ine of This Report 2-4 

3. Ambipolar Potential Formation and Axial Confinement in TMX 3-1 
2.1 Introduction 3-1 
? 2 Experimental Arrangement 3-1 
3.3 Density, Electron Temperature, and Potential Profiles 3-1 

3.3.1 Density Profiles 3-4 
3.3.2 Electron Temperature Profiles 3-o 
3.3.3 Potential Profiles 3-8 

3.4 Consistency Among Plasma Profiles 3-11 
3.5 Electrostatic Confinement 3-12 
3.6 Summary 3-14 

4. T h e Effect of End-Cell Stability on the Confinement of the Central-Cell Plasma in TMX . . . 4-1 
4.1 Introduction 4-1 
4.2 Implications of End-Cell Stability 4-1 
4.3 The Experiment 4-2 
4.4 Effect of Fluctuations 4-4 

5. Scaling of End-Cell Confinement in T M X 5-1 
5.1 Introduction . 5-1 
5.2 Theoretical Considerations 5-2 

5.2.1 End-Cell Rate Equation 5-2 
5.2.2 Neutral Beam Trapping 5-3 
5.2.3 Coulomb Density Limit 5-3 
5.2.4 End-Cell Stability 5-3 

5.3 Experimental Evidence 5-4 
5.4 Discussion 5-12 

5.4.1 Warm-Plasma Stabilization 5-12 
5.4.2 Comparison to DCLC Theory 5-13 

5.5 Conclusion 5-13 
6. A Model and Correlation of TMX Stability Requirements 6-1 

6.1 Introduction 6-1 

iv 



6.2 A Correlation Between Plug Diamagnetism and Ion End Loss 6-2 
6.3 A MrJel 6-2 
6.4 The Data 6-2 
6.5 Discussion of Scaling Relation, M a jp t>-3 
6.6 Interaction Between the End Cells, the rf, and the Central Cell Plasma 6-b 
6.7 Experimental Observations £>-7 
6.8 rf-Dominated Particle Confinement t>-7 
6.9 Conclusion 6-10 

7. Power Balance and Power Flow in TMX 7-1 
7.1 Introduction 7-1 
7.2 Operat ing Range of TMX 7-2 
7.3 Detailed Analysis 7-4 

7.3.1 Plug Ions 7-5 
7.3.2 Plug Electrons 7-8 
7.3.3 Central-Cell Electrons 7-10 
7.3.4 Central-Cell Ions 7- i0 
7.3.5 Other Measured Central-Cell Losses 7-11 

7.4 Conclusions 7-12 
7.5 Work in Progress 7-12 

8. Plasma Beta Measurements on the Tandem Mirror Experiment (TMX) 8-1 
8.1 Summary 8-1 
8.2 Introduction 8 1 
8.3 Experimental Method 8-1 
8.4 Experiments Without Auxiliary Central-Cell Heating 8-2 

8.4. ' The Central-Cell Plasma is not M H D Limited 8-4 
8.4 2 Central-Cell Beta Dependence is an Artifact of Plug Microstabiiity Requirements . • 8-9 

fi.5 Experiments With Auxiliary Central-Cell Heating 8-9 
9. Radial Transport and Particle Balance 9-1 

9.1 Introduction 9-1 
9.2 Summary of Transport Data and Analysis 9-1 
9.3 Detailed Study of Radial Transport in the TMX Central Cell 9-2 

9.3.1 Transport Theory 9-2 
9.3.2 Experimental Data 9-7 
9.3.3 Ambipolar Transport 9-9 
9.3.4 Nonambipolar Transport 9-13 
9.3.5 Conclusions 9-14 

9.4 Results of the T M T Radial Transport Code 9-15 
9.4.1 The T M T Code 9-17 
9.4.2 Plasma Potential Profile 9-17 
9.4.3 Effect oi Transport 9-18 

10. End Plug Optimization Experiments 10-1 
10.1 Introduction 10-1 
10.2 Variable Neutral-Beam Voltage Experiment 10-1 
10.3 Electron-Beam Stabilization Experiments 10-4 
10.4 Outside Gas-Box Experiments 10-5 

11. Fluctuation Measurements l l - l 
11.1 Introduction and 5ummary i ! - l 
11.2 Summary of Microstabiiity Theory for TMX 11-2 
11.3 Fluctuation Measurements 11-4 

11.3.1 End-Plug Fluctuation Measurements 11-5 
11.3.2 Central-Cell Fluctuation Measurements 11-9 

v 



12. Relation of Fluctuation to Ion End-Loss Energy I2-I 
12.1 Introduction 12-1 
12.2 End-Loss Ion Energy Spectra—Modifications by Plug rf 12-1 
12.3 Stream Requirements of Loss-Cone Modes in TMX 12-3 

13. TMX Impurity Studies Using Ultraviolet Spectroscopy 13-1 
13.1 Introduction 13-1 

13.1.1 Impu. i ty Studies in Linear Devices 13-1 
13.1.2 Summary of Impurity Study on TMX 13-1 

13.2 Experimental Results 13-2 
13.2.1 Spectrograph Surveys 13-2 
13.2 2 Impurity Line Study—General 13-2 
13.2.3 General Characteristics of Impurity Emission in the TMX Plug 13-2 
13.2.4 General Charac ter i s t ics -TMX Centra] Cell 13-5 
13.2.5 Impurity Density Determination 13-8 
13.2.6 Radiated Power 13-11 

13.3 E v perimental Trends—Wall Conditions 13-13 
13.3.1 Gettering 13-13 
13.32 Liner Experiments 13-14 

13.4 Summary of Other Impurity Experiments 13-14 
13.4.1 Central-Cell Heating Experiment 13-14 
13.4.2 Impurity Injection Experiments . .13-16 

13.5 Computer Modeling of Results 13*17 
13 5.1 Steady-State Confinement Time Model 13-17 
13.5.2 Constant Velocity Steady-State Model 13-18 

13.0 Discussion oi Conclusions 13-18 
14. Passive Solid-State Probe Measurements in TMX 14 1 

14.1 Introduction 14-1 
14.1.1 Trapping Characteristics of Carbon and Silicon 14-1 
74.1.2 Analysis Techniques 14-3 

14.2 Experimental Procedure 14-3 
14.2.1 Samples 14-3 
14.2.2 Probes 14-4 
14.2.3 Energy Measurements 14-1 
14.2.4 Mux Measurements 14-4 
14.2.5 End Loss Analysis 14-5 
14.2.6 Impurity Analysis 14-5 

14.3 Results and Discussion 14-5 
14.3.1 Data Compilation 14-5 
14.3.2 Radial Energy Measurements 14-5 
14.3.3 Radial Flux Measurements 14-5 
14.3 4 Orientation Experiment 14-7 
14.3.5 End Loss Experiment 14-9 
14.3.6 Impurity Analysis 14-11 
14.3.7 Acknowledgments 14-11 

15. End-Wall Plasma Characteristics of TMX 15-1 
15.1 Introduction 15-1 
15.2 Results 15-2 
15.3 Comparison With a Computational Model 15-6 

Appendix A. Description of the TMX Facility A- l 
A l . Introduction A- l 
A2. Physical Facility A- l 

vi 



A3. Magnet System A-3 
A4. Neutral-Beam and Startup Systems A-4 
A5. Gas Feed System A-6 

ASA Gas Box A-6 
AS.2 Puffer Valves A-7 

A6. TMX Vacuum System A-7 
A6.1 Vacuum System Description A-7 
A6.2 Vacuum System Performance A-8 
A6.3 Effect of Vacuum Conditions on Electron Temperature A-9 

Appendix B. TM.X Diagnostics Instrumentation B-l 
Bl . Introduction B-l 
B2. Diagnostics Systems B-l 

B2.1 Thomson Scattering B-l 
B2.2 Beam Attenuation B-l 
B2.3 Microwave Diagnostics B-3 

B2.3.1 Microwave Interferometers B-3 
B2.3.2 Microwave Scattering B-3 

B2.4 Diamagnetic Loop Measurements B-4 
B2.S End-Loss Analyzers B-7 
B2.6 Heavy-Ion-Beam Probe B- l l 
B2.7 End-Wall Flux Diagnostics B-14 
B2.8 End-Wall Emitting and Collecting Probe Array B-14 
B2.9 Radio-Frequency (rf) Probes B-17 
B2.10 Secondary Emission Detectors B-17 
B2.1I Neutron-Yield Measurements B-19 
B2.I2 Vacuum Gauges B-19 

B2.12.1 Fast Ion Gauges B-19 
B2.12.2 Penning Discharge Gauge B-20 

B2.13 Ultraviolet-Spectroscopy B-21 
B2.13.1 Normal-Incidence Survey Spectrograph B-21 
B2.13.2 Grazing-Incidence Survey Spectrograph B-23 
B2.13.3 Absolutely Calibrated Single-Channel Monochromator B-23 
B2.13.4 Absolutely Calibrated 22-Channel Monn^Viromator B-24 
B2.13.5 Location of the UV-Spectroscopy Instruments on T M X B-25 

B2.14 Visible-Light Spectroscopy B-25 
B2.14.1 Spectral Survey of the Central-Cell Plasma B-25 
B2.14.2 Doppler Broadening of Visible Light B-26 

B2.1S X-Ray Instruments B-27 
B2.15.1 Time-Integrated X-Ray Cameras B-27 
B2.15.2 Time-Resolved X-Ray Camera B-27 
B2.15.3 X-Ray Spectrometer B-29 

B2.16 Plasma Calorimeters B-30 
B2.17 Pyroelectric Detector B-31 

B3. TMX Operat ing Parameters B-32 
B3.1 Neutral-Beam Calorimeter B-32 
B3.2 Neutral-Beam Voltage and Current B-33 

B4. TMX Computer System B-33 
B4.1 Data-Base Management System B-33 
B4.2 Configuration of the System's Software B-35 
B4.3 Computer Graphics B-36 

Appendix C. Predicted Central-Cell Confinement in TMX C - l 

vii 



C l . Summary C- l 
C2. TMX Proposal C-l 
C3. The Pastukhov Term C-l 
C4. Collision*! Effects C-3 

•Appendix D. Radial and Axial Weighting Functions D 1 
D l . Introduction D- l 

Appendix E. Power Balance Formulary E-l 
El . Introduction E-I 
E2. Plug Ions E-I 
E3. Plug Electrons E-7 
E4. Central-Cell Electrons E-7 
E5. Central-Cell Ions E-8 

Appendix F. An Orbit-Averaged Computer Code for Radial Plasma Buildup 
in the Tandem Mirrors F-l 

F l . Introduction F-] 
F2. Alterations to the RFP Model F-3 

F2.1 Ion Loss Probability F-3 
F2.2 Electron Balances F-4 

F3. Solving the Time-Dependent Equations F o 
F4. Comparison of Toarbuc Results with TMX Data of September 24, 1980 F-7 

viii 



ACKNOWLEDGEMENTS 
It is a pleasure for the authors of this report to acknowledgp the many contributions to various 

phases of the TMX project. T. K. Fowler and B. G. Logan of the Lawrence Livermore National Laboratory in­
vented the tandem mirror concept, and they gave us guidance during TMX design and during analysis of 
TMX results. 

The success of TMX was due to contributions from many well-coordinated teams generating ideas, 
solving problems and working long hours. The design of the TMX machine was carried out by the LLNL 
Mechanical and Electrical Engineering Groups assisted by the M Division Theory Group. TMX was built on 
a fasf-paced schedule by several specialized engineering and technical teams who also brought TMX into 
operation. The Lawrence Berkeley National Laboratory's Neutral Beam Group helped us with the beam 
system. 

Dedicated and skilled physics, electronic, and mechanical technicians operated the TMX facility to 
demonstrate the tandem mirror concept. The data described in this report resulted from many innovative 
contributions to diagnostic designs, to instrument construction and operation, and to computer programm­
ing. CIOSP cooperation with the Theoretical and Computational Groups advanced our understanding to the 
level described here. Our secretarial and technical editing staff helped publish the results. 

We benefited from contributions of other laboratories, especially our tandem mirror colleagues at 
ihe University of Wisconsin, the University of Tsukuba in Japan, and at the Siberian Institute of Nuclear 
Physics in the Soviet Union when the tandem mirror concept was invented during the same period. 

To all these groups and to the many individual contributors, we express our thanks. 

ix 



1. Summary of TMX Results-
Executive Summary 

1.1 INTRODUCTION 

This report summarizes results from the suc­
cessful experimental operation of the Tandem 
Mirror Experiment (TMX) over the period October 
.'978 through September 1980. The experimental 
program, summarized by the DOE milestones 
given in Table 1-7, had three basic phases: ( l ) a n 8 -
month checkout period, October 1978 through 
May 1979, (2) a 6-month initial period of opera­
tion, June through November 1979, during which 
the basic principles of the 'andem configuration 
were demonstrated (i.e., plasma confinement was 
improved over that of a single-cell mirror), and (3) 
a 10-month period, December 1979 through Sep­
tember 1980, during which the initial TMX results 
were corroborated by additional diagnost ic 
measurements and many detailed physics in­
vestigations were carried out. This report sum­

marizes the early results, presents results of recent 
data analysis, and outlines areas nf ongoing 
research and data analysis which will be reported in 
future journal publications. 

T h e TMX experiments demonstrated the fun­
damental tandem mirror principles, as summarized 
in Table 1-2. Table 1-3 lists the maximum plasma 
parameter:, achieved in TMX. The main result wab 
that TMX generated electrostatic confining poten­
tials that significantly improved central-cell plasma 
confinement. These data established a new scaling 
of ion confinement by ambipolar potential in 
magnetic mirror systems and provided tne impetus 
fur the initiation of both TMX Upgrade, a tandem 
mirror in which potential confinement is increased 
through the use of thermal barriers, and MFTF-B, a 
larger tandem mirror that will extend the TMX Up­
grade results to thermonuclear temperatures. 

TABLE 1-1. Summary of TMX milestones. 

Milestones 
Date 

achieved Reference 

Begin TMX checkout. 

Begin plasma-buildup experiments. 

Determine density and betd of plug and solenoid. 

Demonstrate electrostatic plugging of solenoid tons i a measured 

5. Submit draft report evaluating initial TMX performance. 

6. Begin neutral-beam heating experiments in solenoid with two beams. 

7. Submit final report evaluating initial TMX performance. 

8. Submit a plan for modification of TMX, based i n TMX data, that 
will address issues most appropriate lo MFTF-B. 

9. Begin plug-optimization experiments. 
10. Submit report on measurements of initial etecfrorc-beam experiments 

in TMX. 
11. Submit report evaluating impurities in TMX including types and 

origins of impurities. 
12. Obtain Thomson-scattering measurements of TMX solenoid electron 

temperature. 
13. Initiate procurement of hardware lo improve TMX performance. 

14. Submit report summarizing TMX results. 

15. Submit report on radial transport of plasma in the solenoid of TMX. 

16. Submit report on initial TMX central-cell ICRH experiments. 

Oct 1978 Direct communication to DOE 

Jul 1979 Direct communication to DOF. 

Sep 1979 Direct communication to DOE 

Sep 1979 Direct communication to DOE 

Oct 1979 Phut. Rev L,-tU-'> 44. 1132(1980) 

Nov 1979 Section 8 a 

Jan 1980 L'CID-18496 

Jan 1980 Mirror Senior Review Panel 

May 1980 Section lO*1 

May 1980 Section 10, J L'CID-18725 

Oct 1980 Section U . J UCID-18883 

Sep 1980 Section 3 d 

Aug 1980 Initiation of TMX Upgrade construction 

Feb 1981 UCRL-53I20 

Feb 1981 Section 9a 

Dec 1980 UClD-1806* 
^Section of this report (UCRL-53120). 
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TABLE 1-2. Summary of TMX results. 

Generated tandem mirror configuration: 

—Configuration sustained for full 25-ms shot duration. 

—Plug micros lability maintained with solenoid ou'flow. 

-Central-cell M H D stability {40% maximum beta with 

neutral-beam injection). 

Demonstrated central-cell electrostatic plugging: 

—Measured electrostatic potential welL 

—Direct evidence by measurements made when one 

end plug was turned off. 

—Measured f actor-of-9 electrostatic enhancement. 

—Radial confinement exceeds axial confinement. 

Improved electron confinement: 

—Electron temperjlure higher than in 2XI1B. 

-Low density at end wall. 

-Dominant power loss to c nd walls. 

—Low levels of impurities. 

TABLE 1-3. M a x i m u m plasma parameters 
achieved in TMX with deuterium and a central-cell 
magnetic field strength of 0.1 T. These parameters 
were not achieved sinultaneously on the same shot. 

Plug density 4 x 1 0 1 3 c m " 5 

Plug ion energy 13 keV 

Plug electron temperature 0.26 keV 

Plug radius 10 cm 

Central-cell density 3 x 1 0 1 " c m - 3 

Central-cell ion energy 0.25 keV 
Centiat-cel! radius 30 cm 

Plug plasma potential ] kV 

Central-cell confining potential 0.3 JcV 
Central-cell axial-confucmcnt parameter 10 
Electrostatic enhancement in confinement 
Central-cell beta (0.07 without 
central-cell neutral-beam injection) 

," -

1.2 INITIAL TMX RESULTS 

1.2.1 Tandem Mirror Configuration 

• One of the expected tandem rn irror 
characteristics verified by TMX was that the den­
sity of the plasma in the end plug rould be 
sustained at a higher level than that of the central-
tell plasma, and that this produced higher electric 
poiontials in the end plugs than in the central cell. 
These densities were controlled by varying the end-
plug neulral-beam current and the central-cell gas-
feed current. The density peaks generate potential 
peak?, as shown in Fig. 1-1, which also shows that 
relatively small end -p lug p lasmas can elec­
trostatically confino a much Iargei central-ce' ! 

plasma. 
• The density and temperature of the TMX 

plasma are within a factor of 2 of those predicted 
by theoretical codes. Calorimeter measurements 
showed that most of the neutral-beam power 
deposited on the axis is carried to the end w.ills by 
ions. 

• Gross M H D stability and microstability 
were achieved. Finite-beta plasma was confined in 
the central cell with minimum-B end-plugs. The 
outflow of central-cell plasma provided end-plug 
microstability. 

1.2.2 Improved Plasma Confinement 

• The TMX end piugs improve confinement 
of the central-cell plasma by up to a factor of 9 over 

that which would have been attained if the end-
plug plasmas had not been present. Typical 
enhancements were in the range of 3 to 7 times. 
Central-cell axial :onfinement of ions is near that 
predicted by our theoretical models 

• TMX plasma confinement can be ex­
plained by classical Coulomb theoretical models, 
over a certain range of parameters. However, there 
must be sufficient warm plasma to stabilize the 
plugs. If insufficient low-energy plasma flows 
through the end plug, then fluctuating electric 
fields develop at the end-plug ion-cyclotron fre­
quency and confinement of central-cell ions is 
reduced. Theoretical models describing T M X per­
formance over a wide range of operation nave been 
developed on the basis of these experiments. 

• A second measure of improvement in the 
tandem mirror over the single mirror is the electron 
temperature that can be achieved with a given 
amount of input neutral-beam power. T M X end 
plugs achieved electron temperatures up to 260 eV, 
three to four times higher than the electron tem­
peratures of the similar single-'-e'l mirror machine 
2XIIB when operated with comparable neutral-
beam input power. Since TMX has such a large 
cencral-cell plasma, this electron temperature in­
crease indicates a hundred-fold improvement in 
electron energy confinement. This improvement 
arises from the fact that the low-energy plasma re­
quired for end-plug microstability is supplied from 
the TMX central cell rather than from the ends, as 
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FIG. 1-1. TMX magnet geometry and nitrasiued axial plasma profiles. 
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in 2X1IB, thus? reducing the electron energy loss to 
the end walls. 

1.3 NEW RESULTS PRESENTED 
IN THIS REPORT 

During much of the last period of T M X opera-
lion (December 1Q79 through September 1980), 
poor vacuum conditions caused lower electron lem-
p-ratures than had been achieved earlier (although 
sometimes temperature* above 200 eV were still ob­
served;. Therefore, our progress during the later 
phases of TMX operation was in physics un­
derstanding rather than in inc reasing plasma 
parameters Th is increase in u n d e r s t a n d i n g 
resulted from more extensive diagnostic instrumen­
tation new data analv-is. and improved theoretical 
understanding. Highlights ol ihesi- recent results 
are summarized below. 

1.3.1 Tandem Configuration 

• Plasma poti'iV.i.ii ine.isunments earned 
mil a*. ,i turn lion ol radiu*- have shown that the 
• •lei. trost/tk potential tvell JS nut just localized near 
t)u- ,I\I«- bui extends acioss the central tell. The 
well diagnosed plasmas had 150- V well depths, as 
i-xpei tt-d tor the im-a^uied elei Iron temperature 
and densities Other uisi". h.id well depths about 
iwia 1 as high 

• Lnd plug potential*, exceeding 1 kV have 
been generated and mamtaint-d in TMX. 

• Method- tor controlling the radial profiles 
have been demonstrated Operation of TMX over a 
wide range of >.entral-cell gas teeds has shown that 

adial densi.y profiles t an be changed from 
m a . ' on axis to inverted profiles peaked off-axis. 

idn mal diagnostic channels allowed us to 
i .*ure these radial density profiles in more detail 
than was previously possible. 

1.3.2 Plasma Confinement 

• Under proper operating conditions, the 
confinement of the central-cell plasma is in agree­
ment with the theoretical Coulomb values. The 
highest confinement parameter achieved was nr -
1 0 1 1 cm 3 • s. When end-plug fluctuation levels 
are significant, confinement is degraded in agree­
ment with Monte-Carlo calculations. These fluc­
tuations limited the range over which TMX could 
be operated bu t did n o t p r e v e n t us f rom 
demons t r a t i ng the basic features of tandem 
mirrors. 

1.3.3 Power Balance 

• We have been able to account for the 
neutral-beam power input by using multiple 
diagnostic arrays. 

• Near the axis, most of the trapped neutral-
beam power is lost axially, indicating good radial 
confinement. Near the edge, more power is lost 
radially. Radial arrays of calorimeters on the TMX 
end wall show that the power is more concentrated 
on the axis than ivas previously assumed. Radial 
end-loss analy?er measurements indicate that this 
concentration is due to the radial profiles of both 
the end-loss current and the plasma potential. 

1.3.4 Plasma Beta Measurements 

• After TMX was shut down, an extensive 
calibration of the diamagnetic loops was carried 
out. With this new calibration, we determined that 
o maximum central-cell beta of 0.4 was achieved 
with neutral-beam injection. 

• This calibration has also enabled us to 
conclude that the central-cell ion distribution has a 
nun-Maxwellian component, as we had expected, 
because of ion-cyclotron heating by plug fluctua­
tions. 

1.3.5 Radial Transport 

• In TMX, radial particle confinement ex­
ceeds axial confinement near the axis. Near the 
edge, radial transport processes are more impor­
tant. 

• Resonant-neoclassical-ion-transport the­
ory is consistent with the experimental measure­
ments, but the measurements cannot resolve f-ictoi -
of-3 uncertainties in the theory nor can we resolve 
comparable amounts of ambipolar radial transport. 

1.3.6 Radio-Frequency Measurements 

• Wavelength and polarization measure­
ments of the end-plug ion-cyclotron fluctuations 
indicate wave properties more similar to the Alf ven 
ion-cyclotron (AIC) mode than to the drift-
cyclotron loss-cone (DCLC) mode. In comparison 
to 2X1 IB, the AIC mode is theoretically more un­
stable in TMX, while the DCLC mode is less i n ­
stable. Theoretically, the AIC mode is expected to 
be much more stable in the low-ion-beta end plugs 
of TMX Upgrade and MFTF-B, as is the DCLC 
mode. 

• Turbulent noncoherent central-cell fluc­
tuation? extending u p to 0.5 MHz, possibly 

1-4 



associated with drift waves, have been detected in 
the central cell. No correlation with plasma con­
finement has been identified. 

• Coherent low-frequency 7 kHz (m = 1) 
and 12 kHz (m = 0) oscillations have been observed 
in the central cell. T h e m = 0 mode is correlated 
with bursting of end-plug ion-cyclotron fluctua­
tions and thus would not be expected in TMX U p ­
grade with microstable sloshing-ion end plugs. T h e 
m = 1 mode exists at large amplitude near the edge 
when sufficient central-cell gas input causes large 
density gradients near the edge. The m = 1 mode 
can be controlled by modifying central-cell radial 
profiles by controlled central-cell fueling and 
heating. 

1.3.7 Impurity Studies 

• Further analysis continues to indicate 
remarkably low central-cell impuri ty levels (0.5%), 
resulting in less than 10% power loss by impurity 
radiation. Recent data analysis shows that the 
lower ionization states of the prevalent oxygen im­
purity are localized near the edge and the higher 
ionization states near the axis, as expected. 

• High-resolution spectroscopy has pro­
vided Doppler-broadening measurements of im­
purity radiation that corroborate the I00-to-200-
eV diamagnetic-loop measurements of central-cell 
ion temperature. 

1.3.8 Sandid Surface-Probe Studies 

• Surface probes have been employed to 
characterize plasma-wall interactions and to deter­
mine T M X plasma properties. Passive solid-state 
probe measurements of particle fluxes and energies 
at the central-cell walls corroborate other central-
cell diagnostic measurements. 

• The probes collected the expected number 
of particles on the end walls. T h e major component 
of end losses comes from the central cell. The end-
plug con t r ibu t ion is also in agreement with 
theoretical calculations. 

1.3.9 End-Wall Plasma Characteristics 

• We have succeeded in decoupling the 
TMX plasma from the end walls. Th is was a 
necessary accompl i shment for future hig ' ier-
temperature machines. A very low density (2 X 1 0 9 

cm"' 1) and cool (5 eV) plasma exists near the end 
wall. This density is four orders of magnitude less 
and this electron temperature 40 times cooler than 
the density and electron temperature of the end 
plug plasmas. 

• Secondary electrons emitted from the end 
wall are detected but the power losses are i..\A\, 
consistent with a model developed ;"or M F T F B 
end-wall processes. 
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2. Introduction 

2.1 TANDEM MIRROR CONCEPT 
The tandem mirror configuration suggested 

by Fowler and Logan1 and by Dimov2 utilizes 
previously demonstrated mirror physics principles. 
Figure 2-1 shows the essential parts and the axial 
plasma profiles of a tandem mirrok machine. Two 
single-cell mirror machines are placed at the ends of 
a longer solenoid. The mirror-machine end plugs 
provide a minimum-B magnetic field that contains 
a high-temperature plasma. The end plugs develop 
a positive electric potential that confines electrons. 
This positive end-plug potential, together with the 
high magnetic mirror ratio, confines the solenoid 
ions. 

In the tandem mirror r»actor, most of the fu­
sion puwer would be produced in the solenoid. 
Despite the fact that the pnd plugs are not efficient 
power producers, the overall Q of the tandem 
system can be high because the solenoid volume 
can be much larger than the end-plug volume. The 
relative advantages of the tandem mirror con­
figuration are shown in Fig. 2-2, which compares 
TMX results to results from previous single mirror 
experiments. Confinement of both single and tan­
dem mirrors increases with ion temperatuie (T^'2). 

In the tandem mirror configuration sketched 
in Fig. 2-1, high-energy-neutral-beams maintain 
dense mirror plasmas in the end cells. The ions lost 
from the central solenoid are replaced by gas 
ionized and heated by the eleci ons. The electrons 
are heated by the energetic plug ions. Thus, the 
system is characterized by E > T > T e c > T i c , 
where E is the average ion energy of the plug, T e p 

is the plug electron temperature, T e c the cenlral-cell 
electron temperature, and T i c is the ton temperature 
in the central cell. 

If the plug density n exceeds the solenoid 
density n c, the requirement of quasi-neutrality es­
tablishes a potential difference 4>z between the two 
regions, 

= T<^)- (1) 

Central-cell ions with average energy T j c (less 
than 0C) are confined in this axial potential well for 
the time TC required for them to diffuse by 

• ' • ^ K 

FIG. 2-1. Schematic diagram of the TMX device 
together with axial profiles of magnet:*, field B, 
plasma density n, and plasma potential. 

Coulomb collisions upward in energy above the 
barrier height. 

[5 X 10 1 0 Mi 1 / 2TiJ / 2tf c + 2 X 10"8 

X n cL cR c (Mj/Tj,) 1 7 2] exp 0 C /T i c (2) 

where Lc is the central cell length and R c is the 
central-cell mirror ratio Rc = B(mirror)/B(sole-
noid). Equation (2) includes ccntiibutions from 
both collisionless and collisional effects. It does not 
include effects of rf fluctuations. Tandem mirror 
confinement is enhanced over basic mirror confine­
ment by a factor of 5 (0 C/T i c) exp(0 c/T i c); a 
hundred-fold improvement if <t>c/Tic - 2.2. 
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E, (keV) 

FIC. 2-2. Comparison of confinement scaling 
shovvs advantage of tandem muroT over single 
mirror systems, Best TMX operating point is com­
pared with earlier single mirror experiments all nor­
malized to mirror ratio R = 2 and deuterium ion 
mass. Both systems increase with ion temperatures 
as T-V- and depend on othes- parameters. 

There are three tandem mirror experiments in 
operation and a fourth near completion. Their 
characteristics are given in Table 2-1. Gamma 6 at 
Tsukuba University in Japan began operation in 
early .r"'73, followed by TMX in 1979. Phaedrus, at 
the University of Wisconsin, has recently begun 
operation and AMBAL-1, at Novosibirsk USSR, is 
nearing completion of construction. 

The Gamma 6 experiment gave the first in­
dication* of the promise of the tandem mirror 

geometry. This experiment showed that a macro-
scopically stable density distribution could be 
created in the tandem mirror magnetic field con­
figuration. Langmuir probe measurements also 
showed that the potential difference between the 
end plug and central cell was in agreement with 
calculations based on Eq. (1). 

2.2 THE TMX TANDEM MIRROR 
EXPERIMENT 

The TMX device is described in detail in Ap­
pendix A and in Refs. 3 to 9. Figure 2-3 is a photo 
of TMX which shows the large vacuum tanks, 
diagnostics above the machine and, on the sides, 
the neutral beams and power supplies. The TMX 
neutral-beam system has the mor,t neutral-beam 
power of any fusion experiment in the world. 
Twenty-four neutral beams provided up to 5 MW 
of power for 25-ms pulses to heat the TMX end-
plu£ plasmas up to 13 keV. 

A simplified illustration of the TMX magnets 
and plasma shape is shown in Fig. 2 7. The 
magnets are turned on for a few seconds for each 
plasma shot and are water-cooled between shots. 
The magnet system has three regions: two small 
high-fteld-strength end plugs at the end of a much 
larger and lower magnetic field central solenoid. 
The end-plug basebalJ coils produce a minimum-B 
magnetic field lor MHD stability. By electrical 
plasma cont^-i, the end-plug plasmas hold the 
central-cell plasma centered on axis. That the end 
plugs can hold a high-pressure central-cell plasma 
was one of the important tandem mirror results 
demonstrated in TMX. 

Startup plasma guns located at both ends of 
TMX crcte the initial target plasma required to 
begin the trapping of the neutral-beam atoms. The 
ions and electrons deposited by the beams help to 
ionize additional neutral-beam atoms. As shown in 
Fig. 2-4, once end-plug plasma buildup is initiated, 
the central-cell gas-feed is used to increase the 
central-cell density. After 5 ms, when the plasma 
has been established, the startup guns are turned 
off; thereafter, the plasma is sustained without 
plasma feed from the startup guns. Thus the 
plasma is isolated from contact with end walls and 
electron heat loss along magnetic field lines is 
reduced. 

Figure 2-5 shows the diagnostic instruments 
employed on TMX. These instruments are 
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TABLE 2-1. Summary of operating design parameters of tandem mirror experiments in operation 
or construction. 

Plug: 

«0 <T> 
B mirror ( T ) 

Rp (cm) 
L mirror-mirror (cm) 

Heating method 

Heating power (MW) 

Duration (ms) 

n I c m - 3 ) 

Wj fteV) 

T c (eV) 

Solenoid: 

B (T) 

piuR-io-pIup 

n (cm" J ) 
W. leV) 

(cm) 

Beam, RF, REB 

S X 1 0 1 3 

0.-1-10 

20-2000 

0.15 

315 

2 X .-0 

1.0 X 1.0 X 10 1 ' 

4 X I 0 , J max 

0.05-0.2 

640 

3 X 10 max 

250 max 

0.05 

390 

3 X 10'-

20 

1000 

I >' 10 

500-1000 

FIG. 2-3. Drawing of the major components of the TMX device. 
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Startup ptasma guns 

1 ~ i 

Central-cell gas feed 

1. . . , . . ~I . , 
Central-cell plasma diamagnetism 

FIG. 2-4. Typical TMX startup sequence. 

described in Appendix B. More than 350 diagnostic 
channels from these instruments provide measure­
ments of such phenomena as plasma density, tem­
perature, shape, impurities, and potentials. Over a 
million points of data are acquired on each shot. 

2.3 OUTLINE OF THIS REPORT 

This report summarizes results from the TMX 
experiments in several subsections of Section III as 
follows: 
Section 3. A description of the tandem mirror 

configuration of density, temperature 
potential, and confinement. Extensive 
diagnostic measurements indicate 
that the electrostatic potential well 
improves the central-cell confinement 

Key 
TS: Thomson-scattering system 
,iX: Microwave interferometer 
UV: Uluaviolet spectrometer 
BAD: Beam attenuation detectors 
SED: Secondary-emission detector 

Diamagnetic loops 

Wast 

Grazing-incidence 
sp Jtrometer 

Ion probe 

Microwave probe 

-End-loss analyzer 
-Calor imeter 

FIG. 2-5. Schematic diagram of diagnostic instrumentation employed on TMX. 
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Section 5. 

Section 6. 

Section 7. 

over that which could be achieved 
with magnetic mirrors alone. 

Section 4. A description of the effect of the end-
cell stability on the confinement of 
the central-cell plasmas in TMX. The 
section shows that confinement near 
the Coulomb value is achieved when 
end-cell ion-cyclot ron f luctuat ion 
ievels are low, but that higher levels 
of fluctuations degrade central-cell 
confinement. 
The scaling of end-cell confinement is 
s h o w n to depend on central-cell 
plasma propeities. With sufficient 
central-cell fueling (density), near-
C o u l o m b end -p lug densi t ies are 
achieved. 
A discussion of a model for the in­
teraction between the end-cell plasma 
and the ion flow associated with a 
stability requirement. Data from a gas 
fueling scan and two beam current 
scans show that a correlation exists. 
An analysis of power balance for 
several days of operation under dif­
ferent conditions. These results show 
that near the axis o: : the central cell 
the predominant power loss is out the 
ends by escaping central-cell ions. At 
the edges of the plasma the power 
loss is mainly radial by plug charge-
exchange and central-cell transport. 

Section f A report of beta studies that describe 
measurements of central-cell betas 
with and without central-cell neutral-
beam injection. 

Section 9. A description of radial transport 
studies. These measurements are con­
sistent with resonant neoclassical 
transport theory. 

Section 10. A description of several end-plug op­
timization experiments. These in­
clude an end-plug and central-cell 
fluctuations. 

Section 11 . A description of rf studies of end-
plug and central-cell fluctuations. 

Section 12. Analysis of the data from T M X 
reveals that the end loss measure­
ments combine with the measure­
ments of the plug-plasma length and 

beta to provide important clues about 
the nature of the plug instability. 

Section 13. A description of spatial and temporal 
measurements of low levels of im­
purities. 

Sectiun 14. A description of solid-state plasma-
surface probe studies carried out by 
the Sandia group. 

5ection 15. A description of end-wall plasma 
studies and how they indicate low 
plasma density and electron tem­
perature near the end wall. The den­
sity is consistent with theoretical 
models. 
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3. Ambipolar Potential Formation 
and Axial Confinement in TMX 

3.1 INTRODUCTION 

The tandem mirror configuration 1' 2 uses three 
mirror cells: two hot, dense plasmas confined 
within minimum-B mirrors (end plugs), which 
provide both M H D stability and electrostatic stop­
pering for a warm Maxwellian plasma of lower 
density within a longer, solenoidal mirror (central 
cell). The TMX group has reported creating the 
tandem mirror configuration of axial density and 
potential profiles which were sustained by central-
cell gas fueling and end-cell neutral-beam 
injection. 3 Axial central-cell particle confinement 
improved because of the confining ambipolar 
potential. In a subsequent pjol icat ion 4 (also see 
Sec. 4), end-cell stability requirements (rising from 
microinstabiiities near the plug ion-cyclotron fre­
quencies) were shown to affect central-cell confine­
ment. 

This paper expands the data set supporting 
these original conclusions, documents measure­
ments of the radial dependence of the ambipolar 
potentials, and demonstrates that for low, constant 
values of ion-cyclotron fluctuations, the central-
cell axial confinement scaled with end-cell neutral-
beam injection energy according to implied values 
of the confining potential. Enhancement of axial 
confinement of central-ceil ions scaled from 4 to 8 
as the neutral-beam injection voltage was in­
creased. We measured central-cell confining poten­
tials of 150 V, which are in good agreement with 
density and electron temperature data within the 
radial core of the central-cell plasma. 

In the following sections we briefly describe 
the experimental hardware and timing sequence of 
events (Sec. 3.2), discuss the data and diagnostics 
associated with the measurements of axial and 
radial profiles (Sec 3.3), compare radial potential 
measurements with theoretical predictions based on 
the Boltzmann relation (Sec. 3.4), evaluate the axial 
confinement of central-cell ions and compare it to 
the predicted amount of enhancement due to elec­
trostatic confinement (Sec. 3.5), and finally sum­
marize our observations and conclusions (Sec. 3.6). 

3.2 EXPERIMENTAL 
ARRANGEMENT 

Figure 3-1 shows the TMX magnet and 
neutral-beam injector systems. A detailed descrip­
tion of the experimental facility is given in Appen­
dix A. The four deuterium-loaded ti tanium-washer 
s tar tup guns supply a plasma target for neutral-
beam bui ldup within the plugs. Those guns 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. The expected axial plasma density, 
potential, and magnetic field proHes are shown in 
Fig. 3-1 . The inside mirror and the outside mirror at 
each end are 265 cm and 375 cm respectively from 
the midplane of the c ^ t r a l cell. The plug midplane 
is 320 cm from the central-cell midplane. The plug 
end central-cell densities, n and n t , are controlled 
predominantly 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 c , can have a minor 
effect. The value of the central-cell potential, <£p, is 
established by the required equality of electron and 
ion losses. The plug potential, 0 is higher than <£e 

for a Maxwellian distribution of electrons by an 
amount <J>C = T e l n (nVn c ) (for T e constant along 
field lines). This positive electrostatic potential, <t>c, 
augments the central-cell magnetic confinement by 
turning back ions of parallel energy less than 0 r 

Figure 3-2 shows the time histories from 0 to 
30 ms of key plasma parameters for a typical shot. 
This shot is representative of a 29-shot g roup re­
quired to increment diagnostics from one radial 
position to another. 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 set 
between 0.05 to 0.2 T, was at 0.1 T. The neutral-
beam injection current per plug averaged 150 A 
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FIG. 3-1. TMX magnet geometry and expected axial plasma profile:,. 



Ist.tonilary «m 
detectors | 

KIG. 3-2. Time histories (0 to 30 ms ; of key plasma parameters for a typical shot. The vertical scales are: 
charge exchange, 0 to 2 mA; end-loss current, east, 0 to VO mA/cm-; end-loss current, west, 0 to 140 
m A / c m 2 ; neutral-beam current, 0 to 250 A; Jndl , central cell, east plug, and west plug, 1 0 ' 3 to 1 0 1 5 c m - - ; 
microwave >ndl, 1 0 ' 2 to 1 0 l A c m - 2 ; central-cell diamagnetic loop signal, - 8 to 8 A- m - - c m - 1 ; rf, central-cell, 0 
to 7.7 V p p ; rf, east-p 'ug, 0 to 33 V p p ; rf, west-plug, 0 to 24 V p p . 

equivalent of atomic deuterium and varied from 
shot to shot between 130 and 165 A To fuel the 
cential cell, ive used a standard LBL neutral-beam 
gas valve on the middle bottom port of the central 
cell. The neutral gas. input was 790 molecular A of 
deuterium or 1580 equivalent atomic A. The se'ec-
tion criteria were that the neutral-beam current was 
near 150 A and that the on-axis potential was 
reproducible. All plasma parameters of this shot are 
within 20% of the mean of the group except the 
plug electron temperature, which is 30% below the 
mean. Reading from top to bottom, the first 
column of Fig. 3-2 shows the charge-exchange 
signal from secondary emission detectors in the east 
and west plug, the east and west ion end-loss 
currents and finally the amount of injected 
neutral-beam current in each plug. The second 
column shows the central chord line density in the 

tentrdl cell and in the east and west plugs, respec­
tively. The dabhed line in the east measurement 
beginning at 12 ms represents data from a similar 
shot. The last measurement of line density was 
made at z = 285 cm which is 2/3 of the way be­
tween the midplane of the east plug and its inside 
mirror towards the central cell. The last column 
shows the central-cell diamagnetic loop signal and 
wide-band rf measurements of oscillations in the 
central cell and in the east and west plugs. 

As can be seen by the line-density and ion 
end-loss cur ren t measurements , s t eady-s t a t e 
plasma values are reached within 10 ms and are 
maintained for the entire length of neutral-beam 
injection. The high end losses from 3 to 8 ms are 
caused by stream plasma from the s ta r tup guns be­
ing reflected from the plasma being built u p within 
the plugs. After a sufficiently dense, hot, mirror-
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confined plasma is reached within the plugs, the 
startup guns are turned off and the central cell is 
fueled by gas injection and the end plugs by the 
neutral beams. A steady state is established with 
comparable end losses out both ends of the 
machine. If we turn off ihe neutral beams in one 
plug before the other, as we did wi;h the west plug 
for this shot, we find that the measured end losses 
out that end of the machine increase dramatically as 
the density drops, and with it the plug potential. 
Thai the current measured at the west end is higher 
tnan that at the east end is qualitative evidence of 
electrostatic stoppering. The central-cell losses 
dominate over the end-plug losses because the 
central-cell plasma is approximately iO times 
lunger. 

3.3 DENSITY, ELECTRON 
TEMPERATURE, AND 
POTENTIAL PROFILES 
3.3.1 Density Profiles 

Spatial profiles of line-integral densities, lndl, 
are measured in TMX with extensive arrays of 
beam-attenuation detectors (BAD's) and with 
microwave "iterferometers (both are described in 
Appendix B). The beam-attenuation detectors are 
located on the vacuum chamber wall opposite a 
selected neutral beam in each of the three mirror 
tells They measure secondary electron emission 
and are used to determine the neutral current of 
each beam, with and without the plasma present 
The plasma line density along the detector line of 
sight is then unfolded from the total cross section 
and the measured loss of neutral beam particles. 
This calculation is not sensitive to observed 
background gas conditions because ionization and 
charge-exchange events dominate over collisions 
between neu' als For the plasma conditions in the 
plugs, one elding of attenuation of the detected 
ueutrsl-Pea current rf.fuires a line density of 
ionized &• *rium of approximately 6.5 X 1 0 1 4 

cm ". We • 'ermined the radial and axial line-
density p c of each plug from the particle at-
tenuatior -me of the heating and fueling neutral 
beams, r. •.• ured by cross shaped arrays of beam-
attenuatior ue'ectors We determined the radial 
plasma profiles of the larger-radius central cell 
from the particle attenuation of a neutral beam 
mounted with the major axis of its footprint ver­

tical. Because the magnetic field in the rentral cell is 
lower than that in the ?nd cells, the ionized particles 
from the central-cell beam have gyroradii too laige 
to be magnetically trapped. Axial measurements of 
the central cell were not possible because the beam 
footprint was too narrow. 

Figure 3-3 shows the radial and axial profiles 
of Indl for the plugs and the radial p r o f i t of tndl 
for the central cell. We selected the time of 16 ms, 
within the 25-ms neutral-beam pulse, to display 
data representative of steady-state conditions, and 
have averaged 29 constant-condition shots. 

Figure 3-3(a) shows average line densities 
measured at various positions along the magnetic 
axis (the horizontal or 7 direction). An additional 
data point measured by microwave attenuation, 
located at z = -220 cm, has a normalized value 
about 37% greater than the data point at z = 
-286 cm. The magnetic field runs east to west ( + z) 
with vertical displacement being in the + y direc­
tion according tc the r ight-hand rule. The I?ft-to-
right orientation of the I ndl data in this f igu: :• is the 
same as for the schematic shown in FP^. j - 1 ; for ex­
ample, the axial line density at z - -330 cm is in the 
east half of the east end cell of tht machine. This 
measurement would be near the horizontal fan uf 
the left plug of Fig. 3-1. 

Many of the qualitative feature? of the axial 
plasma-density profile? of Fig. 3-1 are reproduced 
in the experimental data of Fig. 3-3(a). The plug 
line density is observed to decline smoothly to the 
central-cell value As we will prove later, using 
radial-profile measurements, the plug density is 
several times that of the central-cell density. Gaus­
sian curves with a dependence in z given by 
exp t -z - /L ; ) have been drawn through the axial 
variation of the plug data. We have allowed the 
plugs to have different e-folding lengths. In Fig. 
3-3(a), as in most of our data, we find that the axial 
lengths in the west plug are larger than in the east 
plug. We have come to believe that the central-cell 
density which leans towards the plug is the source 
of this difference. The west transition fan, which is 
horizontal and parallel to the beam injection, is a 
better target for trapping neutral-beam particles at 
positions off of the plug midplane than the east 
transition tar., which is vertical. The west and east 
fans are oriented perpendicular to each other in or­
der to ens-ure that ihe central-cell drift surfaces are 
approximately circular Better trapping in the west 
plug can also explain why line densities in the west 
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FIG. 3-3. Plasma line-density profile experimental results: (a) Variation alon^ the magnetic axis (z). All 
data points have been normalized to the same pa. h length through the plasma as at the center of the plugs. 
The data indicated by open circles are from the beam-attenuation diagnostic, and the data indicated by the 
triangles are from microwave interferomerry. (b) Vertical (radial) profiles at the centers of the east and west 
plugs and near the center of the central cell. 

plug are usually higher than in the east plug for 
comparable beam currents. The axial e-folding 
lengths, L, are typically from 10 to 20 cm and 
asymmetric, with the west-plug L as much an 50% 
longer than the east-plug L We also find that L 
tends to be more sensitive than the radial scale 
lengths to plasma conditions such as electron tem­
pera ture, centra J -cell densiry, and neutral gas 
pressure. 

Figure 3-3(b) shows the variations in vertical 
line density in the midplane of both plugs and near 
the midplane of the central cell. We have used 
parabolic profiles to draw smooth curves through 
the plug data and second-order polynomials 

through the central-cell data. Figure 3-4 gives the 
radial profile inversions, nlr). of the line density 
data, Jnd!, of Fig. 3-3(b). The solid lines of Fig. 
3-3(b) are polynomial fits of the form 

i'ndl = A[l - (:/R_.)2l + B[l - ( r /R c ) 4 ] 

which are inverted in F'g. 3-4 to give 

n(r) = - | - ;A + 2/3 B + 4/3 B ( r / R ) 2 ] 

X [ l - ( r / R c ) 2 ] 1 / 2 



The constants A and B in the east plug, west plug, 
and central cell were A E = 2.4 X 1 0 1 4 c m - 2 , B E = 0, 
A w = 3.3 X 10U cm" 2 , B w = 0, A c = 0.7 X 1 0 1 4 

c m - 2 , and B c - 1.4 X 1 0 u c m - 2 . W e found that the 
cut-off radius, R c , was the same for both east and 
west plugs, R c E = R c W = R c p = 12.2 cm, and that 
the central-cell value was R c c - 38.6 cm. As in 
many other experimental running conditions, the 
experimentally determined values of R and R c c 

are related by flux conservation B TTR2 = B c r R 2

c , 
where B and B c are the midplane magnetic field 
values of tru plugs and central cell respectively. 
Two electrically grounded limiters with radii of 
38.6 cm were located in the central cell at z = ± 5 4 
cm. The gas-box limiters mapped to a c-ntral-cell 
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FIG. 3-4. Radial density profiles, (a) Inverted 
central-cell line-density data compared with the in­
verted polynomial fit to the data, and with the elec­
tron density at zero radius measured by Thomson 
scattering, (b) Density profiles of the west plug and 
the central cell. 

midplane radius of 47.4 cm and the central-cell get­
ters and diagnostics were at a radius of 39 cm or 
more. 

Figure 3-4(a) compares the continuously in­
verted central-cell density, n c ( r ) , with the matrix in­
version of the line-density data points (open cir­
cles) and with the Thomson-scat ter ing measure­
ment of the electron density, n ^ at zero radius 
(solid circle). The large error bars for n c at 0 and 
9 cm result from propagating errors at the edge to 
the central core when inverting chord values of 
fndl. T h e data point for n e at zero radius gives 
added support to the inverted profile, n c ( r c ) = 3.5 
X 1 0 1 2 [1 - ( r j / 3 8 . 6 ) 2 ] 1 7 2 X [0.8 + 0.9 (r^/38.6) 2 ] 
c m - 3 . In Fig. 3-4(b), the same analysis was used to 
generate the density profile for the west plug, 
n p W ( r c ) = 1.7 X 1 0 1 3 X [ l - ( r c / 3 8 . 6 ) 2 j l / 2 c m - 3 . W e 
h a v *v:ain used flux conservation to convert plug 
radii values, r , to central-cell radii values, r c = r p 

(B / B c ) 1 / , z . For comparison, we replotted n c ( r t ) in 
Fig. 3-4(b) on the same scale as was used for 
n

P w t r c > -

3.3.2 Electron Temperature Profiles 

The electron density, n e , and electron tem­
perature, Tp, for the east plug (subscript p) and 
central cell (subscript c) are plotted in Fig 3-5 for 
the entire 29-shot radial scan group. As with the 
line-density profiles, the data was taken at 16 ms. 
T h e T h o m s o n - s c a t t e r i n g s y s t e m , wh ich is 
described in detail in Appendix B, comprised two 
separate ruby lasers a " d viewing optics located ax-
i JJy at the midplanes of the east plug and central 
cell. The electron temperature is inferred f*-.,m the 
Doppler profile of the scattered Light and the 
plasrra density from the total amount of scattered 
light. T h e east-cell optics could view three different 
radii, 0, 5, and 10 cm. T h e central-cell system was 
fixed at zero radius. T h e radial positions of the 
magnetic lines of force in the central cell are re­
lated to their position within the plug by r c = 
r p ( B p / B c ) l / Z , with B p and B c being the midplane 
field strengths of 1.0 and 0.1 T respectively. The 
data at each radial position is separated in Fig. 3-5 
for purposes of clarity. There is no data for plug 
electron density, n , at 10-cm radius. Only the 
positions at 0- and 5-cm radius were calibrated by 
scattering light from a known amount of nitrogen. 
The values of n in Fig. 3-5 are the same, within 
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FIG. 3-5. Electron temperatures and densities in the east plug (at r p 

(at r c = 0), as measured by Thnmson scattering. 

: 0, 5, and 10 cm) and the central cell 

the accuracy of each measurement, as the values 
given by the polynomial inversions to the line-
density data shown in Fig. 3-3. 

As Fig. 3-5 shows, the average electron tem­
perature, T e , at zero radius was 87 eV in the east 
plug and 49 *V in the central cell. In several earlier 
experimental days of running, before we had the 
c a p a b i l i t y of t a k i n g cen t ra l -ce l l e l ec t ron -
temperature measurements, we found the mean 
value of T to be 150 eV. Data that supported the 
conclusion that variations in T e p are due to vacuum 
conditions (static and dynamic) is discussed in Ap­
pendix A. W h a ' we have seen on several occasions 
is that the measured values of the end-cell (plug) 

changes :n T and T e c according to the physics of 
electron confinement. 

This observation can be supported by the data 
of Fig. 3-b, whe.e we have plotted T K and <t>p 

against T . These shots are separate from the 
group of 29 presently under evaluation. T h e data 
of Fig. 3-tt represent a day's run where machine 
conditions were not constant because two vacuum 
leaks (in a vacuum feed-through and in a magnet-
cover case) occurred during the experiment. In this 
run, the p lug potential and central-cell electron 
temperature decreased as the ' plug electron tem­
perature decreased. We therefore feel confident in 
continuing with the disciss ion of the data of in­
terest generated vhen the machine conditions and 
electron temperature were constant for enough 
shots to generate profile information. 

In Fig. 3-5, the average \ a lue of T for the 
constant condition shots at 5-cm radius is very 
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FIG. 3-t. Variation of the central-cell electron 
temperature and the plug potential with changes in 
the plug electron temperature, for a separate ex­
perimental run with known vacuum problems. 

t lnse to thi' / e ro - rad ius average. The lower 
plasma density at ..-cm radius accounts for the 
increase in scatter of the data points. The average 
wilue ol T at 10-cm radius is approximately 
[rur = 10Kn(r = 0 ) ] 2 less than the value at zero 
radius The profile of T is approximated by the 
s.ime radial dependency as n~. Because no data exipt 
for T ( J I for central-cell radii other than zero, we 
assume that i' t > t has the same radial dependence a? 
n~. Thert. is also no direct measurement of T in 
the west end cell. The electron temperature in the 
west plug was estimated as T c W l^pW^pE*-

3.3.3 Potential Profiles 

In this section we discuss direct measurements 
of the plug potential, </> , and central-cell poten­
tial, 0 t . 

The value of <t> is determined by the four 
swept-voltage end-loss analyzers (two per end-cell 
with one movable on the west plug). These elec­
trostatic end-loss ion analyzers (ELA's), described 
in detail in Appendix B, can have their ion-repeller 
grids biased positively with respect to ground. 
Then 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 either come 
from the plug or must pass through it to leave the 
central cell, the flux of end-loss current will not be 
attenuated until the ion-repeller voltage exceeds the 
potential drop from the plug to the end wall, 0 . 

The ion repeller voltage on all four ELA's was 
ramped on and off 10 times during each shot. The 
sawtooth characteristics every 2 ms in the second 
and third plots of the first column of Fig. 3-2 are 
caused by this biasing of the ion repeller grid on 
and off to voltages of + 1 5 0 0 V above ground. Note 
how, after 22 ms, when the west neutral beams are 
turned off and the plasma density in the west plug 
begin* to decay, the propeller voltage ramp is able 
to turn away all the escaping ion flux to the west 
end wail. This is not the ca^e for the east end-loss 
current, which is continuing to pass through a plug 
of high-density plasma. The secondary emission 
detector signal in the east plug indicates thai 
steady-state density conditions still exist. The 
beam-attenuation diagnostic happened to fail tem­
porarily tight after 22 ms, as is ..een in the east Indl 
plot. 

Figure 3-7{a) shows the west-plug ion end-
loss current density, j , after computer processing of 
the data to determine <t> . The current density in 
m A / c m 2 is ^ferenced to the central-cell midplane 
The current spike near 8 ms is due tu stream plasma 
from the startup guns being reflected from the 
plug. Turning the west neutral beams off before 
the east neutral beams resulted in a dramatic in­
crease in measured west-end losses at 22 ms. 
Figures 7(c) and (d) show the current-voltage 
characteristics of the ion end-loss current density, j , 
measured by the west ELA al two different repeller 
sweep times, one near lb ms (representative of 
s teady-s ta te opera t ion) 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 <p . At higher repeller voltages, the 
curvature of the current voltage curve is a measure 
of the energy distribution of the ion end losses. 
During steady-state operation the shot-to-shot 
a v e r s e value for ij> at r r = 0 was 480 V for the 
west plug and 540 V for the east plug. When either 
plug is turned off before the other (as the west plug 



was for the data in Fig. 3-7} the measured value of 
0 p is near that of <£e; that is, only one end of the 
machine has any electrostatic stoppering. These 
points are illustrated in Fig. 3-7(b), where measured 
values of <t> are plotted versus time, including the 
16 and 25 ms data of Fig. 3-7(c) and (d). 

To measure the dependence of 4>p on radius, 
the movable ELA on the west plug was scanned 
across the thin dimension of the west end fan. 
Because of the machine geometry (ports and liner 
configuration), movable ELA measurements could 
be made only for the west plug. The second ELA on 
the west end, fixed at zero radius, monitored shot-
to-shot variations in <f> to aid in analyzing the data. 
It was necessary to allow the 0 radial profile to 
shift by roughly an ion-gyro diameter (4 cm at the 

plug midplane) to bring the ELA ion-current 
profile, as well as the end-loss current measure­
ments made by a fixed array of Faraday cupe, into 
agreement with the mechanical machine axis. 

The thallium heavy-ion beam probe (HIBP) 
described in Appendix B was used to measure the 
central-cell space potential, <£e. The potential is 
determined from the energy of doubly ionized 
thallium ions. The energy of injected ions, which 
undergo a change in charge state through electron 
impact ionization, increases above the injection 
voltage by an amount equal to the product of 0 e at 
the collision point and the change in charge. The 
measured 0 e at a central-cell radius of zero and the 
experimental time sequence are given in Fig. 3-8. 
The plasma guns were turned off at 8 ms, and the 
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FIG. 3-7. The end-loss current density and end-cell potential versus time. The current-voltage charac­
teristics of the end-loss analyzer (ELA) at 16 and 25 ms are given to illustrate 0 p measurements. 
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FIG. 3-8. The central-cell space potential on-axis 
(measured by HIBP) versus time. T h e timing 
sequence for plasma fueling and heating is shown 
as well. 

central cell was fueled by gas injection and the end 
plugs by the neutral beams. Steady-state values of 
0 C were reached within 10 ms and maintained for 
the entire length of neutral-beam injection. When 
the neutral beams in the west plug were turned off 
fat 22 ms), <£e fell to a lower steady-state valup 
because of the reduction in the central-cell electron 
temperature, T e c , and in ion particle confinement. 
When the remaining (east-plug) neutral beams 
were turned off, we observed that the central-cell 
potential dropped continually until it reached the 
lower sensitivity limit of the HIBP. To measure the 
radial dependence of tf>e the HIBP could be radially 
incremented shot-to-shot by adjusting the beam 
voltage or, if there was sufficient signal-to-noise, a 
single-shot radial scan could be accomplished by 
using a set of beam-deflection plates. 

The central-cell and plug potentials at 16 and 
26 ms are plotted in Fig. 3-9 as functions of the 
central-cell radius. These measurements were takpn 
under constant machine conditions of magnetic 
field strength, neutral-beam injection current, and 
central-cell fueling. The plug magnetic field had a 
midplane strength of 1 T with a 2-to-l mirror ratio 
and the central-cell field strength was 0.1 T. The 
neutral-beam injection current per plug was 150 
± 20 A equivalent of atomic deuterium. We used a 
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FIG. 3-9. Plug potential and central-cell space 
potential versus central-cell radius at 16 ms (np /n c 

=s 5) and 26 ms (t\p/nc * 1). The data was averaged 
about 16 ± 2 and 26 ± 1 ms. The data for n p / n c * 1 
is used to check the calibration of the HIBP and 
ELA against each other. 

standard LBL neutral-beam gas valve located on the 
middle bottom port to fuel 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 poten­
tial was reproducible. 

Tha t the two diagnostics (HIPB and ELA) 
measured similar potentials at 26 ms when n s» n c 

testifies that there is no obvious systematic offset 
in the determination of tpc and <pp. Therefore, we 
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conclude that the data in Fig. 3-9 at 16 rns, when 
n / n c * 5, can be used to give the central-cell con­
fining potential by simple subtraction, 0 C = <f> - <£e. 
The error bars represent the statistical fluctuations 
from shot to shot. We have estimated the 
systematic error in the HIBP and the ELA to be ±20 
V and ±30 V, respectively. 

At 16 ms, the largest radial measurement of <fr 
falls below (j>e according to our present calibrations 
and error analysis. From a diagnostic viewpoint, 
the ELA should determine the highest potential 
within the plasma, whether it is (j> or 0 e, unless the 
axial central-cell losses become mirror-trapped 
within the end cells or undergo charge-exchange 
events before reaching the end wall. (These ad­
ditional changes to central-cell end losses are dis­
cussed in detail in Section 6.) Although no ex­
perimental evidence exists for significant azimuthal 
asymmetries, such asymmetries could alter our in­
terpretation of the data. The radial dependence of 
tf> had to be measured horizontally while the radial 
dependence of 0 e had to be measured vertically. We 
are investigating how thermal-barrier effects,5 non-
Maxwellian electron distributions, edge fueling of 
neutrals, and radial losses of electrons might 
modify theoretical predictions for 0 p and 0t,. These 
effects are discussed in the following section in the 
comparison of experimentally determined and 
theoretically predicted central-cell confining poten­
tials. 

3.4 CONSISTENCY AMONG 
PLASMA PROFILES 

We will use the profiles of plasrra density and 
electron temperature discussed in Section 3.3 to 
compare the experimentally determined confining 
potential, tf>c = 0 - 0 ^ to the predicted value, 0 C -
Tgln (nJnJ, as a function of radius. 

Figure 3-10 shows that the central-cell confin­
ing notential is 150 V on-axis, and that it remains 
near the on-axis value to a radius of 15 cm. Between 
0 and 20 cm, there is agreement between the 
measured values of 0 C and the predicted values on 
the basis of the ambipolar potential well established 
by quasi-neutrality in the absence of any electron 
temperature differences between the plug and the 
central cell, 

0c(r) - T e p(r) ln[np(r)/nc(r)] . (1) 

• 0 e = 0 P - <V 

^ T e n ( n p / n c ) 

0 10 20 30 40 
Central-cell radius, r c (cm) 

FIG. 3-10. The central-cell confining potentials 
determined experimentally .jmpared with the 
potentials predicted from density and electron tem­
perature measurements by T e In(np/nc), both as 
functions of radius. 

The range of predicted values of 0 C represents the 
uncertainty in determining the values of electron 
temperature, T^ plug plasma density, n , and 
central-cell density, n c. The electron temperature in 
the east plug, T e E , was measured by Thom.-on-
scattering techniques at three radii that map into 
central-cell radii of 0, 15.8, and 31.6 cm by flux 
conservation [rc = r (B_/B c) 1 / 2], and was found to 
scale radially as n£E(r). As discussed in Section 
3.3.2, the electron temperature in the west plug was 
estimated as T e W = T e E <t>pw/<t>p£- We used the 
radial values of n and n c shown in Fig. 3-4. 

Beyond a central-cell radius of 20 cm, the ex­
perimental data of Fig. 3-10 fall below the predicted 
value. (We will discuss the sign of t!>c later.) One 
way to investigate this phenomenon is to assurre a 
thermal barrier between the plug and the central 
cell.5 In the presence of a thermal barrier, 0 C is 
given by 

, K(r)[TK :(r)"l I''*( 

- T « ( r ) l n f e J u) 



where n^ in the thermal-barrier region is lower than 
either n or n c . A thermal barrier allows an electron 
temperature difference to exist between plug and 
central cell (T ^ T K ) by reducing the electron-
electron collision frequency. 5 Note that as n b ap­
proaches n c , and hence as T e c approaches T , the 
value of (pc obtained from Eq. (2) approaches the 
same value as obtained from Eq. (1). As shown in 
Fig. 3-5, we found that the average central-cell elec­
tron temperature was 60% of the average east-
plug electron temperature {49 eV vs 87 eV). T h e 
microwave interferometry density measurements 
L * Section 3.3.1 did not show a density depression 
(thermal barrier) between the east plug and the cen­
tral cell. These measurements had to be taken on 
either side of the plug—central-cell transition 
region because of magnetic coil interference. It is 
not unreasonable to ask how large the density 
depression must be to explain the observed dif­
ferences in T and T e c . Equating Eq. (2) to the ex­
perimental value of <f>c at r c = 0, using the ex­
perimental values of n and T e , gives n^ * 0.5 n c -
Electron power flow calculations in Section 7 find 
nj/n,. equal to 0.3 to 0.5. We can only speculate 
that radial variations of density in a barrier region 
might have a stronger gradient than in the central 
cell, so that the term T^lnln^/njJ in Eq. (2) became 
larger at increasing r c. This effect would lower the 
predicted value of 0 t . near the radial edge. 

Using either Eqs. (1) or (2) to substantiate a 
negative ^ , {0 < 0 e ) would require, for a Max-
wellian electron population, that either the electron 
temperature and/or density in the central cell ex­
ceed that of the plug. This was not what we ob­
served experimentally W e firmly believe that the 
negative values of 0 t at radfrgreater than 20 cm are 
an artifact of the measurement of ij> and/or 0 p . 
This conclusion is also supported by the measured 
radial dependence of the central-cell axial ion-loss 
current. Central-cell axial ion losses were measured 
by Faraday cups mounted in arrays across the 
narrow dimension of the magnetic flux bundle at 
both ends of the machine. The total current of 
central-cell axial ion losses from both ends is 
plotted ver=.u. central-cell radius in Fig. 3-11. The 
Faraday-cup measurements were integrated assum­
ing axisymmetric profiles with symmetry points at 
the peak of the plug potential. If, as the measure­
ments leading to Fig. 3-10 indicate, </»c were to 
change from a positive confining potential to a 
negative repelling potential beyond the 20-cm 
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FIG. 3 - 1 1 . The experimental ly determined 
central-cell axial ion-loss current versus r™ 

radius, one would expect some kind of discon­
tinuity in the data of Fig. 3-11. Such a discon­
tinuity is not observed. 

3.5 ELECTROSTATIC 
CONFINEMENT 

We limit our discussion of electrostatic con­
finement of the central cell to the core of the central 
cell (radius less than 15 cm), where we have both 
confidence and correlation between measured and 
predicted <t>c We have found that radial ion losses 
from the central cell are an insignificant fraction of 
the axial losses within a radius of 20 cm. The radial 
loss data are presented in detail in Section 9. 

T o quantify the amount of enhanced elec­
trostatic confinement of the central cell, the ex­
perimental value of the axial particle-confinement 
parameter of the central cell, nT c , is compared to the 
mirror confinement parameter for <f>c = 0, m0. The 
classical Coulomb expression for the predicted 
central-cell confinement in the presence of a con­
fining potential, nr^ is then evaluated and checked 
for agreement with n r c . Besides looking at the cen­
tral core nr ' s for the radial profile data associated 
with Figs. 4, 10, and 11, we will also discuss scaling 
of the central-cell axial confinement. 

We determine the ion-conf ; nement parameter 
n r c (cnC 3 - s ) du r ing s teady-s ta te opera t ion by 
evaluating the expression 

nT t = enj L c / j c (3) 



where e is the electronic Coulomb charge (1.6 
X 10" 1 9 ) , n c is again the central-cell density in cm" 3 , 
L c is the effective length of the solenoid (314 cm), 
and j c is the total central-cell loss-current density 
out both ends in A / c m 2 (evaluated at the central-
cell midplane). 

The unstoppered mirror confinement (# c = 0) 
of the central cell predicted by theory is given by 

n r 0 = rvsjlog R + 2 n c L c ^ Y " R , (4) 

where T c 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 tree path 
> > RLC), and (2) the product of the density and 
flux from a Maxwellian distribution out both ends 
of a magnetic bottle with mirror ratio R for a filled 
loss cone (mean free path < < RL f J." The two terms 
add directly, not inversely, because they represent 
collisionality limits of ion-ion scattering losses, not 
individual competing losses. 

The Coulomb confinement of the central-cell 
r\Ttl/ in the presence of a potential </>t = T e l n (n p / n c J 
is increased according to the following expression: 

(S) 

where for </J( > T c , g(20) % 3. Both terms of Eq. (5) 
are enhanced over Eq. (4) by exp(<t>c/Tc) because 
only ions with energy exceeding the confining 
potential t/)( can escape axially. Th< additional 
enhancement of the first term by </>c/Tc can 
qualitatively be explained by the modification of 
the ion-ion collision frequency term due to colli­
sions among particles with energy less than i/>c in 
determining the rate of diffusion into the loss cone. 
The function g(R) takes into account that the con­
fining potential is peaked at the end-c.ii midplane, 
not at tha 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 that of the mirror point. 

The central-cell ion temperature was not 
measured directly. However, from diamagnetic 
loop measurements within the central cell, we 
know that the average value of the sum of T e c and 

T c was lOOeV, given that the electrons and ions 
have the same radial dependence. Therefore, the 
T r c of 49 eV measured by Thomson scattering 
would imply a T c of 51 eV. Using the central-cell 
density from Fig. 3-4, the axial end-loss current 
data from Fig. 3-11, and a central-cell core average 
T c of 51 eV and # c of 130 eV, we obtain r u c = 
1 X 1 0 1 0 c m " 3 • s, n r 0 = 0.4 X 1 0 1 0 c m " 3 • s, and 
n r 0 = 5 X 1 0 1 0 c m " 3 • s from Eqs. (3) through (5). 
The fact that the experimental value of the elec­
trostatic enhancement factor, nrJnT^ is only 2.5 
while the predicted enhancement from Coulomb 
confinement in the presence of tf>c, n 7 f & / n r 0 , is 12 
can be explained by the equation 

Equation 6 describes the degradation of central-cell 
ion confinement by the di.-tortion of the icn-
velocity distribution (assumed initially to be Max­
wellian) due to oscillating electric fields E at the 
ion-cyclotron frequencies of the end cells. Because 
of the magnetic geometry (see Fig. 3-1), 10-kG 
zones resonant with the plug midplanes exist 
within the central cell. We have observed that as 
the magnitude of the rf fluctuation* within the cen­
tral cell (at the end-cell ion-cyclotron frequencies) 
increased, the experimental nr^ degraded. 4 At low 
levels of rf fluctuations, there was good agreement 
between nr t and the Coulomb value n r c . At the 
higher levels of rf fluc'uation*. the measured en­
hancement of mc over n7 c decreas-ed. The critical 
electric field, E t , can be taken as a one-point fit 
between nr f and n r f f , however. Rognlien and 
Matsuda, ' who developed the theory that led to 
Eq. (4), have also discussed models that predict the 
critical electric field strength required for such ef­
fects to occur. 

We found that we could observe the scaling of 
the electrostatic enhancement of the central-cell ax­
ial confinement if the central-cell fluctuations were 
less than 10 volts peak-to-peak, V which nor­
mally required n / n t < 3, and if we varied the 
energy of the injected neutral-beam current. Our 
results are shown in Table 3-1 . We varied the 
neutral-beam injection voltage on the east plug 
without changing the total injecfed-beam current 
by operating 20-kV and 40-kV neutral-beam injec­
tors at various levels (cases A, B, and C in Table 
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TABLE 3-1. Central-cell ion confinement for 
three cases of end-cell neutral-beam injection 
voltage compared to implied 4>c enhancement (case 
A: 11 kV; case B: 16 kV; and case C: 27.5 kV). 

Case 

Parameter A B C 

East plug 

V i n j (kV) U 16 27.5 

•inj <A> 70 70 70 

E p (keV? 5.7 9.2 14.6 

Te («V) 96 121 133 

n p ( 1 0 n c m ' 3 ) 1.1 I 0.84 

Central cell 

J t (mA/cm ") 32 28 14 
n c ( I 0 1 2 cr n ' J l J.9 4.S 3.7 

T c <eV| 62 44 48 

rf IV p p) 7.0 9.5 8.5 

n r c 
cn|L cC 2ICE)" 1 

'flo* 2n cL c( Irm/aT c) , /- Z |R/2) 

- = exp|f/. c/T c l •© 
, V T C 

3-1). The* west plug was operated with a constant 
neutral-beam injection level similar to case B; its 
parameters were quite similar to the case-B 
parameters of the east plug shown in Table 3-1. 
The ion energy, E. was determined from the plasma 
diamagnetism and total number of particles. The 
entries in Table 3-1 are mean values of the 
parameters, averaged over six to eight experimental 
shots. The experimental conditions were constant 
for each of the cases. The shot-to-shot variation in 
plasma parameters was within ±20% of the mean. 
The main result shown in Table 3-1 was that 
central-cell ion end-loss current flowing out the 
east plug was reduced by more than a factor of 2 
for relatively constant central-cell density, central-
cell ion temperature, and rf fluctuation levels 

within the central cell at the end-plug ion-cyclotron 
frequency. The value of 0 C was determined from 
T e ln(n / n c ) . The HIBP used to evaluate # e was at 
an early stage of its development and was not able 
to make accurate enough measurements to verify 
the scaling phenomenon. O u r data from Fig. 3-10, 
where we could use the HIBP to measure $# sup­
ports our using <f>c = T e l n ( n ^ n c ) along the 
magnetic axis. In all three cases we have normalized 
the experimental value for n r c to the "f low" term 
of Eq. (5). The values of n c and T c justify this ap­
proximation. For the conditions of cases A, B, and 
C. we find thai the normalized experimental value 
of the central-cell ion confinement, n r ^ m - j ^ , 
agrees with the theoretically implied scaling one 
would describe for mirror confinement enhanced 
by a confining electrostatic potential, nT^/nTf\ow-

3.6. SUMMARY 

The experimental data of this section verifies 
the formation and control of ambipolar potentials 
in TMX and the accompanying electrostatic en­
hancement of the central-cell ion confinement. In 
Fig. 3-10, we expanded upon earlier on-axis 
measurements 3 nf <t>c and discussed its dependence 
on radius, in the core of the central cell (radius 0 to 
15 cm), the experimentally determined value of 0 C , 
150 V, is in good agreement with the expected 
value, T e ln (np /n t ) . Near the edge (radius from 20 
to 30 cm), <t>L is lower, and al though it seems to 
reverse at the edge, other indirect measurements 
imply that <pc is positive at all radii. 

Tabie 3-1 shows that under conditions where 
... . rf effects on central-cell ion confinement 
(discussed in Section 4) t a n be ignored, the on-axis 
n r scaled <-.ccording to the implied values of 0 ( . 
The electrostatic confinement associated with 
<*t > 0 was enhanced from 4 to 8 above the confine­
ment for 0C = 0 as the end-cell neutral-beam injec­
tion voltage was increased from 11 to 27.5 kV. 

The data generated by TMX demonstrated 
that electrostatic confining potentials in magnetir 
mirror systems can significantly improve central-
cell plasm i confinement. 

3-14 



4. The Effect of End-Cell Stability 
on the Confinement of the 

Central-Cell Plasma in TMX 
4.1 INTRODUCTION 

The Tandem Mirror Experiment (TMX) has 
demonstrated improved plasma confinement over 
that of a single-mirror s y s t e m . , - 3 TMX employs 
three connected magnetic-mirror cells. The plasma 
density in the two end cells is controlled by neutral 
beams; the larger—but lower density—central-cell 
plasma is fueled by a gas feed. The two end cells es­
tablish an electrostatic potential well which con­
fines all but the most energetic central-cell ions. 
When the electron temperature is axially uniform, 
this confining potential, 

4\ = T ^ l n l r y ' n j , (1) 

depends on the temperature, Tp, the end-cell 
plasma density, n , and the central-cell plasma den­
sity n r This paper describes experimental results, 
in agreement with theory, that show' the limitations 
on the central-cell confinement due to end-cell 
microin stab ili lies. 

A certain quanti ty of warm, unconfined 
plasma must Plow through the end ceils to control 
microinstabilities. The central-cell losses provide 
this warm plasma. If the potential well that con­
fines the central-eel) ions becomes too large, the 
supply of warm plasma to the end cells becomes in­
sufficient. The experiments reported in this paper 
show that under these conditions the end-cell ion-
cyclotron-frequency plasma fluctuations increase. 
These fluctuations degrade the central-cell confine­
ment as described below. This increases the quan­
tity of warm, unconfined plasma flowing through 
the end cells, which presumably allows the end-cell 
plasmas to maintain a marginally stable steady 
state. The plan of the paper is as follows: (1) the 
theoretical stability limit is derived; (2) an experi­
ment is described in which the stability limit is sub­
stantially exceeded and a large increase of the am­
plitude of the plasma fluctuations is measured; and 
(3) the relation of the central-cell confinement to 
the plasma fluctuations is shown to agree with the 
theory developed in a companion paper.*1 

4.2 IMPLICATIONS OF END-CELL 
STABILITY 

T M X was des igned to sa t i s fy end-ce l l 
miciostability criteria.*'1 In the end cells, low energy 
ions are unconfined because of the positive elec­
trostatic potential of the end-cell plasmas. The 
complete absence of low-energy ions, together with 
the radial density gradi°nt, would result in the 
dr i f l - tyc lo t ron- loss (.one instabil i ty. "I his in­
stability (.an be limited to low levels if a sufficient 
density of warm, unconfined iuns is present in the 
end cells.** In TMX these ion*- are supplied by the 
central-cell losses. Thus , the stability of the end-
tell plasmas is mnirolled by the tentral-cell losses. 
This imposes a stability limit upon the confinement 
of the central-cell plasma. If this pldsmd is confined 
tun well, insufficient warm plasma will be supplied 
to the end cells, and unstable behavior is predicted 

The required warm plasma density is a t trt . i in 
fraction of the end-cell plasma Jensiiv The frac­
tion depend-, upon the plasma potential, the mean 
ion energy of the end <ell. and the raJjal density 
gradient The warm plasma has a characteristic 
velocity, so the stability requirement corresponds 
to a central-cell loss current The required loss 
current for TMX at the end-eel I midplam- tin 
A-cm " per end) is' -* 

t p l R p - UM\ - V ' / 

In this expression, n (tm **) is the density of the 
end-cell plasma. <t> (keV), is the potential drop 
troni the midplane to the outer magnetic minor of 
the end cell, E p (keV). R p ( = 2 ) , and M {AMU) are 
the ion energy, mirror ratio, and ion mass in the 
end cell and r /a, is the r-Mio of end-cell plasma 
radius to ion gyroradius 

To supply this required loss current in the ab­
sence of plasma fluctuations, the central-cell loss 
current due to Coulomb collisions alone j l O U | . must 
satisfy 

Lul -H (3) 
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The loss rate (cm~ 3 -s^ ') due to Coulomb collisions 
is proportional to the square of the central-cell den­
sity divided by the confinement, ( n r ) t o u | , for this 
profess. The current per unit area flowing through 
the end-cell midplane is provided by a flux tube of 
volume L t R ( / R p per unit area, in which the central-
tell length and mirror ratio are L( (314 cm) and R ( 

(20). Thus, tht- loss current j i o u | (in A - c m " 2 at each 
end-cell midplanc) is 

(I)-(5) to obtain 

2 <" r >.„„ i \ R p / 
(4) 

HIT.- llit- tt-ntrdlt I'll density is n ( (cm 3 ) : and e = 
1 t> X 10 ' " l ou lnmbs 

If Coulomb collisions determine ihe central-
n i l confinement this t onfinement, ( n T ) t o l , | 
l u l l ' • • • ' » . i h ° 

*, 

2 n L . R 

A m-^ 13) 

in which the central-cell ion temperature and mast. 
arc T j ( (keY) and m, (AMU) In the long-mean-
tree-path limit, Eq (5) is dominated by the first 
leim. The confinement is then determined by the 
ion ion scattering time (proportional to T | ( ~ ) times 
an exponential function of the plasma potential 
The toel 'Hient o.4 X 1 0 1 0 , is a weak function of 
mirror ratio and potential well depth. The given 
value is appropriate for the experiment described 
below. The second term in Eq. (5) provides an ac-
t uiate transition for the short-mean-frpe-patii 
limit. 0 In this limit a completely Maxwellian plasma 
is flowing over a potential barrier of height 0 ( . 

The required condition for end-cell micro-
stability is given by Eq. (3). It can be interpreted as 
a limit on the plasma densities in TMX, to help in­
terpret the exper iment described below. The 
central-cell loss current due to Coulomb collisions, 
Jtuul' ' s a decreasing function of end-cell density n 
However, the required loss current, j s , is an increas­
ing function of n . Therefore, Eq. (3) cannot be 
satisfied for an indefinite increase of n . To es-

E p T V y a / 

(2.3 X 1 0 I B T , « \ 

—n^ir +v 
for R p = 2. M, = m, = 2. By substituting TMX 
parameters into Eq. (o), we estimate n / n > 3 for 
stable operation. The parameters were chosen for 
the experiment described below, but are also typical 
of much of TMX operation (E = 10 keV T u = 
0 08 keV. f / . [ i m = 0.5 kV, T e / T l l = 2, n ( = b X 1 0 n 

tnV-\ rj<il = 5 and 0 ( = O.lokeV). Thus , the 
theory of TMX confinement and microstabilitv 
predict 1, that increased plasma fluctuations should 
be observed when n„/n """- 3. 

4.3 THE EXPERIMENT 

An experiment w,is performed that test* these 
predictions The gas feed into the central-cell 
Vdiuum Lhamber was held fixed at 120 Torr liters 
per second The neutral-beam current fueling the 
end-tell plasmas was increased from 80 equivalent 
amperes of deuterium per end to 225 A per end 
The total central-ct-II pl^.-r.a losses were limited bv 
the fixed gas feed The measured losses along the 
avis, which we identify with the i urrent required 
tor stabilization, could vary depending upon the 
penetration of the gas lAs we shall see, the 
measured end losses did vary I For this experiment, 
the magnetic fields and other control settings were 
hold <.onstant, and the central-cell plasma radius 
was within the range 38 ± 5 cm 

As the neutral-beam current fueling the end-
cell plasmas was increased, the plasma fluctuations 
increased more than a factor of 10 Figure 4-1 
shows the floating potential fluctuations as a func­
tion of neutral-beam urrent, as measured using a 
high-impedance probe at the boundary of the 
central-cell plasma. The probe is located at a radius 
of 41 cm. The plasma fluctuations were also 
measureu using microwave scattering in the central 
cell and by a probe in the east end cell. The 
microwave scattering measures plasma density 
fluctuations in the core of the central-cell plasma. 
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FIG. 4-1 Floating-potential fluctuations, measured 
in the T M \ central cell, are shown as a function of 
the injected neutral-beam current. The central-cell 
gas feed was held constant. 

I he high-impedame probe in the east end cell 1*. 
located at .1 radius of .^Oim Th^se two diagnostic s 
measured flu* tuations that wen* proportional to .ht* 
I lui luations measured by the tentral tell prtibe. as 
is shown in r ig 4 2 Thus, the large increase in 
plasma f luc tuat ions was detected bv three 
diagnostics 

I lie -.pet irum of the plasma f l in tuations was 
measured 1 he thu tuations .it the end-(.ell ion 
cvilotron l iequemv and its ha-monus we:e as 
large as manv times stronger than the flu- tu. turns 
at other frequence- No distintt fluctuations are 
observed at the lon-c yt lotron frequency of the cen-
Irill tel l These results are consistent with measure­
ments made on many operating day-.. 1 0 In more re 
tent experiments the wave number of the ion-
t vt lu t run- f requent v f luctuat ions has been 
measured in the end t e l l . " Fluctuations Lharat 
teristn of the ir i f t - tyclotron-l iss-tone instability 
have ueen observed Th**>e fluctL Hions have an 
azimuthdl mode number, m " 20 and i^opagate in 
the ion-diamagnetu -drift direction as expected. In 
addition, fluctuations characteristic of an Alfven 
ion-tyclotron-type instability are measured. These 
fluctuations have in = 2-7 and propagate in either 
direction. As is shown below, the theory of the 
drift-tyclot.on loss-cone instability appears sut-

TMX 09J8/9 
• End-cell probe 

Cynrrdl eel1 micr 

iL 

% • 

FKi 4-2. Three diagnostics detected the increase of 
plasma fluctuations. The end-cell probe (•) and 
central-cell microwave scattering |Ot are compared 
to the central-cell probe. 
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diagnostic- ii-ed :o: :! e-i :»••» .1-1::• 
de-i r ibtd pie\ ii»u-h " \ - ' • :\i .;: 
and pia-ma t \:u "i.ation- r i .na-* 
plasma density - irutea-e.i -.i^titK 
pla-ma den-it\ J t , : 
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s i .' I he 
' . m been 

mi „ 'iru-n! 
e end .ell 
entral-cell 

r:J the measured end 
TOP ti*niperaturt m the 
vi- l . i : i : I he , eniral-tell 

ion ;e:npiTatii!i v\a- • - turned .ui *rv ba-i- ,»t 
diamagiv tic loop rnca-'.ireim n l - I he-e were nor­
malized to ion temperature- obtained horn -imilar 
plasmas in measurement- of Doppler broad­
ening '-

The analv-i- ot the i :a:a described a K n t .-
nresenied in h g 4-4 .At low. neutral-beam 
currents the density ^ r i o :i n t was a\ u: ^ and 
low levels of plasma fluctuation- were observed 
{Fig 4-4tt' As the neutral-beam current increased, 
n 'n t increased The increase m plasma fluctua­
tions as n r.t increased is predicted by the theory 
presented above. Thus this experiment supports 
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provide without any end-plugging. The confine­
ment parameter without an electrostatic well i*» 

A 4 X 10'° T-' u - ln^R ( + J 1 

n , R I , 
X 10 " ,_ • (7) 

A7"\ 
The right-hand side of this equation is similar to 
the factor in parenthesis in Eq \5) The first term 
rcflei ts the ' ing-mean-free-path conlinement ot a 
mirror confined plasma, and the second term 
evaluates [he loss of a (short-mean-free-path) 
itillisiunal plasma through a magnetic nozzle The 
measured axial confinement parameter is 

en-L R 
Inrj. = ' - ^ 

_ d 
? o o | -

i »jci L-

? 4 7 10 20 40 70 

CenUd! cell probr f\. I 

IK, . 4-3. Plasma parameters measured during the 
beam current scan and plotted against die observed 
fluctuation level: (a) end losses, j | and j ^ (east-Q , 
« e s l - 0 ) ; (b) central-cell density, n ( l ( • ) ; (c) end-
cell J ins i ty , m and nyv ( ea s l -B . w e s t - $ ) ; (d) 
central-cell ion temperature, T K ( A ) ; and (el east 
end-cell electron tempeiature, T,. ( O )-

the enJ u'll stability theory based on the drift 
vvnoi ton loss-tone instability It appears that 
centro! cell looses are necessary to mainlan. the 
stability ot the end tells 

The performance of TMX changed a* the end-
iells became snore unstable The end ceil plasma is 
expected to enhance the axial confii. -nient of the 
central-cell pi tsma bv electrostatic end-plugging 
The end-plugging eifei I of the end-cell pUs.na may 
be judged by comparing the central-cell a\.al con­
finement t •> the confinement the central cell would 

in vwhic h | ( is the total loss-current from the central 
it'll in A-c m : evaluated at the end-cell midplanes 
t \ hen the plasma Ju t t u a t e n s were small, the 
ientr.il . (-1) confinement w.js several .mes the 
value expected without end - plugging, as deter 
mined from the djta and \ q 17) Figure 4 4a shows 
this result As the plasma fluctuations 'ncreased. 
the central-«.ell cont 'nemt nt dec reased In addition 
ttie end plugging ettec I of the end-cell plasmas ap 
pears to have been eliminated We believe this was 
a direi t consequence i>t the ir.creasing plasma flue -
luations .is is described belo.\ 

4.4 EFFECT OF FLUCTUATIONS 

T^e effect of end-cell lon-c vc lot ron-frequent v 
fluctuations on the central cell confinement has 
been s t u d i e d 4 These fluctuations are expected to 
resonantly heat the central-' e ' 1 iens. near the 
magnetit mirror w h e r o the ion-cyclotron fre­
quency equals (hat of' the fluctuations The central-
cell ion=- heated bv this mechanism c n escape the 
plasma by scatteiing a small angulai distance into 
the loss cone. The predicted effect of the plasma 
flue tualions depends on the magnit'. de of the f'.uc 
'UJUng ele trie neld For small e l c t r i c fields (E > 
10 V cmi. the central-cell confinement is not sub­
stantially reduced, although there is some heating 
of the tentral-cell ions. As the electric field in­
creases, central-cell ions are lost bv the mechanism 
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FIC. 4-4. Analysis of the data, (a) As the end-plug-to-central-cell density ratio ( + ) incieased above 3, the 
plasma fluctuations increased. The measured central-cell axial confinement (•) decreased from several times 
the singie-mirror value (-). {h) The predicted axial confinement ( O) includes f he reduction of the confine­
ment due to Coulomb collisions ( ) by the pi lsmj fluctuations. 

describt I abovt. The central-tell confinement 
Je t rf>ase!> unii l the f luctuat ing electric field 
becomes so large that substantial ion hi ating oc­
curs. Al vt y large eleitric fields (E > 40 V/cni for 
TMX) the confinement may begin tc increase as a 
result of the ion heating. For moderate electric 
f ields (E Cf 40 V/cmJ. the effect ^f the fluctuat.ng 
r'retric field on central-cell ion confinement is 
predicted to be 

. n r \ = ( n r ) ( n u | | l + E 2/Ff) ' . («) 

ir. which E is the peak fluctuation level in V/'cm at 

the core of the central-cell plasma This electric 
field i*- normalized to E where 

E : - 5.4 X 1 0 ' 1 1 n T , <(T 110) 

To compare this theory with the data, one must 
evaluate fc. Ec, and (n r ) c u j . The critical electric field 
E t is evaluateu using Eq. (10) and the data. The 
Coulomb confinement is determined by Eq. (5) if 
the end-cell H. nsittes are equal. For unequal end-
cell densities, the following relation was used: 



(nr)coul = ^ X l o W T ^ ^ e x p ^ / T , , . ) | m m 

4ncLcR r 

yTTTmT L c K | mm 

+ exp<-<WT >| I " 1 , (11) 

in which </J( = T^ninJnJ was assumed, the elec­
tron temperatures were taken to be 160 eV, "min" 
designates the end eel] v i t h smaller density, and 
" m a x " designates the end cell with larger density. 
To evaluate the fluctuating electric field at the core 
of the plasma (E), a relation must be assumed be­
tween E and the peak-to-peak fluctuations of the 
floating potential (</•„„) measured at the ; lasma 
boundary. The relation E = 1.5 <j> was used, based 
on « theoretical estimate of the wave number k for 
the diift-cyclotron-loss-cone instability in TMX. 
Equating the phase velocity of the instability to the 
ambipolar hole velocity gives k ^ 3 c m " 1 . " T h e n 
we have E - k</> /2 ~ 1.5 tj> This estimate 
ignores spatial variations of the plasma fluctuations 
and effects due to the ellipticity of the magnetic 
field. As a result, the comparison of theory and 
data described below is essentially a one-parameter 
fit. We have just shown that the fit parameter re­
quired to obtain agreement is a plausible one. 

T h e results of these calculations are shown in 
Fig. 4-4b. The observed central-cell confinement 

equals the Coulomb-dominated value when the 
measured fluctuations are small. As the plasma 
fluctuations increase, the observed axial central-cell 
ion confinement becomes significantly less 'han the 
Coulomb-dominated value. Wi th in the experimen­
tal uncer ta int ies , the theory jus t described 
reproduces the shape and magni tude of the 
decreasing confinement. T h e greatest disagreement 
between theory and experiment is at very large 
fluctuation levels. As is described in Reference 4, 
Eq. (9) is expected to fail for very large electric 
fields. Thus , the data suppor ts the hypothesis that 
the plasma fluctuations degrade the confinement of 
the central-cell plasma. This effect, which results in 
increased central-cell losses (Fig. 4-3), is believed to 
provide the additional stabilizing warm plasma 
needed by the end-cell plasmas. A steady state is 
reached at which the enhanced central-cell losses 
and other effects of the plasma fluctuations 
produce marginally stable end-cell plasmas. 

In summary, the ion-cyclotron-frequency 
plasma fluctuations are observed to increase in 
T M X as the dr i f t -cyclot ron loss-cone mode 
becomes theoretically more unstable. The effect of 
these fluctuations is to decrease the axial confine­
ment of the central-cell plasma. We expect to ex­
tend the stable operating range of TMX and future 
mirror machines by creating end-cell plasmas 
which confine low-energy ions without requiring 
central-cell losses. O n e method we will use is to em­
ploy sloshing-ionend ce l l s . 1 ? 
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5, Scaling of End-Cell 
Confinement in TMX 

5.1 INTRODUCTION 

A Tandem Mirror machine 1 - 2 uses three (or 
more) magnetic-mirror cells to confine a central-cell 
plasma between two end-cell plasmas. The 
positively-charged end-cell plasmas act as elec­
trostatic end plugs which reduce the end losses 
from the central-cell plasma. The central-cell 
p l a s m a b e c o m e s M a x w e l l i a n , and i o n 
mjcroinstabilities do not easily arise there. The end-
eel] plasmas can and do become unstable to 
microinstabilities. Warm plasma can stabilize the 
end-cell plasmas, if low-energy ions are supplied to 
the end-cell. 3 Central-cell losses provide the low-
energy ions needed by the end cells. Thus, if the 
central-cell end losses are sufficient to stabilize the 
end-cell plasmas, such a device should be stable. 
Otherwise, instabilities will arise and will change 
the behavior of the plasma. With sufficient central-
cell losses, the end-cell density in TMX is close to 
the limit set by Coulomb collision?. As the central-
cell losses are reduced by reducing the gas feed to 
the central-cell plasma, the end-cell plasma cannot 
be stabilized and the end-cell density drops. The 
first section of this paper describes how we expect 
(TMX) 4 to operate. The bulk of the paper describes 
the scaling of end-cell ion confinement in TMX, in 
which end-cell stability plays a crucial role. 

To be slable, the end-cell plasmas must con­
tain a minimum density of low-energy ions. If I he 
central-cell losses that result from Coulomb colli­
sions do no! provide the required low-energy ions, 
plasma fluctuations will arise. These plasma fluc­
tuations may have two effects. They may inciease 
the end losses from the central-cell by heating the 
central-, ell ions.-"' This effect was observed by 
means of an enu-cell neutral-beam-current scan 
and has been reported previously,^ Sec. -1. In addi­
tion, the plasma fluctuations may reduce the con­
finement of the eml-cell ions and reduce the end-
cell plasma densi ty, 7 therebv reducing the required 
amount of low-energy ions. A central-cell gas-reed 
scan produced significant changes of end-cell den­
sity, as is described below. As the density of low-
energy stabilizing plasma in the end cell increased. 

the end-cell density approached the limit deter­
mined by Coulomb collisions. 

Based on these mechanisms, TMX operates as 
follows: T h e end-cell reaches marginal stability 
through the balancing of two effects. The neutral-
beam fueling at tempts to increase the density 
toward the Coulomb limit. This tends to reduce the 
central-cell losses as the electrostatic potential well 
becomes deeper. If the central-cell losses are too 
small, plasma fluctuations arise. These plasma fluc­
tuations inrrease the central-cell losses and decrease 
the eni-cel! density until a marginally stable 
steady-state is reached. In steady state, the central-
cell losses supply enough low-energy plasma to 
stabilize the end-cells in the presence or the fluc­
tuations. 

T h u s , ;f TMX is not stable two effects com­
pete to determine the operating point. The plasma 
fluctuations both reduce the end-o.-ll density and 
increase the central-cell losses. To lumpletely un­
derstand the steady-state plasmas obtained in 
TMX, one must understand what determines the 
relative magnitude of these two effects. Th.s may 
depend upon many factor:*, including electron tem­
perature, plasma density and magne ic field. This 
section focuses on the evidence support .ng the im­
portance ot warm plasma * tahi ' . 'at ion and d.u's not 
attempt a complete description of the steady-state 
plasmas obtained in TMX 

This section describes experimental results 
that indicate the importance of end-cell stability to 
the end-Lcll-ion confinement in TM.X The results 
of a gas-feed scan show that the end cell density 
responds to changes in stabilisation. A variety nf 
data supports this conclusion. In add ; t ion. certain 
specific experiment-- could improve the perfor­
mance of TMX. Our plan is as follows. Section 5.2 
describes the theory ot end-cell-ion confinement in 
TMX. We discuss the significant processes and the 
end-cell stability r equ i remen t . The results or an 
experiment that tests this theory aie presented in 
Sec. 5.3. and we discuss the implications of these 
and other data ir Set. 5.4. Section 5.5 is the conclu­
sion. A more detailed publication is in preparation; 
it will include additional data and a more accurate 
treatment of radial profiles. 
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5.2 THEORETICAL 
CONSIDERATIONS 

5.2.1 End-Cell Rate Equation 

This section focuses on the theory of ion con­
finement in the TMX end-cells. A rate equation 
summarizes the processes tha ' determine the ion 
density- 1 hen, we consider these processes in more 
detail. The most important processes are neutral-
beam trapping. Coulomb collisions, and the effects 
of plasma fluctuations. As is well known, the ion 
confinement determines the plasma density, and 
the electrons are electrostatically confined to main-
lain quasineutralitv We focus on the ion confine­
ment in the plasma core—the region within three 
Larmor radii (o cm) of the plasma centerline. 

The end-cell density is determined by a 
balance between neutra l -beam t rapping and 
various loss processes The end-cell plasmas are 
short, the rates of fueling and loss vary signifi-
t.intly along a given flux tube. Hence, an average of 
these processes over the plasma length determines 
the equilibrium. To simplify this discussion, we 
will evaluate the fueling and loss processes at the 
plasma midplane, and include the averaging by 
means of weight- g coefficients. These coefficients 
are distupsed in the Appendix D. The fueling and 
loss processes aftect thf end-cell density, n (cm 3 ) 
as follows: 

J> 
Jl = '] <" V > , . .„ nb n

P

 f 2 ' J . "I- " , . 

r " P 

This equation contains one source term and thiei 
loss terms Ionization of the neutral-be; n atom-
tuels the plasma. The loss terms mclu- e radial 
transport due to charge-exchange with neutral-
beam atoms, losses produced by Coulomb colli­
sions and plasma fluctuations, and losses which 
result from charge-exchange between plasma ions 
and low-energy neutral atoms or molecules that 
strike the plasma (' background gas"). The average 
Jensi ty of neutral-beam atoms within the pla c ma 
iore is n .̂ (cm"**) The iate coefficient for ionization 
of these atoms (nv both electrons and deuterons) is 
< f i v > K j n (cm 3 s" 1 }. The rate coefficient foi radial 
transport out of the plasma core by charge-
'•\change with neutral-beam atoms is c A (cm - 3 s" 1) 

(see below). The rate of loss of plasma ions by 
means of Coulomb collisions and as a result of 
plasma instabilities is *"| n s s(s). Finally, the flux of 
low-energy neutral atoms to the plasma is !* ( c m - 2 

s" 1). The weighting coefficients fr through f4 art 
described in Appendix D. 

In addition to the processes included in Eq. (1), 
charge-exchange events exchange plasma ions and 
neutral beam atoms. This process alters the ion 
velocity distribution and affects the loss rates 
caused by other processes. 8 An ion must lose most 
of its energy or scatter through a large pitch angle 
in velocity space to become unconfined. Charge-
exchange processes tend to replace plasma ions 
with new ions of higher energy and smaller pitch 
angle. Thus , charge-exchange tends to decrease the 
loss of ions due to various loss processes. If the 
lifetime for charge-exchange is T I X and the charac­
teristic lifetime for the loss processes at work is r 
ihen the loss rate of ions in the actual plasma is 
'V'W- w h e r e 

r ln- = ^ x k x p f y V ) - 1] - (2) 

The lifetime for charge-exchange depends on the 
neu t ra l -beam-a tom densi ty and the charge-
exchange rate coefficient < ' j v > i v ( i m t 3 s ' ) : 

' " = n, <"V> , , 3 ' 

Equation (1) has several limits. If the gas load 
on the plasma become* too high, the final loss term 
will lower the plasma density and eventually 
destroy the plasma. Most of the data described 
below was obtained with a beam current at least 
twice the minimum required to sustain plasma and 
this term will be ignored. Assuming a small gas 
load, Eqs. (1), (2), and (31 can be solved for steady-
state to obtain 

If the loss processes are understood, r can be ex­
pressed as a function of the plasma parameters and 
Eq (4} determines the steady-state. l o r example, if 
the plasma fluctuations are unimportant , the 
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plasma den«ity rises until the Coulomb loss rate 
equals the net source by ionization less the beam-
driven radial transport. The resulting density limit 
is derived below. As the plasma fluctuations in­
crease, the density will drop. Thus , improved 
plasma stability will ca.ise the measured plasma 
density to increase until it approaches the Coulomb 
limit. 

5.2.2 Neutral Beam Trapping 

The neutral beams inject energetic atoms 
which are ionized by the plasma and cause radial 
transport by means of charge-exchange. T h e elec­
trons and ions within the plasma ionize the neutral-
beam atoms. The source due to this process is 
fj < f f v > i o n n^ n . A certain fraction of this ionized 
source is lost because neutral-beam injection 
produces an unavoidable radial t ranspor t . 9 Charge-
exchange events replace plasma ions with new ions 
having a different gyrocenter. This radial step, 
which occurs on a charee-exchange time scale, 
causes radial transport. The transport depends 
upon the rate of charge-exchange (which is propor­
tional to the rate of ionization) and on the amount 
of radial motion that results. We have used a radial 
Fokker-Planck computer c o d e 1 0 to evaluate this 
radial motion. The code determines the actual 
gyrocenter motion for plasmas similar to those 
produced in TMX. These calculations show that 

c± = 0 . 4 1 < f f v > | o n . (5) 

In addition, because the rates of ionization and 
charge-exchange-driven radial transport depend on 
the same variables, they have the same axial 
weighting coefficient. That is, 

f 2 = f, (6) 

5.2.3 Coulomb Density Limit 

The limits imposed by Coulomb collisions are 
an important yardstick to be compared with the 
data, because plasma losses due to Coulomb colli­
sions are inescapable. Coulomb collisions cause 
losses by several mechanisms. Electron-ion colli­
sions cool the energetic ions and cause them to be 
lost . 1 1 This process, known as Spitzer drag, is the 
only significant process in the TMX end-cells. In 
addition, ion-ion collisions produce pitch-angle 

scattering and electron-ion or impurity-ion colli­
sions cause radial transport; but these processes are 
insignificant. In the absence of charge-exchange, 
the ion lifetime due to Spitzer drag i s 1 1 

1 0 1 3 M VJ2 , E I N r . 
' D " np Z* In X e i I" ( ^ ) (7) 

In this equation, T e (keV) is the electron tem­
perature, M(AMU) and Z are the mass and charge 
numbers and In A e j is the appropriate Coulomb 
logarithm. The energetic ions are injected by the 
neutral beams with energy E I N j (keV) and are lost 
with energy E L (keV). Fokker-Planck studies in­
dicate that E L ^ 1 keV for ions lost by Coulomb 
collisions from T M X . 1 2 

If Coulomb collisions are the only significant 
loss process, the plasma density rises to the 
Coulomb density limit. Equation (4) determines 
this limit, with r replaced by r D from Eq. (7). If we 
evaluate this dens i ty limit for typical T M X 
parameters (M = 2, Z = 1, In X e i = 14, E ] N . 
= 12 keV, E L = l keV, < o v > r x - 1.4 X 10" 7 cm^ 
s 1 ) we obtain 

T , , 5.0 X 10-' 
n P = n b T e " ~ ~ " f3 < . T V > ^ " <8> 

I n \ l + f i 0 . 5 9 < < r v > i o n ) 

Equation (8) was used to determine the Coulomb 
density limit for the experiments described below. 
This density limit depends primarily on the 
neutral-beam current and the electron temperature. 

5.2.4 End-Cell Stability 

U n d e r c e r t a i n c o n d i t i o n ? , ion m i c r o -
instabilities may arise in the TMX end cells. The 
most serious such instability has been thought to be 
the drift-cyclotron-Ioss-cone (DCLC) instability. 
This subsection summarizes the DCLC instability, 
how it may be stabilized, and the effects it may 
have on end-cell confinement. At the present time, 
there is not a quasilinear description of the Alfven-
l o n - C y c l o t r o n in s t ab i l i t y and o t h e r s imi la r 
instabilities. 

The DCLC instability is a loss-cone instability 
driven by two sources of free energy. 3 1 1 1 3 One 
source of free energy is the absence of low-energy 
ions in the end-cell, which is caused by the positive 
plasma potential; thi* plasma-density gradient is the 
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other. This instability can be stabilized by the 
presence of a sufficient density of low-energy ion*, 
at the end-cell midplane. To »void the two-
component instability, the low-energy ions must be 
sufficiently warm. Because these ions are uncon­
fined they flow out of the end-cell. This means that 
a steady current of low-energy ions must be sup­
plied to the end-cell to maintain stability. In TMX, 
this current is supplied by the central-cell losses. 

Several factors determine the required 
minimum loss current. In this paper, we express the 
loss current which must flow through a given end 
cell to maintain stability, j s , in A-cm - 2 evaluated at 
the end-cell rridplane, a s 1 3 , 1 4 : 

_ 3-B X IP' 1 2 n p ffi 4/3 

'= ~ E p <Rp - 1) Ml / 2 W • ( 9 ) 

In this expression, n (cm - 3), is the density of the 
end-cell plasma, 0 (keV), is the potential drop 
from the midplane to the outer magnetic mirror of 
the end cell, E (keV), R p, and M(AMU) are the ion 
energy, mirror ratio, and ion mass in the end cell, 
and r /aj is the ratio of end-cell plasma radius to ion 
gyroradius. The required density of low-energy 
ions is some fraction of the end-cell density n 
times the relative size of the plasma potential, 
<t>pm/E . These ions flow out of the end cell with a 
velocity proportional to 4>^. Equation (9) is ex­
pected to describe the total ion current flowing out 
of each end cell. The end-cell losses may supply 
some or all of this current. 1 3 The central-cell losses 
supply the remainder. In practice in TMX, the 
central-cell losses often supply one-half to nearly 
all the required loss current. 

There are several uncertainties associated with 
Eq. (9). They include the effective velocity of the 
flowing ions, the precise value of the numerical 
coefficient, and the presence of the factor, 
(r p/a i)~ 4 / ' 3. In Eq. (9) the velocity of the flowing 
ions is taken to be proportional to t^'^2 . Depending 
on the source of these ions, the mechanism which 
supplies them, and on how weII-localized the in­
stability is, the correct dependence might beT J / 2 or 
some other factor (where T i c is the temperature of 
the central-cell ions). Secondly, the numerical coef­
ficient, 3.8 X 10~1 2, was derived assuming that a 
stable velocity distribution was obtained with the 
minimum possible number of unconfined ions. 

Depending on the distribution function of the low-
energy ions, a larger density of such ions, and 
hence a larger loss current, may be required to ob­
tain stability.1 5 If the low-energy ions are too cold, 
the two-component instability may arise. Finally, 
the required loss current is expected to decrease as 
the plasma becomes larger, because the density 
gradient becomes smaller. 1 3- 1 6 This effect is 
represented by the factor {tJaX^*in E°<- ( 9 ) - ^ t n e 

velocity distribution of the low-energy ions departs 
significantly from the optimum described above, 
this effect may become smaller and the required 
loss current may increase. Some of these detailed 
considerations will be addressed in future 
publications.17 For our purposes here, Eq. (9) 
provides a useful indication of the end-cell stability 
requirements. 

If the end losses do not stabilize the end-cell 
plasma*, several effects may result. As was dis­
cussed in the introduction, the end-cell density may 
decrease and the central-cell losses may increase. 
The less stable plasma will produce plasma fluctua­
tions. As the fluctuations in the plasma core in­
crease, the signals detected by probes at the plasma 
boundary probably will increase, but this does de­
pend on how the plasma parameters and the 
propagation of the unstable waves change. In addi­
tion, if the hot end-cell ions are heating the cool 
central-cell ions by means of the instability, the 
mean energy of the end-cell ions may decrease. 

5.3 EXPERIMENTAL EVIDENCE 

This section describes a gas-box scan experi­
ment in TMX. To avoid instabilities, the central cell 
must be able to supply the unconfined, low-energy 
plasma required by the end cell. In TMX we can 
decrease the maximum central-cell end losses by 
reducing the gas feed to the central-cell plasma. In 
response, the end-cell density should detrease 
because the amount of end-cell density that the 
central-cell losses can stabilize will decrease. 

We used TMX to perform the experiment just 
described. The neutral-beam current fueling the 
end-cell was held constant at 150 A per end. We 
fueled the central cell using the two gas boxes that 
surround the plasma at each end of the central cell. 
Three piezoelectric valves injected gas into each gas 
box. The gas-pressure change in the plenum cham­
ber (of volume 1.0 liters) that supplied the valves 
was measured using a capacitance manometer. The 
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pressure drop during each shot determined the flow 
rate of gas into the ga:> boxes. During this experi­
ment, we changed the gas feed to the central cell by 
more than an order of magnitude on a shot to shot 
basis. 

We varied the measured end-loss current by 
changing the gas feed into the gas boxes. Figure 5-1 
shows the observed end losses as a function of the 
pressure drop in the plenum chamber that supplies 
the gas. The end losses increased as the flow rate of 
gas into the gas boxes increased. The end losses 
were measured usir.,^ an array of Faraday cups on 
each end of T M X . 1 8 Each Faraday cup has a sup­
pressor plate that repels the electron flux and a 
deep cup which collects the ions. The data points in 
Fig. 5-1 represent the ion-end-loss current pei unit 
area at the end-cell midplane; this value is an 
average over a circular area with a radius of 6 cm, 
obtained using data from three or four cups on each 
end of TMX. Figure 5-1 shows th?* we obtained a 
significant variation of *he end losses from TMX. 
As is shown below, this resulted in a significant in­
crease of the end-cell density. 

During this experiment, we measured several 
plasma parameters. Figure 5-2 shows some of these 
results. As the gas feed and the end losses in­
creased, so did the density and diamagnetism of the 

KxlI'i.'lirilJl.K:. 

• EdSl Farariay cups 
O West Far.iddy cups 

O 
O : • 

0 2 1 6 8 10 1? 

AP (Torrf 

FIG. 5-1. The end losses, measured by two arrays 
of Faraday cups, increased as the gas fueling of the 
central cell increased. The gas fueling was 
measured by the pressure drop, AP, in the plenum. 
The end losses shown are averaged over a 6-err 
radius at the end-cell midplane. 

central-cell plasma. These measurements were ob­
tained u s i n g the n e u t r a l - b e a m - a t t e n u a t i o n 
diagnostic and a diamagnetic loop, described in A p ­
pendix B. T h e central-cell and east-end-cell elec­
tron temperatures (measured by Thomson scatter­
ing) may have decreased somewhat as the end 
losses increased. However the scat ter in the 
electron-temperature data is significant compared 
to any trends. For analysis, the electron tem­
perature may be taken as 50 eV with an uncertainty 
of ± 2 0 eV th roughou t this exper iment . T h e 
central-cell diamagnetism increased as much as the 
central-cell density, indicating that the sum of the 
central-cell electron and ion temperatures did not 
change significantly either. Although the data is 
not shown in Fig. 5-2, the plasma fluctuations were 
also measured al the plasma boundary during this 
experiment. As the end losseb increased above 
0.4 A-cm" 2 , the magnitude of the detected fluctua­
tions decreased ;; both end cells and the central 
cell. 

0 5 1 0 15 

Average end losses (A • en 

FIG. 5-2. Plasma parameters are shown as a func­
tion of end-loss current. The central-cell density 
( • ) a n d diamagneti<sm(D) increased while the end-
cell (A,A) and central-cell ( O ) electron temperature 
did not. 
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The electron temperatures obtained during 
this experiment are quite low compared to those 
reported previously. 4 , 6 This does not fundamen­
tally affect the argument stated here. The low-
electron temperature is not due to a large-electron 
power loss to the end wall along the magnetic field 
l i nes . 1 0 ' 2 1 Two possibilities which have not been 
eliminated are: 

1. The vacuum conditions in ihe end-cell 
may have worsened (as described in Appendix A). 
This could have removed a substantial amount of 
power from the plasma boundaries by means of 
charge-exchange between hot plasma ions and cold 
neutral atoms. 

2. The moderate-Z impurities (principally 
titanium) were not closely monitored and might 
have increased to significant levels; although there 
is no evidence supporting a high titanium concen­
tration. 

During this experiment, the plasma densities 
increased. The line density profiles measured by 
the neutral-beam-attenuation diagnostics are 
shown in Figs. 5-3, 5-4, and 5-5. The figures show 
line density profiLs measured in the east end cell 
(Fig 5-3), in the west end cell (Fig. 5-4), and in the 
central cell (Fig 5-5). As the gas feed increased, the 
line densities increased everywhere. In the end 
cells, the plasma shape did not change substan­
tially The da:a from the east end cell has a 20% 
systematic experimental uncertainty on certain 
channels Thus, the actual line density profile is 
probably much smoother than the data suggests. 
We improved the grounding of the electronics on 
the west end, and the west end cell diagnostic gave 
smoother data. 

The must significant difference between the 
two end cells is at the plasma edge. For high gas 
feed rales, the east-end-cell line density is twice as 
large as the line density in the west end cell at a 
diameter of 20 cm (3 X 10 1 4 cm" 2 vs 1.5 X 10 1 4 

cm 2 ) . Thus, at this radius the end-plugging effect 
of the end cell plasmas should be larger at the east 
end of the central cell. At large radii, most of the 
end losses should flow out through the west end 
cell. (They do: see below. However, the difference 
between the line-density profiles is not certain due 
to the uncertainties in the data.) 

The central-cell line density also increased a» 
the gas feed was increased (Fig. 5-5). The central-
cell line densities were almost equal to the end-cell 
values Thus, the central-cell density was several 

times less than the end-cell density, because the 
central-cell radius was several times the end-cell 
radius. In addition, as the gas feed increased the 
central-cell line-density profile increased more 
rapidly near the plasma edge than along the central 
chord. This shows that the radial density profile in 
the central cell was changing; it was becoming 
broader and developing a shell near the plasma 
edge. 

The line-density data does not indicate the 
precise radial density profile within the plasma. In 
the core of the end-cell plasmas (within a 6-cm 
radius), the density profile may be flat, peaked, or 
inverted. To interpret this data we determined the 
average plasma density within a radius of 6 cm. Let 
the line density be I(yj , as a function of height, y. 
Also assume azimuthal symmetry. Then, by in­
tegrating the Abel inversion we can determine the 
number of particles per unit length within a radius 
b. i f this is N(b), we f ind 

N(b) = f co [<y> dy " Jb K v V + b 2) du 

fb 
- J _ „ H v V + b 2) du . (10) 

Equation (10) can be evaluated from the data, but is 
insensitive to the derivative of the data unless b 
becomes small. Using b = ±6 cm (six detector 
spacings), we integrated Eq. (10) trapezoidally to 
obtain the number of particles per unit lengih in 
the plasma core. The average density in the plasma 
cure is N(bJ/jrb 2. This is what we have plotted 
below. 

The radial profiles of the ion-end-loss currents 
are shown in Figs. 5-6 (west) and Fig. 5-7 (east). 
The Faraday-cup arrays, located at each end of 
T M X , measured these profiles. The ion-lose 
current is determined in A*cm 2 f lowing through 
the end-cell midplane, and the detector position has 
been mapped to the end-cell midplanes along the 
intended varuum-magnetic-fieid lines. We have 
two comments. First, the center of the end-less 
profile appears to be shifted at both ends of the 
machi re relative to the intended machine 
centerline. The profiles are shifted roughly one 
detector spacing at low gas feeds and two detector 
spacings at higher gas feeds. This shift is not well 
understood but is not the subject here. We believe it 
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FIC. 5-3. Line density profiles in the east end cell measured for many shots. The data from each shot are 
connected by a line. The variation of gas feed is indicated by the symbols. As the gas feed increased, the en­
tire line density profile increased. 
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TMX092680GBS AP in gas box (Torr l 

FIG. 5-4. Line density profiles in the west end cell measured for many shots. The data from each shot are 
connected by a line. The variation of gas feed is indicated by the symbols. As the gas feed increased, the en­
tire line density profile increased. 
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FIG. 5-5. Central-cell line density profiles as a function of gas feed. The central-cell density increased and 
the profile became flatter as gas feed increased. Data from each shot are connected by lines. 
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FIG. 5-6. An array of Faraday cups at the west end wall measured the profile of :on end losses as a function 
of gas feed. Data from each shot are connected by tines. 

5-10 



Z. 0.5 

- 0 . 5 
-15 - 1 0 - 5 0 5 

Height, y (cml 

10 15 20 

FIC. 5-7. An array of Faraday cups at the east end wall measured the profile of iun end losses as a function 
of gas feed. Data from each shot are connected by lines. 



m a y f f - u l l t r o m a l o m h i n a t n . n ol m a g n e t a l ign 

met i l f tTi . r - a n d ph i s ma r f l e i t s T h e e n d - l o s v 

. l i - r r r i ! - p i - ' t l ' d in i i . t m f i g u r e s a r e r a d i a l l y 

v-u-ighied a . . - i . i g e - o t tln> Jd t . i in F • •*. 3 p a : .d ?-7 

I I . aw-ia>;i w a - t a k e n a b o u t : h e s y m m e t r y pu i r . t -

-»: i n . :>\'—-\ \ < d • nd Ins-, p r o h l e - T In- u rn e r t a i n t i e s 

.r i i . i - ' u i t n l 1 ' - ! - .in *-ma'i 1 . . m p . i r ' J t o t h e c h a n g e -

1 !>-<•: . • J -f " • n i i i - e . i t 111 <• • T p e r i n » - n t 

'-*'••• :id -i' . n t f e g . i - f i ' id rt 1- 1le.11 ln. i t m n r f 

• t . " - • : . . <,-. •.;! i h i . i . i g h IIK- wi»,t > n d i e l l t h a i : 

• . ; . ' . . » • : "• • • ••-' ' n d 1 i-l! I i>,ure 3- c • • h o w . l a r g e 

p. ..r • :i< i- ' ! . j iuisni.i e d g e .it h i g h g a s feed 1 i* 

' .1. >' - !, • I r ' - wh . i t \\. . i p.-i ted b a s e d u i . the 

,.' l . : i - . ' \ :•: -• • - !n i> . p l a - m . t 1 o r e w h e n the 

• • .1 . . . '•• •• • •< i tmp. t i . i l ' l t - t h e l o s s e s <uil ut 

t -.\ - • : .i : •[.» !!i.i' I im . i i ' 1 . o m p a r a b l . 

I :•• ; • i ' 1. "• •"•ill* .it :-i\- e x p e r i m e n t .-

i ;•. I ., • \ - tin . : , j l u - s e - i n c r e a s e d :h> 

• .: • '! .J. :•- • • . H . I - . - J , : . . n i beK.w I 0 1 ' . m to 

• • • A rn l l . d e n s i t y o : u r u o n l in»-d 

. • -•: • • • ' • > • . : - l i s .-..I- a l w a v - - m a l l u i m p j f i ' d 

• •: - • •- .!• - . - v I n . e n d >.•!!• . -xhib i t tin-

' , ' • . : •• .1 .1! ' h e b e g i n n i n g ->! t i n - -.in ' i n n 

. . A g a - t e . . J I ( H - , - : J . e l l d e n - i l i e s 

:- .-< : • • . " " i 1: : l \ I hus t h i - expe r imen t 

. • . • . . l i . - . i - .( \ e r i l u . i i i . i n .>t t in- i h e o r \ 

• • - • • • • : . • ' • " 1.. I tie q i .an t i t , *.' i de ta i l - an-

; 

TMX09?6Rnr,E <, 

%• 

* » 

l i t . , ? - 8 . I ht- i*nd- ie l l d e n s i t x a v e r a g e d o v e r J 
p - i m - r a d i u s cireU* a s d e s t , - i b c d in t h e t ex t , i n ­
c r e a s e d a n d a p p r o a i h i d t h e C n u l o m b l imit a*, t h e 
m e a s u r e d e m - luss t u r r e r l ' m r e a s e d . 

5.4 DISC I'SSION 

5 .4 .1 W a r m - P l a s m a S t a b i l i s a t i o n 

( m.-MTih . . . | , i - i o n - l i m n :lu- e n d n- l l d e n s i t y 

lr: a d d :i-»t' i t» - n r r a l . ell l o w - m u s t - t a b i l i / e ion 

r:i, ' . , * i - \ i b d i i , e - I h . e n d - n i l d e n - i t \ w a - -v 

p . . I- ,1 t. ' d- '• ,l-e it t h e i l - n . ! / ! i e l ! S.l- l e r d v. < 

• e d u i d V\ • p e i i o r m e d thi*- t v p e n m e n i .m^l .<i 

- e i \ e d tl i- • r l t \ l I h i - MvtiKii . i i m p . i : i " d.ita a n d 

t h e n ! v 111 m o r e de t a i l 

I ivu hm.t*- a t e i n d u . i t ' d in f IJ^ 3 .̂  .1 

<...,. i , . ib lirmi a n d .1 M a h i l i t v l imit T h e t o u l o m h 

l ini ' v%.i- . ali u l . i ted U'-ing h q l M a n d t h e m i a MI red 

p i a M i u p a t a m e t i T ' . T h e e v a l u a t i o n ot n,, t , a n d t , 

i'. M i m m a n / e d in A p p e n d i x P B e i a i t M - t h e n e u t i a i 

b e a m i u r r e : i i a n d elet. i r o n t e m p e r a t u r e k h a n > ; i d 1:1 

t ie d n r m > ; t h i - e v p e n i n e n i i h i - l imit a p p h i " - to all 

t h e da i - "I hi u n i e r t a i n t y in th i C o u l o m b l imit di : t 

p r i m .pa lb , u u i K e r t a m t i e * - m n ( , a n d T(. i - o t o r d e i 

± 4 0 ' ' ' It t h e e n d - l u s 1 - 1 u r r e n t w a s * u f f k i e n t the 

e n d - t i l l d e n s i t y w a s w i t h i n a t a i l o r or t w o of thi". 

l i m n L ' n d e r : h e - i onJi:ii«n*- a m - n d 1 ell los ••-

u u M ' j b y t in . : i M a b i h : \ . '• otti--: ! , t . ; o r - m - f n 

l a rne i r l u n th . t , , u l o n I I > . - M -

T h e MabihtN i;ri... -, \ ;* > .̂  1- b a - e j .,., 

Eq r ' l I' wa< c \ a l u . ' t e J r-w t h « - d a t a o b t . ied v . r 

a ! -v\ >,as t e e d V \ i t h m t t ie u m e i l a n l t i e - tin da t . . 

- h o u l d IK in t h e n ^ h t it t h i - l i n e It t h e d a t a is : a : 

( t o r n t h . h n i t l i i - : n . ) i t . i t e s t h a t t h e l e n t r a l n ' i l 

l o - - - .^ri t,.; t t o n i tin . i p t i m u m . o v \ - e n e : ^ v d . -

t i i b u t i . u i t u n i t i on n e e d e d b v th- n d veil toi an, 

i - r io- in t h e - t a b i l i l v 1 e q u i r e m e n t I I t. e e n d - i f l l 

d-T'-Mv ri ai in d t h e t o u l o m b l i m n a id T w e r e i.n 

. h a n d e d t h e i-nd !o - e - t o u l d -iu r e a - e s ' _bs t , , n t i a l l \ 

w i t h o u t 1 h.in>:;ni/ n r h e J a l a m o v e - f r o m I!K 

- t a b i h t v l imit t o w a r d t h e C o u l o m b l in i : : a- th . i-nd 

!o - - -1 - ; m r e a s ( T h i - 1- r i -asonabl* d - v m p t o t i i 

b e h a v i o r a n d - u p p o r t - t h e m o d e l p r e s e n t e d a b o v e 

O n 1 o t h e i e t i e i t .- q u a n t i t a t i v e l y t o o - m a l l to 

. a u s e t h e o b s e r v e d b e h a v i o r S o m e t r a i t i o n o t t h e 

n e u t r a l - b e a m f lux e v t e n u - a v i a t l v b e v o n d t h e h o t 

http://niii-e.it
http://1le.11
http://ln.it
http://wh.it
http://ul.it


pl.t-ma Or iht -.Ji it the >nd UT1 toward tht , i r i -
•:.il i ell :}i("-i' neutral dtom>- may become trapped 
bv u»n./.Hum m b . i ha^ t -evihdngi' with <old 10:1s 
I: 'ii.-- r l t c i t w.re hire enough .he end-iell den-
-IT\ W.Uiid .Hi : . \ I - I . I l l t - p i . t l - l tn .1 [1 ] [U TCa^C of t i l l ' 

M'.ir.i!-i.cll den-.tv h im«' \ r r v\« have eVrftjated 
n .- 11 f it : . nJ .: .- -mall Ir addition it doe- not 
- . ^n i t i i j n 'K Ji.m>;* 'h . C milonib den-alv limn m 
• • ;• a;:i .\ iiv tb< pla-nia dt n-itv t. han^e- .;- :mi. I; a-

Wt " a \ - • -.aimn.' i iuo-. *b, . nd , r l ! den-.: . 
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.maiv-e- - ' >w tli.it .idt i.|u.ni fa-hri i ; nt thi UMVI 1 
. . wa- :-.ju r. d ;.. ..ht.un o>n I f M i l t - IT.mi TM"-
!•• | \ 1 \ ti • :•... 1m>; ..• th<- ant ra l V"H u,r A a-
>.•••• .net: , n n : In •-rde r !•> >hta n i. ..^hlv .'CO *« 
, ,i\ :. • i --i \ > >i' .. :i • :id in-- .t'- nt : it n\ i rv mi: nt 
b..ii • -id . • d- w. " r .1 r.id ..- .<r f . : i ; .%•• had tu 

V4.2 Comparison to DC I t I henrv 

r t,t ial.i in l i t _=-• f* - h . ^ thai "lu end 
; ,.,-:;..! : . . t i . . : , - .. J.^LKH- .-t . : : . . ! ..11 In - . , - tn ,p 
pt-i -ii ti,, I nul.mib den-itv ,im.t I hi- ;ndi..' -
!!..n a ti'ii rn.n-tahihlv >- [MrM'n: wnu;, ;- -tabd./ed 
i v , IH \ t 'it i^v u:w mil nifd .m-,- 11 1 v unl mrnit n • 
data ..in bt .mnpared tn tin- IX !C -tabilit\ :« 
. jumnent (••pit---ed bv r u, * d l fn required in--
. UTcm w j» t mnpared t i :he ob-ei \ t d In-- i i n n rr 
lot a -.aru-tv ol e\pi ::men:-

I nr tin.-t .-I iln- data the rnea-med . nd I n - - -

\ i in t \ in tIII-.T e\ aluation u . ' - i 1 ' 1 I lit nh-t : . 1 J. 
'•A.', in—-i-v an -mm what hu;hi : than [ .) I ° i pi> 
d.. •- lui: tl •• dit tt r- i iu ' 1- w .:h.n ih« tano ni ii 1 
:., t t it am 11.- dt"-v tibi-d i'i S t- t .- _ Foi -lint- i\,li 
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'.11 tin-1 -iu»i- tl t it-nual n i l lus-f- art- M>;nih 
. . inil\ l.iiy;tr than the C milunib minimum .n<d an-
• i>;nitH.tnti\ LH^ IT tli.in tin- -tabilic. limit or 
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-abi l i t - | M \ . prt 'Jkt .J tn N un-ru- l f n. tin-
I» \ f t. mnpi'tunt .n-t.ibil:t\ " r , . i i i * f the Lt-ntr.ii 
v» il inn- art- *.u» t , i ld 1 lu- - :u: . .—.*•- <»rt- mn. h more 
• 'V re :. th..ir. thi- , '-11:1..' . < li ,nn- v*.hu h - l ipnnr l -
:i .- p.--:b:litv On tin i-t i tr hand tht phi'-ma 
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-•,!-di:-. .-.h, •• .an hi- d.m.p.-d bv vxarm pl..-ma 
^ \ ' .r- - ' . i , ;>-.. -t.itatatv; :• • - p..--ib:htif-

5.3 CONCLL'SION 

• -. • : ti • p. 1 tji>' .- , nin ph. a:. ,1 i-\ :r,p rat l in nt :n< 
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t •••>' •• :! t . IT rial t r 11 tiu-l.m; C c:itral- t i ' l l hiMtinj; 
".ij '-t ,mpin\> mi 'k-itron tvmpt-r.ilurt' and flu-
•it *i..v n: :hi i-ntral v'-U :n -uppK the optimum 
d.-M but.nn nt l,i\% -t-niTk;v inn- û  the t-nd «.rlU. In 
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6. A Model and Correlation of TMX 
Stability Requirements 

6.1 INTRODUCTION 

It has been observed in both the 2XIIB and the 
TMX experiments that a current of ions flowing 
from the mirror-confined plasma is associated with 
a stability requirement of the p l a s m a . 1 " The drift-
cyclotron loss-cone (DCLC) mode which requires a 
population of " w a r m , " unconfined ions in the loss 
cone of ion velocity space has received considerable 
attention. A second instability, the Alfven ion-
cyclotron (AIC) mode, driven by ti and anisotropy, 
is also predicted to be unstable. H appears that in 
TMX we have been successful in stabilizing the 
DCLC mode since the characteristics of the rf fluc­
tuations usually measured in TMX are not those of 
the DCLC instability. The measurements, dis­
cussed in detail in Sec. I I , show that the wave 
numbers and polarizations are usually consistent 
with the AIC instability and that the mode can 
propagate in the electron diamagnetic direction, in­
consistent with the DCLC mode. 

T h e s e o h s e r va I i ons ha vc led to bo th 
theoretical and experimental work on the interac­
tion of the instability-generated rf fluctuation with 
the warm stabilizing ions in the plasma Recent 
theoretical work by Smith and Nevins-* shows that 
warm ions mirror-trapped by the rf heating can 
stabilize the AIC instability. Though the theory 
pertains to an infinite medium and predicts a frac­
tion of warm ions too large for TMX, it raises the 
possibility that a similar mechanism for the finite 
geometry of TMX could stabilize the plasma with 
less warm-ion density Experimental work, dis­
cussed below, has led to a scaling relation between 
end cell plasma parameters and the axial ion current 
that is lost from the end cell. The scaling relation is 
based on the AIC instability and valid over a wide 
range of TMX operating parameters. 

Our present view of TMX micrustabihly pic­
ture is that the end-cell plasmas are susceptible to 
both the AIC and the DCLC instabilities. Examina­
tion of the data and comparison with the respective 
models indicates that TMX has operated in regimes 
where either AIC or DCLC has been dominant. The 
relative instability drives of the two modes changed 
as the plasma parameters were varied from experi­
ment to experiment. Our present view is that both 

modes can be stabilized by warm ions that pass 
through the end cell plasma Though the velocity 
distribution of the warm ions required for stability 
by the two modes is not the same, it is plausible that 
it is the instability thai requires the greater flow of 
warm ions that dominates the behavior of the 
plasma in terms of the rf characteristics j n d the 
plasma scaling. It appears that DCLC is present at 
low injected neutral-beam currents (•- 70 A) An in­
stance of DCLC staling is the beam voltage scan 
described in bee 10 another candidate is the 
operation reported m Ret 4 in which quiet it 
periods were observed as the end losses exceed the 
DCLC stream requirement The majority of TMX 
operation appears to ha.'e been in a regime in 
which the DCLC mode is stabilized and the remain 
ing instability was consistent with the AIC mode 
The data employed in the correlation discussed 
below is representative of the majority of TMX 
data. 

A mode! of the interaction between the end-
cell plasma, the central-cell plasma, and the rf fluc­
tuations has evolved Though still in its formative 
stages, the model is consistent with representa:ive 
TMX data. In this model, the rf generated by the 
plug heats ions in the Vushmanov region on the 
central-cell side of the plug Some of these ions 
subsequently become mirror trapped in the end cell 
and serve to stabilize the end cell plasma by 
decreasing the anisotropy ot the ion velocity dis­
tribution These ions constitute a part of the end-
loss current as they are lost from the end cell This 
mechanism of ion loss from the central cell is dif­
ferent from the Rognlien-Matsuda model discussed 
previously* ^ 

In this section, we discuss a model for the in-
teraition between the end-cell plasma and the ion 
flow associated with a stability requirement; data 
from a gas-fueling scan ard two beam-current 
scans show that a correlation exists that is consis­
tent with the model The correlation is a relation be­
tween the end-cell plasma diamagnetism M and the 
end-loss current j and is of the form M <* jP, with 
p = 0.84 ± 0.08. We discuss the consequences of 
this model on the ion confinement and heating in 
the central cell. 
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6.2 A CORRELATION BETWEEN 
PLUG DIAMACiNETISM 
AND ION END LOSS 

I'm L iu - . - . i t tl.. • AK • nd cell instability an-
Hit ['l.iMii.! 1 and iht ani-otiopy (L^ K ) of the hot 
i-r, energy distribution '' In particular, a measure ot 
l l i . ;n-tahiin\ j m e ,- the pioduit •:* |L^ L | (). The 
:n-iahi!i!\ h> in :a:< - rl tluc tuations that c ause 
'•ni:,uuiJ \ -;,., iv Jit! Li-,.in or the ion1- beyond the 
!,:;i.l -!•: hv Sp.i/.-T • !e. Ton drag We view the 
pla-rna a- ,I[M Mt.ng a- i -i,it< ot margin,il l ab i l i t y 
.11 i\L;,h :in l o - - i - . au-ed bv the diffusion 
pt... e - - - ar<- ,,-» b.i!.-:-,,. d bv the rueling to main-

o.3 A MODEL 

W p:<-. tit :!.• :«-;].n\ :ng model of tile interdc-
',. :: ':-• !\M > :i :i • :: and ! !•< low -energy plasma ions 
•• pr .d iu- •! -t.-i••li/mj 1 stream The rl that is 
. ' • M . ; . I ; - J .'- t n-ult v\ the instability propagates 

.!• •>! :\.- iiut tun ng:on .A [tart of the warm 
• n::a! , . '1 .of .- i.u.ib-J between the dense hot-

.,-n pop'il.i i i i.i, and tht :psidt mirror point of the 
• nd . '•!! A pot !,M:I ..: these it,.. - i an absorb energ\ 
MLm :!" it v\a\t bv the i \ \ iotron resonance k, Y ( | 

- J . ^ I i< Ti N (along f i | is thf wave number of 
'lit « u • \ is the p.n.illel veKu itv of the ion a- is 
the : tc.]i.h'!K \ y\\ \\x :: fhutuations and o.( is the 
Uual ior . v i io i ion \eK.i,tv The ions that gain 
• n i ' i ' . ,IM h>vom- "iti-hmanoc Mappid between 
•Li p..I. una! ..I th>' d» i w cud i ell plasma and the 
niacin t:i tield ot tin- m-ide min.«r .A further gain 
,ii • •nerg\ i an prodiu e ions that aie mirror i on lined 
•; tin i nd -.el! pi,1-111,1 with the energetic ions that 

nii^.nan tiotn heam-miected neutrals Be*, ause ol 
tli- n-ulial beam injection the energetic ion pop-
nl.iNi'ii is highly anisotropic. with L L = 1 4 as a 
typical value The damping of ihe rf fluctuations 
b, the central i d l ions in the \ ushmanov region 
thus ti-sulis in minor -confined ions that aid in 
n dining the instability drive. The ions that are 
mnioi confined through rf heating are not evpec 
ted to be strongly anisotropic First, the energ\ of 
the ions is -u ih that ion-ion scattering contributes 
to the spreading of the ions in velocity spate and 
thus t,h their loss from the olasma A second source 
of parallel energy gain is ( V ± X B),. infract ion be­
tween the ion and the rf. The warm ions are not 

well confined and constitute a part of the ion end-
loss current as they are lost from the end-cell 
plasma. 

The neutral-beam fueling of the end-cell 
plasma consisted of injection of neutrals nearly 
perpendicular to the magnetic axis of the machine 
Hence, the energetic ion population of the end cell 
was highly anisotropic. The volume of the end cell 
did not change greatly as the plasma parameters 
were varied. As a consequence, the perpendicular 
ion energy, associated with the instability drive, 
can be represented by the diamagnetism of the 
p'.itma. According to the model presented above, 
the quantity of warm ions that become mirror con-
lined and then stream out of the end cell affects the 
average parallel energy of the mirror confined ion 
population und thus affects the instability drive. .A 
plot of the diamagnetism of the end-cell plasma as a 
function of the ion current streaming from the 
plasma would represent the balance between the in­
stability drive and the damping of the instability by 
the interaction of the rf with the ions in the 
"I ushmanov region We wil l show ddai that in­
dicates th,n such a relation holds over a wide range 
ot TV1X operating parameters 

6.-1 T H E D A T A 

The data that we have examined is the beam 
cut tent sv.in of " ^ - r " and tin- gas and beam-
c uirent s w i n of *J 2o-S0 Though the data set ..uver-
unlv I wo d.w-- of .ipi-ialh.n it in. hid' - \ irtuallv tin 
whole operating spei t ium ot 1 MX namely a gas-
c in rent s tan two beam current suns puffer 
operation gas-bo\ operation high T ( (^175 eVj 
operation and low T t I - oO e\ I operation Thus. i t 
the correlations that are found hold true lor this 
data, the probability i- good that it is true for all 
data We sh,,v\ f i r s t the individual sets of data 
pointing out Hems of interest and then show all the 
dala on a plot of M (the plug diamagnetism) vs ) 
I the end-loss current density on plug centerhne) 

The gas s t, in of °-2c SO is shown in Fig o-I 
The easi plug diamagnetism and the east-plug line 
ler.sitv are plotted as a function of the end-loss 

current density We note three item- I T ( is near 
constant and ^ P O eV for the data. 2 the line den­
sity appears to im rease more rapidly than the 
diamagnetism .ndicating a decrease in hot ion 
energy 3 the magnitude of the rf level in the plug 
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9-26-80, T ^ 60 eV. 

lirM increased and then decreased with increasing 
fueling and end losses (see Fig. t>-2a). 

We now look at the beam-current scan from 
the same dav (Fig o-3) and compare: 1. T , is oO eY. 
2. the line density appears to Slav nearly constant 
as the diamagnetism increases with increased in­
jected neutral beam current, 3. the rf level increases 
with increasing diamagnetism (see Fig. o-2b). We 
note the difference in the behavior of the hot ion 
energy and the rf turbulence between the two types 
of scans. 

The last set of data (Fig. o-A) is the beam scan 
ot 9-28-7Q, analyzed previously in terms of DCLC 
and the Rognlien-Matsuda model of central-cell ion 
loss . 3 ' 1 The data shows I T t. - 175 eV and ap­
parently constant for the beam scar.. 2 the 
diamagnetism increases more rapidly than the line 
density. The open circles (O) are shots *28 through 

#53, with shot* *27 and *45 as background s h o K 
The filled-in points are shots *54 through <=o0 with 
shot *61 as background shot T h e rf increases with 
increasing diamagnetism, in agreement with the 
other beam scan and opposite to the gas scan at 
high diamagnetism. This feature is discussed later 
in this section. 

We now plot all the data on flu- same graph 
(Fig. o-5) showing the diamagnetism j» a function 
of the end-loss current density. Tht-ti .rrelation ap­
pears tu be about as good. ±25''.'> or so as the errors 
in the loop data The plot i o n i u m s the earlier 
hypothesis that the diamagnetism and the end-loss 
current should be related. The scaling is not what 
would be expected from the DCLC instability For 
similar densities and ion energies, the |.;. y T 1 )T (/ : 

faitor in the DCLC quasilmear current 
requirement- 1 would correspond to an end-losv r e -
uuirement - 5 times greater for the T - 175 eV 
data than the T ( - eO eV data [|175 c?Vl " = 5 0\ 
The data clearly does not indicate sui h .i difference 
rather, the data shows a scaling thai î  ndependent 
of the electron temperature and thus independent 
ot the ambipolai hole in ion veknitv sp,K ( This 
feature of the data contradict- the I X LC theory 
We therefore conclude that a mechanism other than 
DCLC d etermini's [he operating c har<K teristu-. ot 
TMX. 

The data presented here shows thai a wide 
spectrum of TMX data can be correlated by a rela­
tion between the plug diamagnetism M and the end 
loss current density j . The correlation is of the form 
M cc jp where p has to have the value p = 0.84 ± 
0.08. This correlation i». from the discussion above, 
consistent with the behavior o\ a plasma dominated 
by the AIC instability and existing in a state of 
marginal stability in which the losses due to rf dif­
fusion are balanced by fueling. 

e.5 DISCUSSION OF SCALING 
RELATION, M a JP 

To find a scaling relation for the plug plasma, 
we return to the view of marginal stability; the rf 
generated by the instability causes sufficient 
velocity diffusion that the instability drive ;s 
reduced to a level where the plasma can be sup­
ported by the available neutral-beam injection A 
state of marginal instability can be described as a 
constant level of the instability drive, which for the 
AIC mode can be approximated by a simple 
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functional relation rfn(E1/E..J = constant, (n = con­

stant exponent). Thus, if ii increases, the 

anisotropy mutt decrease, and vice versa. Bearing 

in mind that E ± is due primarily to the hot injected 

ions, and E,| is mostly associated with the lower 

energy mirror confined ions, we can write the 

dnisotropy as 

n HE, 
n H En + n w T w 

* n

n - n w + n H 

where n H is the hot density, n w the warm density, 

and T w the parallel temperature of the warm ions. 

The equation shows the two limits of the behavior 

of the ^nisotropy described above. If there is no ex­

ternal supply of warm ions (i.e., no resonant ab­

sorption within the mirror points), then n^, - 0, 

and the anisotropy E^/E,, changes as a result of rf-

induced velocity diffusion which increases EM at the 

expense of E x . In the limit where sufficient warm 

ions are resonant with the rf, these absorb the rf 

power, gain energy, and constitute the n w popula­

tion. Thus. Ej^/Ej, of the hot population need not 

appreciably change. We now have 

I nHE + n w T w / 
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FIG. 6-3. East end-cell diamagnetism and line 
density vs end-loss current for the beam scan of 
9-26-80, T, = 60eV. 

to get to a relationship that can be observed ex­
perimentally, we relate the quantity #n(nHE_,_) to 
the diamagnetism, M, of the plug plasma: 
^"(n^Ej^ * M a , where a is some exponent (con­
stant); we have assumed the magnetic field and 
volume are constant for the data to be analyzed. 
The quantity ( n j ^ + n w T w J can be viewed in 
two limits. In the case where no external resonant 
ions are available to damp the instability and con­
tribute warm, mirror-confined ions, the rf-induced 
velocity diffusion causes the hot-ion velocity dis­
tribution to spread, increasing E.. or decreasing E x . 
The stream will equal the trapped beam current. 
The data relevant to this limit (2XI1B and some 
TMX data) are not discussed here. In the limit most 
relevant to TMX operation, the warm-ion popula­
tion is supplied by the interaction of the rf with ex­
ternal warm ions. We view the anisotropy of the 
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FlC. 6-4. East end-cell diamagnetism and line 
density vs end-loss current for the beam scan of 
9-28-79 with puffer-gas feed, T f = 175 cV. 

hot-ion population as constant. The stream is 
related directly to the mirror-confined warm pop­
ulation by j tt n w / r w ; here, r w is the lifetime of 
the warm ions. Thus, in the limit where the ion loss 
from the plug greatly exceeds the trapped beam 
current, we hypothesize (nHE + n w T w ) <* j b . Com­
bining, we get a relation that can be tested with data 
M tt f. where M is plug diamagnetism, j is end loss 
current density, and p is a constant (b/a). The ef­
fects of volume, magnetic field, injection energy, 
etc can be tested after we find whether the M vs j 
relation describes the data. 

To summarize, we have argued that the end-
loss current directly reflects the stability require­
ment and that the A1C instability drives would be 
reflected in a scaling relation of the form M <* j p . 
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6.6 INTERACTION BETWEEN 
THE END CELLS, THE rf, 
AND THE CENTRAL 
CELL PLASMA 

The model of the ion flow from the end cell 
and the interaction of the rf with the central cell 
ion*, is demonstrated clearly by measurements of 
the behavior of the end loss ion current and energy 
spectrum as the machine was operated with asym­
metric end cells. These observations, described 
below, contradict an earlier mode) 5 in which the ion 
end loss was due to central cell heating by an os­
cillating electric field perpendicular to the magnetic 
field. As the waves alone cannot cause a potential 
confined ion to be lost, collisions are also necessary. 
This model therefore implies that in a tandem 
mirror with equal end cells, potential waves 
generated in a single end cell should produce nearly 
equal t-nd-loss currents and energy spectra out 
either end. In unbalanced end-cell operation, more 
end-loss current would be expected out of the end 
cell with the lower density; the temperature of the 
ion end loss would be expected to be comparable on 

either end. Instead our measurements show higher 
temperature ions flowing from the operating plug. 

6.7 EXPERIMENTAL 
OBSERVATIONS 

The early model is contradicted by at i.ast two 
experimental observations. The first observation is 
that there exists machine parameters for which the 
greater end flow is through the end cell having the 
greatest density. ' If the density is related to the 
confining potential .!</» through A</» = T v ln(n / n ( ) , 
this behavior is not consistent with the classical 
(i.e.. collisions!) picture of tandem mirror confine­
ment. An example of this type of unbalanced end-
ti'II operation is shown in the shot summary plot in 
Fig. o-t». 

The second observation by D. P. C r u b b (see 
Sec. 12) shows that the end-loss energy spectrum 
on either end varies as the end cell neutral injectors 
are turned on or off. 7 A central-cell ion temperature 
of ^ 5 0 eV was suggested by several measurements. 
This temperature can be compared to temperatures 
up to 1000 eV detected by end-loss analyzers while 
both end cells have neutral-beam input. After the 
beams on the west end cell are turned off, the west 
end-loss temperature is -̂  100 eV while that of the 
east end cell remains at ^ 1000 eV. These observa­
tions preclude heating to "~ 1000 eV in the region 
between the mirror peaks bounding the central cell. 

These observations are the reason that our 
present model rf end-cell ion flow specifies that the 
primary interaction between the rf and the central-
cell ions occurs in the Yushmanov region, that is, in 
the region between the inner mirror point and the 
hot, dense plasma. The rf can cause loss of ions by 
heating first at the k|,V|, - u? - u*a resonance; the 
ion can subsequently, having gained sufficient V x , 
become mirror confined in the end cell Further, in­
teraction with the rf can result in the gain of 
parallel velocity by (V^ X B)1( forces and a conse­
quent loss of mirror confinement. In this picture, 
therefore, the end cell can " p u m p " warm ions from 
the Yushmanov region of the central cell through 
the hoi plasma. A condition on the change of ion 
energy during the period of mirror confinement is 
that the change in energy is small relative to the dif­
ference in potential between the inner and outer 
mirror points of the central cell. If this condition 
were not satisifed, the high-temperature ions would 
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nol preferentially be lost to the outside of the end-
it'll plasma, as required by consistency with the ex­
perimental observation^-. 

To illustrate the effect of ion pumping by the 
end-cell-genera ted rf, we show in Fig. b-7 the 
behavior of end losses during rf dominated opera­
tion. The end losses of the denser plug can decrease 
greatly immediately after the beams powering that 
end cell are turned off. We suggest the following 
reason: Prior to turn-off. the rf generated by the 
plug pumps ions over the potential barrier to 
produce the greater part of the end-loss current. 
Immediately after turn-off, the hot-ion distribution 
relaxes to reduce the anisotropy and virtually 
eliminate the rf turbulence. The plug no longer 
pumps, and the plug density, though decreasing, is 
still sufficient to maintain a potential barrier. The 
dip in end losses is interpreted as the flow of ther­
mal central-celi ions over the potential barrier. As 
the banier decreases due to the decreasing plug 
density and electron temperature, the end losses in­
crease to the limit allowed by the magnetic 

geometry. We note that the large dip in end losses 
occurs only for high rf plugs. Lower rf plugs show-
little or no decrease in end losses upon beam turn-
off (Fig. o-8). 

6.8 rf-DOMlNATED 
PARTICLE CONFINEMENT 

Turning to the data of Figs. 1. 3, and 4, we 
note the relation between rf level, end loss current, 
and the central-cell density The relations are 
shown schematically in Fig. t>-9. The picture that 
evolves is tha t a p lug that has a ce r ta in 
diamagnetism must have a corresponding end loss, 
satisfying the M « jP relation. If the number of ions 
that can absorb rf through the cyclotron resonance 
is small, the rf level must be large to supply the re­
quired current. If the opposite is true, that is, if the 
density of power-absorbing ions is large, a low 
level of rf suffices to supply the required end-loss 
current. This picture is consistent with (and 
derived from) the behavior of the rf during beam 
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scans and gas scan*-. In a beam scan, the central-cell 
density is nearly constant, and the diamagnetism, 
and he net1 the end loss current requirement, in­
creases. The rf level therefore increases with in­
creasing injected current. In a gas scan, on the other 
hand, the central-cell density increases as fast or 
faster than the plug diamagnetism. The rf level first 
increases, with increasing gas, and then decreases. 
This behavior is consistent with a view of M = kjP 
cor responding to a marginal stability limit. As 
Fig. fa-10 shows, a small movement in parameters 
normal to the stability curve can cause large in­
creases or decreases in thp rf level. The stability 
curve and the paths followed during a gas scan and 
a beam scan are illustrated. 

These perceptions of the interaction of the rf, 
the central-cell density and temperature, and the 
end-loss current can he put together in a model for 
the central-cell (and hence machine) confinement. 
Though the model is still evolving, the parts that 
have been tested appear to fit. 

The model is as follows. We first identify the 
parameters that are important; the first is the plug 

diamagnetism. Whether we use low density and 
high ion energy or high density and low ion energy 
to produce the same diamagnelism, the end loss is 
rela ted by M = k j p . 11 is, of course, most 
"economical" to use high density and low ion 
energy to produce good confinement parameters 
since the rf-pumped end loss is smaller. The next 
parameter that is important is the time required for 
the rf to drive a resonant central-cell ion over the 
potential barrier. That time is related to the rf level 
<t> and confining potential Atf>t by 1/r = G{<£-/-i# c), 
where G is some monotonic function. The third 
parameter that is important is the density of 
central-cell ions between the hot ions and the inside 
mirror point that is capable of being resonant with 
the rf. Tha t is, the number of ions tn the 
Yushmanov region that can satisfy the resonance 
condition k f fv (j = co - u>d, where w^ is the local ion 
cyclotron frequency. We define the resonant frac­
tion to be F(T i ( ) , and hence the resonant density is 
n«. F(T i t ) . We can now make a plot that relates the' 
quantities; the plot in a schematic form is shown in 
Fig. 6-11. We can test the plot in various ways. It 
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says, for example, that for a constant value of 
(/r/-i0 t„ we will have a fixed relation between n . 
F{T j c) and j . We have plotted the data of 9-2&-80 in 
a similar format in Fig. 6-12. The ranges of rf level 
are indicated by the symbols. The important point 
is that although the areas covered by the different 
symbols abut, they do not overlap. This is an im­
portant test, because it allows us to write the 
central-cell (and thus machine) confinement in the 
form ; = n t C ( 0 - / A 0 J and, in terms of (n-) t . . 

(n r ) t 

"cHT i c) 

C(3VA0C) 

The model is good if the end flow is mostly rf 
pumped. We need to add the thermal flow compo­
nent and the trapped-beam current to cover the 
whole range of TMX operation. We note that the 
limit of (nr) for rf-dominated operation corre­
sponds to magnetic confinement of the plasma in 
the centra] cell. For this limit, the ions that flow 
through the inner magnetic mirror are rapidly 
pumped by rf interaction from the Yushmanov 
region through the end cell. The situation is il­
lustrated in the data of Ref. 2, reproduced here as 
Fig. 6-13. 

In this section, we have pointed out a number 
of the features of plug end losses; we have shown 
that the plugs can actually p u m p ions out of the 
central cell, and indicated inconsistency with the 
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Rognlien-Matsuda mode' We then suggested an 
embryonic model for the interaction between the rf, 
the end losses, and the central-cell ions, and 
showed how the model, together with the M = kjP 
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FIG. 6-13. Central-cell confinement vs rf level. 

relations. chara< teri/e the confinement properties 
of the central tell ot TMX. 

6.9 CONCLUSION 

A sidling of the ('lug end lus^e*. associated 
wiih .i stability requirement ha1* been identified and 
is M = kjf, where M is the plug diamagnetism, j the 
end-loss current density, and p is a constant having 
the value 0.8-1 ± 0.08 It appears fairly evident that 
the M v. j staling of end losses contains at least .in 
element of the truth. It should a 1st) be evident that 
the scaling, though it holds fur a large range of 
operating parameters, may be highly profile and 
geometry dependent. The scaling is plausible from 
a theoretical point of view, but the details of the 
scaling are not as yet theoretically tractable. 

The stability requirement is consistent with 
the instability drives of the Alfven ion-cyclotron 
IAIC ) mode Although the DCLC stability criterion 
is satisfied in these experiments, the observed si til­
ing is not consistent with DCLC scaling. The M vs | 
sailing together with the observed rf properties 
described in bee. 1] show that the dominant in­
stability in TMX is not DCLC; rather, the observed 
end loss scaling and the measured electromagnetic 
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wave pro pert iiv- .ire consistent with the AIC 
instability 

We have shown th.M the end-tell plasma tan 
hy direct rt interac turn and wilh no ion collisions 
pump ion*- from tlie <.enii.il cell through the end 
cell plasma Thi*- observation, together with the 
measured ion energy spe<.tia of the end losses for 
various operating conditions shows th.il the 
significant interaction between the central-cell ion-
and tlie rl on urs m the ^ ushmanov region The 
resonant if heating causes mirror Happing of a 
warm ion population which in turn stabilizes the 
end-cell plasma V\ e ihen describe a developing 
model in w h u h the rl levi 1 is related to the central -
cell and end-cell plasma parameters "I he stream i-
determined I rolli the end- te l l d i.imagnelism 
through tlv M ^ I1 relation The current of ions 
from the \ ushinanov region that corresponds to 
tins requirement is produced by the ion cvilotron 
fluctuations inieia t tmg with a resonant population 
c)l central-cell urns in the "l ushmanov region The 
model illustrates the behavior of paiti t le con line­
men! in I MX lor rl -dominated operation 
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SECTION 7 
POWER BALANCE AND POWER FLOW IN TMX 
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7. Power Balance and Power Flow in TMX 
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TABLE 7-1 a. Characteristics of TMX operations: power balance days. 

Date Neulral-beam current Central-cell fueling technique Plug T e 

9/26/79 

9/28/79 

7/18/80 

9/24/d0 

High 

Low 

High 

Intermediate 

Gas box 

Puffer valve 

Cas box 

Puffer valve 

Intermediate 

High 

Low 

Low 

TABLE 7-Jb. Dominant power loss mechanisms in TMX. 

Date 

Net input power l ' n e | , a kW 
9/26/79 

470 
9/28/79 

280 
7/18/80 

370 
9/24/BO 

420 

Loss mechanism, values in % of net input power 

Axial particle loss 

Plug ions charge exchange on background gas 

fueling of central cell 

Impurity radiation 

Other central-cell losses 

Total 

40 ± 10 60 ± 20 30 ± 10 35 ± 10 
30 ± 15 40 ± 20 40 ± 20 30 ± 15 
10 ± 5 10 ± 5 10 ± 5 15 ± 5 
5 ± 2 5 ± 2 5 ± 2 7 ± 2 
15 ± 5 No measurement 10 ± 5 10 ± 10 

100 ± 28 115 ± 35 95 ± 31 97 ± 30 

a Pne l 
b, 

PQ (trapped) - P (beam induced charge exchange). 

Based on measured power loss »o central cell walls. 

d i a g n o s t i c s a n d c o m p u t e r - a i d e d a n a l y s i s t e c h ­

n i q u e s f a r t h e T M X - U p g r a d e w h i c h wi l l b e u s e d to 

obtain feedback from the power balance calcula­
tions during operation. 

To describe the power balance in TMX we 
present the data from four days of operation. Be­
tween them, these four days characterize the 
operating modes and regimes of TMX (Table 7-la). 
The data from three of these days (9/2b/79, 
0 /28 / r ' 1 , and 7/18/80) has been presented in 
previous publications. Changes in the details of the 
power balance for those same dates as presented 
here reflect changes in our understanding of the 
power balance in TMX as indicated in Table 7-2. 

Specifically, we have found that the profile of 
the power loss to the end walls of TMX is more 
peaked than previously assumed so that the total 
end-loss power is approximately one-half of the 
previously calculated value. Secondly, the west 
plug-ion energy appears to be significantly lower 
than that of the east plug so that the total power in­
put to the west plug is larger than previously 
calculated. The third change to the power balance 
picture previously presented results from recent 

calculations of the power lost by the hot plug ions 
due to charge exchange with cold background gas 
atoms in the thin fan regions of the plugs 

These calculations were performed using the 
radial Fokker-Planck (RFP) code of A. H. Futch 
(Appendix F) and are supported by measurements 
of the charge exchange flux. For the data analyzed, 
ihis power loss accounted for 30% to 40% of the 
total, nel input power. 

A summary of the power balance for the four 
days analyzed in this section is presented in two 
forms. In Table 7 - lb we show the deminant power 
loss mechanisms and the percentage of the net 
power input which each of these terms represents. 
In this table we have included estimates of the un­
certainties of each of the values. The total uncer­
tainty in a given value is our estimate of the 
cumula t ive effect of all of the uncer ta int ies 
associated with calculating the value. In sc e casps 
(e.g., the power loss by charge exchange on 
background gasj the dominan* source of the uncer­
tainty comes from the fact that our understanding 
if this phenomena is still evolving. In other cases, 
the dominant source of uncertainty comes from the 
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TABLE 7-2. Progress in TMX power balance studies. 

New measurements Conclusions 

Central Chord 
August 1979 

Global 
November 1979 

Radial Profiles 
September 1980 

Complete Radial Model 
March l*>8l 

Electrostatic end loss analyzer 
End-wall and central-cell calorimeters 
Neutral beam attenuation diagnostic 

Single channel ELY spectrometer 
Radial arrays of end loss current detectors 

Movable end-loss analyzer 
Arrays of end-wall calorimeters 
Additional calorimeters in central cell 
End-plug charge exchange from SED 
Central-celt Thomson scattering 
End-wall probes 
Solid-state surface probes 

Multichannel ELY spectrometers 

More complete models being implemented 
in TAMBAR and TOARBL't codes l,.r 
comparison with TMX data 

On axis, most beam power deposited on end 
wall by ions 
Plug ion cyclotron fluctuations heat 
central-cell ions 

Impuritv radiation small 
End I «j current profile shape comparable 
lo dmti ty profile 
Dom .unt power loss to end walls 
Ov rail power balance achieved 

Plug potential has radial profile 
End loss p«>i»er peaked on axis 
Radial power loss lo walls gencralh small 
Charge exchange of plug inns not negligible 
Central-cell T e conler than plug T c 

End wall density small and cool 
Waff flux and energy corroborate other 
measurements 
Impurities (ess than 0.5% ol central 
cell plasma 
Lower iuni/atiun stales of impurities 
a I edge 

Work i progie-

fact th.it we were only able to measure the plasma 
parameters at a Unite number ot locations 

At the time that T M X ceased operation in 
Oct.-Nov. 1^80 we had developed a significant 
diagnostic capability (Appendix Bj. (Some of the 
diagnostics which played particularly important 
roles in the power balance are shown in Fig. 7-1.) 
However, the number of detecting elements was 
finite and. therefore, we must fit model profiles 
through the measured data points to determine an 
analog form for the plasma parameters. To the 
degree that there is a finite accuracy to each 
measurement and that our fitted profiles are inex­
act, we recognize that calculated values in the 
power balance are uncertain. With in these bounds, 
it is still clear that certain terms are more important 
than others in determining the power balance and 
that we can account for the majority of the power 
input to TMX as being lost by known mechanisms. 

The flow of the power through the regions of 
TMX for each of the four days studied in this sec­
tion is shown in a schematic figure (Fig. 7-2) The 
power (in kW) associated with each of the terms 
represented in Fig. 7-2 is then presented in Table 

7-3 I he u ru etlamties associated with these \ a lues 
are not shown We rt rer the reader to Tab!-.- 7-lb 
for this information (Appendix f provides a lor-
miliar v of the equal urns used to calculate the \ a lues 
presented in Table 7-3 ) 

Although there were signil u.mi Jitter ernes 
between the plasma parameters l J n J thr JelaiU ot 
the powei balance on e.uh ol il.e tour days we can 
summari/e the results o! the power ha lane e calcula­
tions presented in Fig 7-_! and Table 7-3 

Axial power toss played a dominant role in the 
power balance in TMX Detailed measurements of 
the ion end-loss current density and energy spectra 
show that the ions carried almost all of the axial-
loss power lo (he end wall. Our analysis also shows 
thai these werj ions which escaped the central tell 
and then gained energy as they fell down the 
potential hi*!, created by the electrons. This was in 
contrast to similar measurements made in 2X1 IB 
which showed that electrons carried more power to 
the end wails than did the ions 3 (Table 7-4). As 
described by Drake, et al. in Ref. 4, this improve­
ment in the electron thermal isolation from the end 
wall was the result of careful design of the TMX 
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Net current detector array 
Calorimeter array 

Faraday cup array 

Ultraviolet 
monochrometer -

Thomson-scattering 
ruby laser 

Ultraviolet 
monochr jter 

Thomson scattering 
ruby lasei 

Neutral-beam 
calorimeter 

Wall probe 
End loss analyse: 

v- Calorimeter ariay 
•- Far add/ Cup array 

-Neutral-beam 
calorimeter 

Beam-attenuation 
detector array 

Secondary-emission detector 

Neutron detector 

Grazing-incidence 
spectrograph 

Beam-attenuation detector array 

Wall calorimeter array 

Microwave interferometer 

Beam-attenuation detector array 
Legend 

QMicrowave interlerometer 
T Wall calorimeter a'fay 

Hsecondary emission detector 
• • Neutron detectoi 
Cfp3rf probe 

FIG. 7-1. TMX power- and particle-loss diagnostics. 

magnet and vacuum systems and is applicable to 
other tandem mirror devices such as MFTF-B. 

Our present understanding of the charge ex­
change of the plug ions on gas indicates that thi* 
process represents a power loss which can be as 
large as the axial power loss. Improved vacuum 
design will allow us to significantly reduce the 
magnitude of this term in the Trv'X-Upgrade and 
MFTF-B. 

The remaining three terms, power loss 
associated with the g.»s fueling of the central cell, 
impurity radiation, and other measured losses con-
l i i bu ' . only 10% to 15% each of the total power 
loss. 

We conclude this subsection by noting that on 
each of the four days studied we can account fot 

nearly 100% of the power trapped in TMX. We are 
cognizant of the uncertainties in our data and our 
analysis. However, even within these uncertainties 
it is clear that the dominant power loss mechanisms 
in TMX are known—axial particle loss and hot-ion 
charge exchange—and, therefore, that much of the 
power balance in TMX can be explained in terms of 
a simple, classical model which includes these 
phenomena. 

7.3 DETAILED ANALYSIS 

We now present a detailed analysis of th< 
power flow through TMX based upon data ob­
tained during experimentation on September 24, 
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Incident 
beam power 

Incident 
beam power 

Axia l 
losses 

A - ^ Trapped - K~^V r f r f \ ~/[ ' Trapped ^ \ 

N — < i b e a m V a g Drag< b e a m r ^ ~ / 
1 / ^ ^ - * 1 . I - ^ ^ ^ \ j Electrons^-

Axial 
losses 

Central 
East plug cell West plug 

FIG. 7-2. Schematic of power flow in T M V 

I°hO The experiment was particularly i arefully 
munitored and controlled on this date so that we 
could obtain the clearest possible picture of the 
plasma equilibrium (This equilibrium is charac-
teri/ed by the plasma parameters presented in 
Table 7-5.) This data also represents one of our 
most complete data sets on the TMX plasma. 
Therefore, we (an use the data from this date to 
provide as complete a test as possible of our 
theoretical models of the power flow in a tandem 
mirror 

On this date we balanced the neutral-beam 
current injected into the plugs of TMX (referred to 
by their geographical location as east and west) A 
total of 3 4 M W of neutral beam power was in­
jected into the plugs (1.8 M W east and l.o M W 
west) Of this, a total of "10 kW (390 kW east and 
520 kW west) was stopped in the rJug(s) by the 
process of charge exchange and ionization. The 
details of the flow of that power through TMX are 
shown schematically in Fig. 7-3 through Fig. 7-8. 

We have organized our analysis of the power 
flow in TMX by region and particle type. Thus, we 
consider four groups of particles: plug ions, plug 
electrons, central-cell ions, and central-cell elec­
trons. In addition, we have calculated the energy 

inputs and losses fur each plug (east and west) 
separately We Jo this beiause the density, tot j l 
plasma volume, and ion temperature are distinctly 
different for the two plugs. The reason(s) for these 
differences ,ue not well understood at this time, but 
may be related to the relative < i-ntation between . 
the plasma fan entering the central cell and the 
neutral beams in the two plugs (Appendix E). 

In Table 7-5 we present the peak value (on 
axis) for the plasma parameters typical of the Sep­
tember 24, 1^80. running These values came from 
time averaging the measured values during the 
equilibrium phase of the shot and then by averag­
ing over a total of 2<* data shots In Table 7-e, we 
present analytic fits to the measured profiles of the 
plasma parameters These values were used to 
cakulate the power balance presented in this sec­
tion 

7.3.1 Plug Ions 

The neutral beams were the sole source of 
energy into the equilibrium plasma. On September 
24, 1980, the beam currents to the plugs were ba­
lanced at 1^ = 1 5 0 Atom Amperes equivalent per 
plug. Using a neutral-beam t rapp ing code 
developed by Turner and Kaiser5 we determined 
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TABLE 7-3. Calculated values for power balance. All values in kW. 

Term Region 9/26/7! 

Incideni beam power EP^ 2000 EP^ 
2000 

T rjppt'd beam puw*r EP 
WP 

450 
720 

L nlrj j ipi ' . ' bejm power EP 
WP 

1550 
1280 

bVani-induied (.barge ex> chjnge EP 
WP 

380 
320 

t lur^r exthange on gjs EP 
WP 

80 
80 

•\xul lossos thru plun EP 
WP 

100 
110 

rt healing of ienlral-^-11 inns EP 
WP 

50 
50 

1 Icitron dug on ,'lug m ns LP 
WP 

' 0 
M0 

1 u i ' l i nK- | r ' u * 1 ' ^ IIIHSO C enlral tell 30 

1 nl.il impunlv r joui ion losses Primal il> 
central cell 

•10 

Othrr mi'JMm-J Jf)«.M"> L enlral tell 70 

J [ jst plug. 
b\Wsl plug 

the I L K turn nt tin- ni' i i i i. i l brain wlm h w.is topped 
hv mm/.itum (both cli-i l ion and um impact) and by 
charge exchange ( I able 7-7). 

In TMX the principal targets lor the neutral 
beans were the plug ions and electrons. On the 
average charge exchange between a neutral beam 
partule and a plug ion resulted in a net energy in­
put equal to ( t t , W) where ^ , was the mean 
neutral-beam injection energy and W was the m?an 
plug-ion energy. Since charge exchange events 
were roughly 2.5 times more probable than ioniza­
tion tor the TMX plug parameters, this process was 
very important to the power balance. 

TABLE 7-4. Comparison of end-Loss power 
measurements. 

2X1 IB TMX 

Power unto calorimeter 
(Walls cm 2) 680 250 

Ion •end-loss power from gridded 
analy/cr (Waits/cm 2) iGJ 230 

Ratio of ion-end-loss p'-wer to 
totJI end lusb power 0.15 0.9 

9/28/79 7/18/B0 9/24/80 

1300 2240 1780 
1500 1720 1650 
2 4 0 600 3 9 0 
4 2 0 260 5 2 0 

1060 1640 1390 
1080 1440 1130 
2 0 0 390 3 1 0 
180 120 180 

60 70 8 0 
80 80 6 0 

100 40 75 
70 70 7 0 

- - 20 
No measurement No measurement 15 

15 100 110 
30 40 130 

30 30 50 

20 20 30 

No measurement 40 50 

As anticipated, the dominant power loss for 
the plug ions was Coulomb drag with the plug elec­
trons. There are, however, several other important 
loss mechanisms. These are rf heating of the 
central-cell ions (see central-eel I ion power 
balance), rf heating of the end-loss ions {Section 
I I I , and charge exchange loss on the cold 
background gas. 

TABLE 7-5. Plasma parameters—peak value on 
axis. 

East Location West 
Parameter plug central cell plug 

Density, 1 0 1 3 cm" 3 1.3 0.27 1 . " 

Electron temperature, eV 87 49 77 a 

ton energy. keV 13.1 0.06 5.6 

Plasma potential, volt* 540 325 480 

End-loss current, A/cm~ 
(at plug midplane) 0.18 - 0.21 

End-loss ion energy, keV 
(at end wall) 1.3 _ 0.6 

"Estimated according to *plug/ T e,plug = constant. 
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East plug ions 

Neutral-
beam _ 
heating 
390 kW 

= 1.3* 1 0 , 3 c m -

W= 13.1 keV 

550 kW 
390 kW 

310 kVim Beam-induced 
charge exchange 

BO kW Charge exchange 
*" on gas 

35 kW r R( heating ol 
r end-loss ion 

- Axial-particle loss 

180 kW Beam-induced 
charge exchange 

— Electron drag 
Charge exchange 
on gas 

Axial-particle loss 

FIG. 7-3. East plug ion power balance. FIG. 7-4. West plug ion power balance. 

As noted earlier, we have begun to model the 
power loss from the plug plasma due to the directed 
neutral gas flux from the neutral beam neutralizer 
cells. Pouisen 6 estimates that this gas flux is 
equivalent to approximately 1 to 2 m A / c m 2 per 
beam of neutral, diatomic deuterium on the surface 
of the plug plasma. Without the benefit of a halo of 
cool plasma to protect the hot plug ions, this flux is 
sufficient to cause the rapid loss of the plug ions. 
We are presently using a radial Fokker-Planck code 
(Appendix A) and a neutral-gas fueling code to 
learn more about the nature of the cool plasma halo 
and the equilibrium power loss by the plug ions 
and electrons. Preliminary results indicate that the 
plug ion power loss by this mechanism was t>0 to 80 
kW per plug on this date. 

We can estimate the power lost by this process 
by examining the change in the signal detected by 
lhe secondary emission detectors (SED) in the 

fnput 

Drag on 
plug " O k W , 
ions 

plugs when the neutral beams are turned off. While 
the neutral beams are on, the SED signal is propor­
tional to the sum of two terms: the loss of plug ions 
by charge exchange with the energetic beam 
neutrals (a term we can calculate from the beam 
trapping code) and the loss of plug ions by charge 
exchange of the plug ions with background gas. 
However, soon after the neutral beams are turned 
off, the 'emaining SED signal is proportion. to 
only the cur ren t from the beam a t tenua on 
diagnostic beam and the charge exchange on the 
background gas. We can, therefore, obtain an es­
timate of the plug- ion power lost by this 
mechanism by comparing the SED signals before 
and after beam turnotf. When we perform this 
analysis for the Q/24/80 Jala we obtain P v (east) = 
•10 kW and P i V (west) = 30 kW in factor two agree­
ment with I In1 predictions of the Fokker-Planck 
code. 

Losses 
East plug electrons 

= 1.3 X 1 0 1 3 c m " 3 

kT = 0.09 keV 

105 kW 

3 k W 

2_kW 

Transfer to passing 
central-cell electrons 

Ionization of gas 
and excitat ion of 
Franck-Condon neutrals 

Impur i ty radiation 

FIG. 7-5. East plug electron power balance. 
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Input Losses 

Drag on 1 3 0 k W | 

plug ions 

West plug electrons 

13 -3 

kT = 0.08keV 

n = 1.7 X 10'"* cm 
P 

125 kW^ Transfer to passing 
central-cell electrons 

3 k W . 

2 k W _ 

Ionization of gas 
and excitat ion of 
Franck-Condon neutrals 

Impur i ty radiation 

FIG. 7-6. West plug electron power balance. 

Based on the analysis as summarized in Fig. 
7-3 and Fig. 7--1. we obtained an approximate 
power balance for line ions in each end cell. 

7.3.2 Plug Electrons 

The plug electron1- gain energy by the process 
of Coulomb drag on the plug ions. Impurity radia­
tion (b i i 13) and ionization of cold gas at the 
plasma boundary are small power losses (Fig. 7-5 
and 7-D) Nearly all of the drag power should, 
therefore be transterred lo the passing electrons 
from the central tell L-'sin.g the formalism of 
Cohen, et al ," we tan calculate the power per unit 

Input 

Transfer from 
east-plug 
electrons 

Transfer from 
west-plug 
electrons 

Central cell electrons 

*n =2.7 X 1 0 1 2 c m - 3 

c 

k T K = 0.05 keV 

70 kW 

105 kW 

*n =2.7 X 1 0 1 2 c m - 3 

c 

k T K = 0.05 keV 

30 kW 

*n =2.7 X 1 0 1 2 c m - 3 

c 

k T K = 0.05 keV 

30 kW *n =2.7 X 1 0 1 2 c m - 3 

c 

k T K = 0.05 keV 
10 kW 

125 kW 

*n =2.7 X 1 0 1 2 c m - 3 

c 

k T K = 0.05 keV 

5 k W 

*n =2.7 X 1 0 1 2 c m - 3 

c 

k T K = 0.05 keV 

5 k W 

*n =2.7 X 1 0 1 2 c m - 3 

c 

k T K = 0.05 keV 

volume being exchanged between the two classes of 
electrons at the center of the plug midplane. For the 
east-plug electrons (T = 67 eV) the power 
transferred to the passing central-cell electrons (T 
= 4^ eV) is P t(ep - ec) = 23 W/cm 3 . This is more 
than twite the power which is being input to the 
plug electrons at this location: P D = 10 W/cmA A 
similar calculation for the west plug gives P l v (ep -
ec) = 20 Wci r r * while PD = « W-' inv It appears 
therefore, that the electron axial-energy transport is" 
lesv than expected 

One possible explanation for this phenomena 
is j thermal barrier to the electron puwer flow We 

Losses 

Axial particle loss 

Ionization of gas and excitat ion 
of Franck-Condon neutrals 

Impur i ty radiation 

Secondary electron emission 
from end walls 

Central-cell ion drag 

Lyman-alpha radiation 

230 kW 
= 1.5 

FIG, 7-7. Central-cell electron power balance. 
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Input Losses 

Central-cell ions 

Plug-driven 
rf heating 

Radial transport 
down potential gradient 

Drag on central-
cell electrons 

Ionized Franck-
Condon neutrals 

20 kW 

n" =2.7X 1 0 1 2 c m " 3 

c 
kT. = 0.05 keV 

IC 

20 kW 

20 kW n" =2.7X 1 0 1 2 c m " 3 

c 
kT. = 0.05 keV 

IC 

15 kW 

5kW 

n" =2.7X 1 0 1 2 c m " 3 

c 
kT. = 0.05 keV 

IC 
5kW 

4kW 

n" =2.7X 1 0 1 2 c m " 3 

c 
kT. = 0.05 keV 

IC 

1 kW 

n" =2.7X 1 0 1 2 c m " 3 

c 
kT. = 0.05 keV 

IC 

Axial particle loss 

Radial transport of 
thermal energy 

Charge exchange in fueling 
region 

Charge exchange on 
background gas 

r l N 49 kW 
P 0 U T

= 4 1 k W 1.2 

FIG. 7-8. Central-cell ion power balance. 

u n use Cohen * formalism to determine the plasma 
density in a thermal barrier region which is consis­
tent with the measured plasma temperatures and 
densities Doing so we find that n^ = 1 to 2 X 10 1 -
cm -\ i.e . n^,/n t = 0 3 to 0.5 would be required to 
balance the plug-electron power gam (P-j) and loss 
[ P k p ec)). 

To determine if a thermal barrier existed in 
TMX. we made several measurements of the axial 

TABLE 7-D. Profiles of plasma parameters. 

tail plug dentil) 

." - . ." [ ' - (^T-p-CfJ 1 

W n l plug dentil) 

"'••'> '•' " <°'3b • (" iTj) ] " p " ("Ti) 

t mli«I-cell density 

n(,l = 1.5 X ,o'-[o.77 • 0.91 (-jjy) ] [ l - ( j£j ) ] 

I jit-plug electron temperature 

T.trl - B?[l - ( £ j ) ] 

profile of the plasma density on this date (bet. 3) 
Our measurements did not re*—-il the presence of a 
depression in the axial density profile, however, a 
50% density depression may have been difficult to 
detect or ai a location not measured 

We believe that such an axial JenMtv depres­
sion could be taused by the heating oi the tentral-
cell ions by plug-driven ion cyi lolron Hm tuahons 
Rognlien and Matsuda 1 have shown that when the 
fluctuating electru field in the resonante region e\-
teeds a critical value the central-n-ll urn velocity 
spate distribution is significantly J is tor ted. This 
distortion reflects the fait that the ion- are being 
preferentially heated in the perpenduular direction 
at B(/l = 10 kC. This tan cause a density depres­
sion of factor 2 to o t t u r at BU) ~ 20 kCJ lor the 
September ZA I°S0 parameters, tlu t r i tua l tie'd is 
u l t u l a t ed lt> be 10 V cm Our interpretation of 
probe measurements inditates that the fluctuating 
electru field was approximately 20 V cm twice the 
t ntical value Under these t i n umstantes it is possi­
ble that the healing of the tentral-iell ions by the 
plug-driven fluctuations resulted in a thermal 
barrier between the plugs and the central cell 

Analysis of similar data on other dates, e g . , 
Q 28-'7t». shows that the reduced thermal conduc­
tivity appears to be present even though the rf fluc­
tuation level was low. We believe, therefore, that 
the plug-driven ion cyclotron fluctuations may 
have caused the thermal barrier effects seen on 



TABLE 7-7 
balance. 

Parameters for plug ion power 

TriKesv pluj; 

Incident beam turrenl. A 
•Wi.it;*- jccck*r.»tini. CUHJRC. k\ 
Mean ru-uw.il cru-ig\ k\ 
i'ini/jti<«i (M«t«>/) 
t hati>e-c*clianc;c tuition 
1'nv.fi input l>\ lont/jtmn kV\ 
IIPIJI pnt\c-i input b\ ^hjr^i-
i-\ihjn|i€ k l \ 
X,! t „ m c , i nput b\ chart* 
c\ihai»t* kV\ 
Ik-Urmi dra^ ,<.mt-r kU 
f'owiT lost In i lurnc t-\ihjiit:i nn 
kukKrm>iHf HJS U \ J 

rl lujtm>; ul n-ntr.il-.dl i,ms H\ 
rt h.MtinK MI .'iM-li.s- mru-nt kU 
*\ul liis-s ill plut; ions 

11.0 
0.0"5 

J l iom lokker-l'lamk and n->s ruclin^ code* 

•• -1 Mi However ilii-n- must also be other 
nn , iiani'-m- ..- vet undetermined which . imiunt 
lor tin apparently large different es between the 
phu; and .i-niial ..ell cbi t inn temperatures which 
wru J<-ti> ted mi other dates 

.3.3 Central-Cell Electrons 

1 veil in the presence ut reduced thvrm.il mn-
duchvitv almost all ot the power transferred bv 
t oulornb drag n> tin* plug electrons should subse­
quently he tran-tt-m-J to the central-tell electrons 
In a clas-.ua! s i n ip le tandem mirror machine some 
ot this energy would be transferred to the central-
«t-lj ions hy drag However for muth ot the TMX 
data l"u is nearly equal to T^ This was true on 
September 2-1 I^so We calculate that very little 
power [<.? kW} was exchanged between the 
n-ntiaJ cell jons and electrons by the protest of 
drag 

There is a second mechanism by which elet-
tron energy tan be transferred to the central-cell 
ions As the ions drift radially across the magnetu 
field they fall down the radial gradient of the 
central-cell plasma potential and, thereby, gam 
energy. This energy comes (indirectly) from the 
central-cell electrons which created the potential 
hil l We estimate the power transferred by this 

mechanism to be of order 15 k W to 20 kW. (See the 
following subsection on the central-eel! ions.) 

Ionization and heating of the neutral gas 
which fuels the central cell causes 30 kW of elec­
tron power loss The emission of Lyman alpha 
radiation by excited neutrals due to the gas fueling 
leads to another 5 kW of power loss. Impurity 
radiation (Set 13> results in the loss of an ad­
ditional 30 k W of electron power 

In addition to the power losses from the elec­
tions associated with impurities and fueling, the 
elei Irons which est a pi- axially along the field lines 
1 .uiM- the loss or 70 k\\ ui power The clex tron and 
the ton viv.l losses whuh bombard the end walls 
give nsr to the emission ol secondary eleitrons 
Irom the end walls These secondary electrons 
cause an additional power Jos*, from the central tell 
elec irons ^ \ or the September 24 WftO. parameters 
we estimate this powt-r loss to be of order 10 kW 

W i t h i n the l imi ts of our present un­
derstanding of the central-cell electron physics we 
can account for approximately 150 kW ol electron 
power losses Lven within the uncertainties in the 
measurements it appears that 50 kW to 100 kW of 
the power input to the electrons is not .mounted 
lor by these loss mechanisms We wil l return to this 
point when we examine other measured central-cell 
losses 

".3.4 Central-Cell Ions 

Since the len i raKel l ion and electron tem­
peratures are nearly equal dug is neither a s i ^ n ,h 
L.ml power input nor loss lor tin . enlral-i ell ions 
We estmu.e that the urns gain approximately 5 kW 
ut power by drag on the electrons Most ot this |v 
ai quired on the edge ot the plasma when we 
belu-v.-th.it I „ < I „ 

An important power input to the ions tomes 
irom the plug-driven ion cyclotron fluctuations ' -
I mm measurements ot the plasma fluctuations m 
the plugs on this date we estimate that the flue 
luating elec trie held in the c entral cell was 20 Y cm 
According to Ret 1 this electric field would result 
in dt\ rf power input to the central-cell ions t , f 
20 kW 

As noted in the power balance for the central-
iel l electrons radial transport ot the central-cell 
ions 1. an also be a power input (Set ^) We estimate 
the mn cross-held energy transport due to non-
ambipolar particle transport by analyzing the 
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measured non-ambipolar particle fluxes. In doing 
so. we calculate the energy flux associated wi lh the 
radial transport of an ion from the point where it is 
born at r, with thermal energy kT j and potential 
energy er/zj to the point where it is lost at r-, with 
thermal energy kT j and potential energy e*,. In 
transporting from r ( to r, the ion has fallen down a 
radial potential hill of (</', - </»2)/(r, - r,). The ion is 
assumcJ to move radially with a velocity given by 
I'/n where n and 1" are the local value* of the 
plasma density and radial particle f lux, respec­
tively The ion is assumed to drift radially for an 
axial i nnfinement time given by r = neL'j where e 
is the ion charge. L is the length of the central tel l , 
and ] i- the lot a I end-Ins*- current density In this 
manner we tan obtain a rough estimate nf the 
tniss-t j f ld energy transport Assuming a Gaussian 
lon-eneigv profile wilh 1 ( i Ir = 0) = oO e\' and us­
ing I he measured plasma parameters (Sees _> and 5) 
we tmd that the ions gained approximately 10 klV 
In 20 kW of energy as thev tell down the potential 
hill and lost 10 kVV to 15 kVV due to truss-field 
lianspurl of mn thermal energy 

The energy ttanspoiled at rnss field lines in 
ihis manner is eventually lt>st either by axial loss , i -
the inns escape over the confining putenhal hill or 
as tharge exchange with neutral gas at the edge ol 
the plasma Al the edge til the plasma the neutral-
gas density is high enough that few of the inns 
reai h the plasma hmiter with significant energy It 
is illi*. las| I.I< l that makes ilit- tomparison ol the 
nii-asurt d power deposited on the talorimeters m 
the gas fueling region ot the central cell (between 
the limiters} to the power loss due to charge ex 
change ot plasma ions and escaping fraruk 
I ondon neutrals (predicted by I he neutral-gas fuel­
ing code) especially informative. The measured 
power losses in this region were P , = 15 kW tn 20 
kVY The total radial power loss in this region 
predated by the fueling code was 9 kW In addi­
tion to tins there were 5 kW ol L _ radiation and ap­
proximately & kW of impurity radiation emitted 
w i th in the fue l ing region viewed by the 
calorimeters. The total anticipated power loss m 
this region, therefore, was 20 kW to 25 kW. The 
fac t that this value is very nearly equal to the radial 
power loss detected in the fueling region allows us 
to conclude that we do not have ambipolar particle 
losses land, therefore, energy loss) in the central 
tell which was significantly greater than the non-

ambipoJar losses. Rapid ambipolar losses would 
lead to more charge-exchange power loss at the 
edge of the plasma which would have been detected 
by the calorimeters. 

7.3.5 Other Measured Central-Cell Losses 

In addition to the calorimeters in the fueling 
region, there were two other calorimeters mounted 
in the central cell outside of this region. The mean 
value of the power delivered to e«ch of the four 
calorimeters, averaged over several shots, is shown 
in Hg 7-Q. The error bars represent the standard 
deviation about the mean. Inside the gas fueling 
region between the 1CRH hmiters (/ = +54 cm to 
/ = 5-1 cm) the radial power loss appears to be 
uniform as a function of / and the shot-to-shot 
variations in the power loss are small. The 
calorimeter signal in this region is equivalent to a 
radial power loss of 0.4 VV cm- - 0 c> VV' tm 2 at a 
iadtus of 53 cm. The total power loss in the fueling 
region belween the ICKH limiters is therefore. 15 
k\V to 20 kW As reported earlier in this section 
this power loss is consistent with the radial power 
loss associated with the neutral gas fueling in this 
region plus the power loss due to radial particle 
transport and impurity radialions 

Data also c a me f rom two c entral-cel l 
calorimeters outside of the fueling region (C and 
O) As indicated bv the error bars the shot-to-sho! 
variat ions m the power detected on these 
calorimeters were large Over the eight -hots l ) n 

which data from ihese calorimeter- was recorded. 
the pif.vn received on calorimeter t i\a- 0 \V c m : 

on 3 -hot ' and ranged between 1 Z \\ c i : r and 3 e 
\ \ enr on the othei 5 -hot- Tin data from 

-200 -150 -100 -50 0 50' 100 
Axial location, z (cm) 

FIG. 7-9. Central-cell calorimeter measurements. 
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calorimeter D was similar. Since the central-cell 
density, the radial-density profile, the electron tem­
perature and the total plasma diamagnetism varied 
very little between those shots dur ing which 
calorimeters C and D recorded large power losses 
and thosi shots during which these calorimeters 
received zero power loss, we concluded that the 
signals on calorimeters C and D were due to 
localized power fosses or power losses after the end 
i.ells were turned off (MHD activity is possible in 
this region when the end-cells are not present) and 
are not representative of a plasma loss over a large 
riail ion of the centra! cell during steady slate 
operation The tola] power loss associated with the 
signals from these calorimeters is therefore highly 
unu-rlain We estimate thai this value could be as 
small as 1 kW or as kirge as 100 kW on those shots 
during which these calorimeters received signals. 

In determining the quanti ty labeled "Othe r 
measured central-cell losses ' in Fig. 7-2 and Table 
7 * we first u k u la ted the total power loss 
measured by the i.doiimeter array. We then sub-
traited from tin*- value known sources of radial 
In1-- rhe -e s u u n e s were charge exchange of ions, 
! o ^ of I ranik-C'ondon neutrals created in the fuel­
ing p io i fss Lyman alpha radiation and impurity 
radiation The remaining power is representative of 
ion radial transport and anomalous radial losses 
On this date this calegory of power loss (i.e., other 
lentral-iell losses) represents 10 ± 10% of the nel 
power input to TMX by the neutral beams. 

7.4 CONCLUSIONS 

Y\e have calculated a power balance for TMX 
bawd on the measured plasma parameters which 
a n o u n l s for 70% to 100% of the net input power 
An understanding of the physics involved in the 
power balance and power flow in TMX points out 
the importance of the following conclusions: 

• As theoretically predicted, the ions escap­
ing from the central cell carried almost all 
of the axial loss power to the end walls 

• Power loss associated with the emission of 
secondary electrons from the end walls 
was small 

• The ion cyclotron fluctuation heating of 
the central-cell ions was an important and 
often dominan t power inpu t to the 
central-cell ions. 

• Reduced electron axial energy transport 
was necessary to explain the measured dif­
ferences between the plug and central-cell 
electron temperatures 

• Power loss associated with the charge ex­
change of plug ions with background gas 
was an important power loss mechanism. 
A cool plasma halo was necessary to ex­
plain our ability to sustain the end-cell 
plasmas in the presence of these losses. 

7.5 WORK IN PROGRESS 

We are con t inu ing to advance our un­
derstanding of the power balance in TMX and to 
extrapolate our results to the TMX Upgrade experi­
ment Special emphasis is being placed upon the 
following subjects: 

• We are making delated numerical studies 
of the interaction bet -veen the background 
gas and the end-cell plasma so that we can 
more accurately estimate the power lost by 
this mechanism and so that we can learn 
more about the source and nature of the 
plasma "halo which protected the end-
cell plasmas. 

• In order to understand .he reduced elec­
tron axial energy transport in TMX and 
the low power loss due tc secondary elec­
tron emission from the end walls, we are 
continuing to improve o u ' models of the 
interaction between the electrons in the 
three regions of a simple tandem mirror: 
the central cell, the end cell, and the end 
wall 

• In this section we have assumed that the 
end-loss ions were heated from energies of 
tens or hundreds of eV to -.early a keV by 
rf in the plugs. We are examining other 
relevant data to determine the validity of 
this assumption 
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8. Plasma Beta Measurements on the Tandem 
Mirror Experiment (TMX) 

8.1 SUMMARY 
The Tandem Mirror experiment (TMX) 

resu lis have demonstrated the existence of a 
scalable magnetic field geometry which maintained 
macroscopic stability at finite beta. In a first set of 
experiments, the end-plug beta [>i ) was increased 
and the resulting central-cell beta (.i c) measured. 
CKer the range of the experiment, the central-cell 
beta continued to increase as plug beta was in­
creased. These experiments always operated with 
central-cell beta valuta (maximum 7%) that were 
theoreticalk magnetohydrodynamically (MHD) 
stable. In a second series of experiments the 
central-cell magnetic field ( B c ) w a s changed from 
0.1 to 0.2 T. The ratio of end-plug to central-cell 
beta was approximately constant and independent 
of central magnetic field strength. This observation 
is in contrast to the results of the TAMRAC code 
which predict!, that •1i - i'ft'l 2- While we can't be 
certain, we conclude that it is unlikely that this un­
expected result can be explained as MHD-stabililv 
connected. Rather, we believe it to be an artifact or 
the plugs' microstabilitv requirements, although we 
have not modeled this behavior successfully 

Auxiliary healing of the central-cell plasma 
produced a sln>rt high beta plasma Iha : betas up 
to -I0', writ- pi.i JUL cJ is attribute J to finite 
! ar moi-orbit Mabili/mg effect- and tin lot.all/ 'tion 
o! tin high beta plasma neat the central tell mid 
plain where the vad ium field cuivature is small 
We measured an increase m electron tempeiatute 

8.2 INTRODUCTION 

In .i t.inJ t-ni mirror iwo distinct MIUM"- ot 
guiding -i enter drift motion tan J rive MHl> 
instabilities ' lo t TMX the mure senous of these is 
negative field-line utrv-ilure (bad curvature) 
whuh unavoidably occurs in certain localized 
regions of the mat lime The second source not 
believed to be o( comparable importance in TMX is 
the radial gradient of the ambipolar potential 
whu. h is responsible lor drifts of the E X B variety 
Tin- end plugs of TMX are designed to have ab­

solute minimum B in the region occupied by the 
high pressure plasmas, however th" -entral tell 
lias sufficient bad curvature to tore, the vacuum 
average c urvalure over the entire system to be bad 
also A necessary condition for M U D interchange 
stability is that the high-pressure plugs stabilize the 
cenual cell in a pressure-weighted average 

The high-beta \.i = tSrr n iT + Tt.» B :J perfor­
mance ctt tandem mirrors is believed to be deter­
mined by ballooning interchange modes that 
localize m regions ot had c urvature theory predicts 
a maximum value ot cential cell beta which is in­
sensitive to the plug beta The exact \ lines ot the 
central-cell limit (and the value ot •; ,i ,,, the low-
beta flute interchange limit) are dependent c>n finite 
1 ai inor i ad i us < H R) el tec ts whu h art only now be­
ing ITU Lided in tht theory 

t):ie- ot the three main p h v s u s objectives ot 
T M \ i\as M demonstrate a M a lablt magnetic 
geonutrv that was Mi I P stable ai high centtal-cell 
beta \ s described below pari ot the experimental 
program w.i- to explore the M U D .tabihtv bound 
arv The -hap. <•> 'he M H D stability boundary is 
sketched in I ig .̂  I toi a UIM where H R effects 
have been ignored "I he c u-lom ot plotting .V , vs .1 
i.-'1 i than c ii i versa is an artiiai i ol tin manner in 
whuh Ih. si.,bihtv boundaiv is ca lcu l .hd 

l'he siabihtv boundaix can be*: b. explo.ed 
bv increasing the , ential-c ell beta l h i e e ap-
piii.k lies prevent the mselvt's Joi a i . ompiishing 
tills 

• Increase plug b-ta which is observed to 
increase central-cell beta 

• Dei rease c ential-iell magnetic field 
• Heat central .ell directly 
These appioac hes naturally divide into experi­

ments without and experiments with auxiliary 
heating ot the central cell In the following sec­
tions at ter a brief discussion of experimental 
method, we shall examine the results ol these two 
groups nt experiments 

8.3 EXPERIMENTAL METHOD 

We are interested in cemparing the peak 
values ot plasma beta in the central cell with peak 
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I Ballooning limit 

-* ^ Flute-interchange limit 
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Central eel. beta { 5C) 

FIG i-1. A tandem mirror M H D stabili ty 
diagram .or a case in which finite Larmor radius ef­
fects have been ignored. 

values in the plugs. The mean plasma beta (J) can 
be obtained by combining a measurement of the 
plasma perpendicular energy rontent with its 
i-i.lumt- (V) according to 

,i = Sir ; . 
VB-

The energy content of the plasma can be ob­
tained from a m e a s u r e m e n t of the p lasma 
diamagnetism An array of diamagnetic loops, 
described in the diagnostic section, measures the 
magnetu moments of the plugs and the magnetic 
moment/uni t length of the central cell. The plasma 
energy component perpendicular to the magnetic 
field is then given by 

for the central cell. Here M is the magnetic 
moment of the plug in A - c m 2 . m t is th^ magnetic 
moment /cm for the central cell in A-„ r r r / cm, and 
B t is the magnetic field in gauss. 

We estimate the peak plasma beta and perpen­
dicular energy/ion pair in the central ell and plug 
bv including the effects of density and temperature 
profiles. 

For the plug plasmas, which are quite similar 
to those in 2XIIB. we assume that the diamagnetic 
signa 1 is due to ions only and that the ion energy is 
independent of radius and axis (z). Then for low 
beta (<50%) and assuming Gaussian density 
profiles in radius and z we find that the peak beta 
value of the plug is given by 

0.45 M n 

U) 

where L and r are the I /e half-length and radius 
of the plug plasma. For he central cell we assume 
that the ions and electrons both have a Gaussian 
profile with temperature scale length r w a^A den­
sity scale length rL, and then calculate 

d = 
0.8[] + (r t / r w ) 2 ] i 

(2) 

We do not have a measurement of r w for 
TMX. Thomson scattering measurements of the 
radial variation of the plug electron temperature-
yield a scale length almost identical to the density 
scale length, and we assume that the ceniral-celi 
electron temperature has the same radial variation. 
Much of the central-cell entrgy is carried by ions, 
however, and since these ions are heated mainly by 
fluctuating fields whose radial variation is not 
known, the radial variation of their temperature is 
also not known. For the purposes of data reduction 
we have assumed that r w = r , realizing that this in­
troduces a possible error in our determination of rf.. 

» 0 l % M p B p ( J ) 

fur the plugs and 

Wx = 10 * m t B^lJ/cm) 

8.4 EXPERIMENTS WITHOUT 
AUXILIARY CENTRAL-CELL 
HEATING 

In the absence of direct heating of the central 
plasma, the only energy sources for the central cell 
are the neutral-beam heated plugs. Energy transfers 
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to the central cell through the electrons by classical 
processes and through ion cyclotron resonance 
healing of the cer tral ions uy rf fields generated by 
plug instabilities. In a series of experiments, we 
have studied the variation of the central-cell beta as 
we have varied the plug beta by varying the 
neutral-beam current injected into the plugs. 

Figures q - 2 and S-3 summarize the general 
results obtained for a scan of the plug beam 
current. These results show that we succeeded in 
producing plasmas with finite beta (over o% in the 
central cell) in the TMX geometry, and that over 
the range of the experiment there w--s no sign of 
saturation. 

The T AMR AC computer code w?s developed 
to predict the density and temperatu.es in tandem 
mirror devices. 2 T A M R A C is a (ze.o-dimensional) 
coupled-rate equation code that includes end-loss 
expressions for electrostatically confined species, 
with an electron-drag model for confinement of the 
plug ions. This code also includes, among other 
things, the effects of sources, charge exchange, 
t e m p e r a t u r e e q u i l i b r a t i o n b e t w e e n spec ies , 
degradation of plug confinemen t by the drift-
cyclotron loss-cone (DCLC) mode, etc. It does not 
include radial diffusion, nor does it correct for the 
radial profile of th? central-cell gas source and does 
not include the effects of plug fluctuations on 
central-cell confinement. The code calculates time-
dependent energy and density (and l h u s (i) for an 
arbitrary number of specif , as well as self-
consjcient electron and ion confining potentials. 

JJ10 

? 5 -

100 200 
Neutral beam current ( l b) 

F1C. 8-2. TMX plug beta as a function of injected 
neutral beam current. 

5 10 15 
Central-cell beta {0cl%H 

FIG. 8-3. TMX plug beta vs central-cell beta 
(beam scan of 9 /26/79) . 

For the case of stable TMX plugs T A M R A C 
predicts for a given plug beta hat the central-cell 
beta should vary roughly as B l 3 / 2 . 

If this model holds, for a fixed plug beta we 
would expect to vary the central-cell beta over a 
range of values by changing the central-cell 
magnetic field. As we lower B. we should even­
tually encounter the M H D stability boundary, 
below this value of B t central-cell beta would be 
determined by M H D stability. 

Figure 8-4 shows the experimental data for a 
series of shots dur ing which the central-cell 
magnetic field was varied. Also plotted on the 
figure is the M H D stability boundary for the L-kG 
central-field case (calculated ignoring FLR effects 
and E X B contributions to the drive). The dashed 
lines indicate the regions of operation predicted by 
the T A M R A C code for the three central-field 
values. Thfre is no indication of the sensitivity to 
magnetic field predicted by the T A M R A C code. 

This lack of sensitivity of central-cell beta to 
the central-cell magnetic field was unexpected and 
is unexplained. We pursued two hypotheses: 

• The central-cell plasma is M H D limited. 
• The behavior is an artifact of plug 

microstability requirements. 

As described below, we conclude that the behavior 
is not M H D related but rather an artifact of plug 
microstability. 
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FIG. 8-4. TMX plug beta vs centra. <;ll beta for three values of the central-cell field. Also plotter! are the 
1 kG stability boundary and the TAMRAC predictions for the central-cell fields. 

8.4.1 The Central-Cell Plasma is 
not MHD Limited 

The value of /3p//3c on the MHD stability 
boundary depends on the relative pressure 
weighting of good and bad curvature regions in the 
central cell and transition regions. Because the bad 

curvature regions are mainly in the high-field tran­
sition regions where they are not very sensitive to 
changes in the field, the stability boundary is not a 
strong function of central-cell field. Thus the ob­
served lack of sensitivity of the experimental data 
to the central-cell magnetic field value is consistent 
with central-cell beta's being MHD limited. 
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Systematic Errors in Reduction of Data. If we 
assume that the scatter in the experimental points 
in Fig. 8-4 is a measure of the random experimental 
error in reducing the data (certainly a very 
pessimistic assumption since in actuality the 
neutral beam current varied somewhat from shot lo 
shot), then we must consider whether there can be 
systematic errors in the reduction of the data or 
modifications to the theory that can reconcile the 
more-than-a-factor-ot-tcn difference between the 
observed values of ji / d t and the stability boundary 
values. 

If we combine Eqs. (1) and (2) we obtain 

,i ( °'°b \Brr?) L p [ l + trjrj-) m, 

Generally, we have observed good flux map­
ping of the plasma density profiles between the 
central cell and the end p l ig s . i.e., 

*A * \<i • 

thus 

d M1 +K/rJz\ n\ 

We calibrated thr loop array by moving a 
small pulse coil of known magnetic moment along 
the axis of the machine. We estimate the errors in 
the calibration to be of the order of ±10%. The 
main source of systematic error therefore lies in the 
determinations of the plug plasma length of the 
plug plasma and the central-cell temperature scale 
length. The length of the hot-ion plasma may be 
masked by the presence of cold plasma in the 
wings; consequently, we probably overestimate the 
plasma length. Correcting for this effect would, 
then, increase d and move the data points farther 
away from the stability boundary. The assumption 
of r c = r w which is used to reduce the data is at best 
an educated guess since we have no direct measure­
ment of the ion and electron temperature gradient. 
For the data discussed in Sec. 4, the radial variation 
of the central-cell potential was consistent with r p 

= r w for the electrons, but for the data reported 
here the electron contribution to the central-cell 
diamagnetism is probably a small part of the total. 
We base this statement on the observations after 

central-cell Thomson scattering was installed that 
central-cell electron temperature was usually Tv < 
60 eV on axis. If we assume this same order of elec­
tron temperature value for this data, then the 
central-cell diamagnetic measurements combined 
with density profile measurements would yield 
values for the peak central-cell ion temperature in 
the range of 2 T p to 5T (, for r w = rt.. Temperatures in 
this range show the importance of plasma fluctua­
tions for the heating of central-cell ions. For the 
data points of Fig. 8-4 to lie on the stability bound­
ary would require that d c be increased by a factor of 
4 or 5, which in turn would require that r w * 1/3 r 
and that the peak perpendicular ion temperatures 
on the axis are as high as 1 keV. While we cannot 
rule this out completely it seems doubtful that 
the rf fluctuation mode structure could produce 
such a highly peaked radial distribution. We would 
expect the stabilizing effect of the addition of FLR 
effects to need an even higher value ot ii and 
perpendicular-ion temperature and a smaller value 
ttf r w f o r the data to lie on the boundary. 

We conclude that the errors and uncertainties 
in the reduction of the experimental data are not 
large enough alone to bring the data and theorv 
into agreement. 

Discrepancies Between Theory Assumptions 
and TMX Conditions. A number of assumptions 
and approximations are made in order to obtain the 
stability 1. ni t of Fig. 8-4: 

Radial profiles. It is assumed that the 
plasma has the same radial variation of plasma 
pressure in the central cell and plug. This 
assumption, in conjunction with the long thin 
approximation for the plasma shape leads to a 
value for the stability boundary which is in­
dependent of the plasma radius. In the TMX 
plugs the pressure profile is dominated by the 
neutral beam heating while the central-cell 
profile in most cases is dominated by ion 
heating by if fluctuations. Based on measure­
ments on 2X1IB we assume that the radiai 
variation of the plug ion temperature is small; 
therefore the plug pressure profile resembles 
the density profile. As discussed earlier, we 
assume that the central-cell temperature has 
the same scale length as the density and that 
therefore the central-cell pressure profile 
resembles the square of the density profile. 
This model implies a radial variation of fip/0c 

cc exp[{r / r w ) 2 ] with the minimum value near 
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the axis. Thus in comparing the experimental 
valups of (i/#c with the stability boundary, we 
are considering the most pessimistic case. 
Plasr.ia on field lines at a distance from the axis 
will have values of tfp/7*. > £ p / # . and therefore 
will be more stable. 

Mode number. The stability boundary is 
derived in the large azimuthal mode number 
limit which is believed to be the most unstable 
Ldse in the absence of FLR effects. T h e in­
troduction of FLR corrections tends to stabilize 
the high m-number modes with the result that 
the lower-order modes should be the most un­
stable The theory at present cannot predict 
the stability boundary for low m-number 
mode*-, bul it is assumed that it will not be any 
worse than the high m-number limit without 
FLR corrections 

E X B rotation. The additional drive due 
tu E X B rotation is ignored. Estimates of its 
value in the original TMX proposal 3 indicated 
thai it should be small compared to the cur­
vature drive 

Non-MitxweUian central-cell plasma. An 
important assumption is that the central-cell 
ions <md eiictrons have a Maxwellian distribu­
tion. This means that the pressure is constant 
along a field line. 

Although the data plotted in Fig. 8-4 ts 
for beta perpendicular to the magnetic field, it 
is the total beta which enters into the stability 
integral. This difference is of no importance if 
the cential-cell ions are Maxwellian (both the 
data and the limits being shifted by a factor of 
2}. however , there is both exper imental 
evidence of, and theoretical reason for, the ex­
istence of an energetic non-Maxwellian group 
of central-cell ions with Tj., > T ; i in the center 
plane. For such a group the total ($c would be 
greater than 20 j _ , and this would result in a 
decrease in the slope of the experimental 0 vs 
iiu plot while the slope of the stability bound­
ary may increase because the non-Maxwellian 
particle pressure may be greater in regions of 
bad curvature. The net result of this is to move 
the data points of Fig. 8-4 closer to the stability 
boundary. 

a. Experimental evidence. Experimental 
evidence of the existence of a non-Maxwellian 
energetic central-cell component comes from 
the central-cell array of diamagnetic loops. 

The time-integrated loop signal is related to 
the plasma parameters by 

DO 

V K ~ J V K d l = J f K U ) m ( z ) d z 

where 

rT i l < 2 , + T «< z > i 
m(z) = n(z)[^ J „ 2 < z ) 

is the plasma magnetic moment per unit 
length, and fj^(z) is the response function of 
loop K, located at z K . Normalizing to the cen­
ter plane value and assuming flux mapping of 
the plasma density profiles we obtain 

m(z) _ n(z) T i j _ ( z > + T e ( z > B 2 (o) 

m(o") ~ *n(o") T i ± ( o ) + T e (o ) B 2 (z) " 

For a Maxwellian central-cell plasma, density 
and temperature along a field line are constant, 
from which follows 

m(z) _ ["B(o)"| 2 

m(o) " |_B(z)J 

and 

V K = m , o ) B > , o > / r o - g d ? (3 , 

The loop signals would be expected to main­
tain a constant ratio to each other determined 
by the magnetic field and the response func­
tions. 

That this conclusion is in disagreement 
with actual experience is illustrated by Fig. 8-5 
where the signals from two shots are arranged 
side by side. Not only are the loop ratios dif­
ferent from the two shots but the ratio changes 
during the course of the shot. The fine scale 
structure appears to be real and may indicate 
fluctuations of either energetic particle density 
or angular distribution. 

In Fig. 8-6 the experimental loop ratios 
from Fig. 8-5 are plotted versus the expected 
ratios for a Maxwellian distribution with time 
as a parameter. The expected ratios were 
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Loop signal in ms for shot a. Loop signal in ms for shot b. 

FIG. 8-5. Diamagnetic loop signals for two shots show ratio of loop signals are not constant. 

calculated using Eq. (3) and the experimental 
loop response functions obtained during the 
loop calibration. The lines connect data points 
read out at the designated time, the circles in­
dicate the expected experimental value for a 
Maxwellian distribution, and the loop posi­
tions and field values are also indicated on the 
figure. We conclude that there must be a 

significant non-Maxwellian component in the 
central-cell plasma. 

b. Theoretical reason. The theory of 
Rognlien and Matsuda4 which appears to ex­
plain TMX central-cell confinement quite 
well5 is based on central-cell ion heating in a 
region where plug-generated ion-cyclotron 
waves are resonant with the fundamental of 
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FIG. 8-6. Experimental loop ratio vs predicted values ^ased on a Maxwellian distribution for the data of 
Fig. 8-5(a,b). Lines link data read out at indicated time, and circles indicate the expected experimental values 
for a Maxweliian distribution The loop positions and field values are also indicated. 

liir liK.il LVtlotrori i ri'Ljuuniy. For a value of 
fliKtuating elettrk field and cc ntial-cell den­
sity <. on--isient with FMX measurements 
Rognlein and MalMida have c.lci.lated the ax­
ial profile of the Lentral-cell density and the 
ion temperature per pendkulai and parallel to 
the magnet k field. We ^akuhite the ratio of 
their total beta In the total K-ta of a Max-
wellum distribution with the same tenter plane 
perpendicular beta 

•W" I nU)' T a U 1 + T ' l + 2 T J 
•W«rll,..n " nl°> 1^(01 + T j 

where T . is the electron temperature (ass. :.ied 
Maxwellian). If we take T ( . = 50 e v ' and use 
Rognlein and Matsuda 's axial profiles, we ob­
tain Rg. 8-7, the axial profile of ^KM / ' ' : 'M.IX- ^ 
pressure distribution approximating that of 
Fig. 8-7 has been used in the interchange 
stability code to investigate whether the 
stability boundary would be affected 
appreciably. 0 The results showed that the in­
terchange boundary value of &J$C was in­
creased a little over a factor of two higher than 
the Maxwellian value, and we concluded that 

the effect is not strong enough to explain the 
data of Fig. 8-4 as being M H D limited. 
Based on our present understanding, it seems 

u.ilikely t lu t the lack of sensitivity of central-cell 
beta to the central-tell magnetic field can be con-
neta-^ .o M H D stability. There is one reservation 

100 200 
Axial position [Z (cm)] 

FIG. 8-7. Axial profile of the ratio of beta predict­
ed by the Rognlien-Matsuda mod"! to beta for a 
Maxwellian central-cell plasma. 
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to this conclusion: the observation of plasma struc­
ture rotating at the E X B velocity (see Sec. 6) which 
may be indicative of the effect of the E X B drive 
{which was disregarded in the theory) on the 
plasma stability. 

8.4.2 Central-Cell Beta Dependence is an 
Artifact of Plug Microstability Requirements 

An alternative explanation of the scaling of 
the data of Fig. 8-4 involved the assumption t* . 
the power transfer between the plug and central ceii 
did not change appreciably when the central-cell 
field was changed. At tirst glance, this assumption 
seems reasonable since the plug parameters did not 
appear to be too different for the two cases. From 
this assumption it would follow that the global 
energy containment time scale? as 

w c 

r E = — oc W c = m c B ( . . 
1 c 

The data of Table 8-1 shows that m scales as B°' 3 

and therefore 

Thus if the central-cell power input remained 
constant, any dominant central-cell energy loss 
process that scales as B^ 1* 3 could explain the ob­
served data. 

In T a b l e 8-1 we c o m p a r e the p lasma 
parameters for the 1 kG and 2 kG data of Fig. 8-4. 
Although the 0.5 kG beta values confirm the 
findings oi the other field sellings, the data for 
much of the other plasma parameters is either noisy 
or not available, and the central-cell plasma radius 
is very large, raising questions about wall interac­
tions; consequently, we have concentrated on the 
data for the two higher field values. 

Some light on the processes that are occurring 
is shed by examination of several characteristic 
lifetimes for the plasma. For this purpose we select 
three easily calculable energy lifetimes. They are 
the mean global plug energy lifetime defined by 

the global machine energy lifetime, defined by 

2(Wp + Wc) 
' E C = ^ — • 

and axial machine energy lifetime, defined by 

21W,, + W „ ) 

where W ^ is the average ion end loss energy, ) is 
end loss current density on axis in the plug center 
plane, and 5 T f i C approximates the energy carried 
out by electrons. We assume T e c & 60 eV and use 
the values of Table 8-1 to obtain Table 8-2. We see 
from Table 8-2 that the plug energy containment 
decreased when the central-cell magnetic field was 
increas.-d. The machine global and axial contain­
ment time remained virtually unchanged. Thus it 
appears that varying the central-cell field does not 
affect any of the machine energy loss processes but 
affects only the energy transfer from the plug to 
the central cell. 

Since this energy transfer is mainly through 
ion heating by rf fluctuations, we conclude that the 
mosf nrobable explanation of the data of Fig. 8-4 is 
that the coupling between the plugs and central cell 
improves wi'.h increasing central-cell field. Inir" .1 
attempts to model this behavior using a mod..ica-
tion of the TAMBAR code (described in Sec. 3) 
have not been successful. 

8.5 EXPERIMENTS WITH 
AUXILIARY CENTRAL-CELL 
HEATING 

In an attempt to explore the TMX M H D 
stability boundary by increasing the central-cell 
beta, we investigated auxiliary central-cell heating 
by neulral-beam injection. In these experiments we 
injected three neutral beams (E^ = 11 keV) 
at 90° to a 2 kG magnetic field in the central-cell 
midplane. The beams were aimed below the axis so 
that t rapped ions had gyrocenters near the 
magnetic axis. 

Large increases in the central-ceJI diamagnetic 
loop signal occurred when the beams were injected. 
Most of these experiments were carried out when 
only one central-cell b o p was installed, so there 
was no direct measurement of the length of the 
beam-heated plasma; however, we argued from 
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TABLE 8-1. Comparison of plasma parameters for two values of central-cell magnetic field data of 9/25/79 
with west plug density estimated from SED signal. 

IIN1RAI CI I.I J 

m(10 4A cm 2 'cm) 1.55 ± 0.10 1.97 ± 0.08 

W„ lift 73 i 5 186 ± 8 

r t Uml 30 ± 1.6 22.6 ± 0.7 

m c 1 1 0 l 4 / c m 2 ) t 2.55 ± 0.34 3.3 ± 0.14 

r \ . ( I 0 , 3 ' c m 2 ) 0.48 ± 0.1 0.82 ± 0.06 

<TC -t r c ) l kcV) 0.150 ± 0.014 0.366 ± 0.022 

* t 0.029 ± 0.005 0.033 ± 0.003 

tf I V p | „ p , 40 ± 2 21 ± 1 

J t 'W (A 'cm 2 ) 0.94 ± 0.13 1.28 i 0.077 

IW (A/cm 2 ) 0.74 ± 0.07 0.64 ± 0.05 

I 'LU.S 

l e p fkeV) 0.102 ± 0.011 

n M E ) ( l o " ' / c m 2 l 3.1 

^ ( W l i l C 1 4 . . , . 2 ; 3.0 d 

rj, l cml e 9.5 

>* 0.062 

lb I <W (A] 160/140 

W p ( L ) ( keV | 9.9 ± 1.1 

W p |W'l (keV) 6.9 ± 0.5 

Mp E/W (10" A c m 2 l 2.5/1.7 

K p ( t + W) (J) f 420 

I'b (E + W) (kW|B 496 i 69 

n l t / ^v , ) ( IO l 3 / cn l - , ) 1.9/1.8 

'I « - 2 ) ( V p , „ p ) 3.1 ± 0.1 

0.105 ± 0.011 

2.6 

J..-

10.0 

0.045 

132/104 
7.2 ± 0.5 

4.5 ± 1.2 

1.8/1.6 

240 

509 ± 31 
1.4/2.1 

1.5 ± 0.2 

4 We assume L c = 314 cm 

L p = 18 cm. 
b W c = 3/2 X 10" 8 m B CL C. 
c n c c = n7/ \ /Vi c . 

Inferred from SED signal. 

* Assume flux conservation ft = (rfpjsi + tfwest^**. 
f W p = ^ 1 0 " 8 M p B . 

BPb = S.fiEj, + f c x ( E b - W p ) ] l b . 

energy considers'i.ms/ that the data was more con- m(z) oc exp [-[z/f?)z] 
sistent vith tht production of a high beta short 
plasma rather than the bulk heating of the we may calculate the loop signal ratio from 
background plasma- We confirmed this conclusion 
when we took data after additional central-cell oo 
loops were installed, and we analyzed the ratio of f f . . r , ,f . 2 l A 

i r t i i i rr l* I J\Z[ *-* PL""~t ̂ /'^) J «̂ -
signals from loops located at different distances „co 
from the center plane. If we approximate the axial V2/Vj = ao 
variation of the magnetic moment of the beam f c . . . . .. , - > , , 
i J l L <~ J fi(z)exp[-(z/ffzHdz 
heated component by a daussian *_oo 8-10 



TABLE 8-2. Characteristic TMX Energy Life­
times for the data of Table 8-1. 

Central-cell magnetic field "% 
(nw) > 0.5 

Energy lifetimes 

Global plug 
energy lifetime 

Global machine 
energy lifetime 
('EC) 
Axial machine 
energy lifetime 
<'EA) 

where fj(z), f 2(z) are the experimentally measured 
response functions of two loops located at z -
29 cm and z = 65 cm respectively. Figure 8-8 plots 
the ^ , « M e d signal ^ i i u .v; a function of iht. C.au^ 
ian scale length t?. 

Analysis of beam-healing experiments for 
which loop ratios could be obtained yielded a value 
of 0.21 ± 0.01 for V, /V] corresponding to a Gauss­
ian scale length of 30 cm for the beam component. 

Since injection conditions were similar to 
those of the earlier experiment, although beam 
current values and loop signals were less, we use 
this value of scale length for reduction of the earlier 
data. The central-cell diagnostic beam crosses the 

50 

Axial s> ile length ( l z ) 

FIG. 8-8. Ratio of z = 65 cm loop to z = 29 cm 
loop signals as a function of beam-injected plasma 
Gaussian scale length. 

machine axis ^ 5 0 cm from the central plane; con-
M.'4Ut?ni!y. it Jin?s nut i:u'.;->Liii' die raJiii:- • •' J ' i ^ i i j 
of the hot plasma component. We use the value of 
the warm plasma radius to reduce the data on the 
assumption that the hot ions are trapped mainlv by 
interaction with the warm plasma and therefore 
will have density profiles similar to the warm 
plasma. Since this is a btvm-heated plasma, we 
assume a flat lempei ure profile and for If = 30 
and r m = r( obtain the values which are plotted in 
Fig. $-9. We sc? that central-cell beta of about 40% 
has been obtained. In this experiment we have 
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Nov 5 Beam heating 
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FIG. 8-9. TMX plug beta vs central-cell beta for a beam-heated central-cell plasma. We have assumed a 
Gaussian scale length of the centrel-rcll hot plasma of 30 cm. 
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demonstrated the ability of the plugs So stabilize a 
plasma willi quite respectable parameters, even 
though the plasma is short in length. Such infor­
mation is of impnrlanie for possible field reversal 
experiments in the central cell of a tandem mirror. 

For -i * 0.4 and W 2 = 10 keV we find a peak 
hoi density n ^ 4 X 1 0 1 2 . The total number of hot 
particles is 

N = /Tf7 

= (4 X I0 l 2 - ) ( l b ) 2 (30 ( T T 3 ^ 2 ) = 1.7 X 1 0 1 7 

For an injected-beam c irrent of 60 amps and a 
trapping fraction of 0 n the particle confinement 
time is 

_N_ 1.7 X 10 1 

1.6 X 10"'° = 760 ^S 

This result agrees .-emark.-bly well with the 
measured decay rate of th< • di»- Mgnetic signal after 
beam turnoff of 740 nsl Wr att. <ute this lifetime 
to charge-exchange loss on cole ^as. This decay 
rate would require an average neutral density over 
the hot-ion orbits 

1 

1.1 X 10 7 X 7.4 X 10" J 
i 10 l u cm~-

or a neutral pressure of 3 X j , " * - 7 Torr, a not un­
reasonable value considering that the neutral 
pressure external to the plasma column is measured 
to be many times higher. Beam ions which are 50 
times more energetic than the electrons transfer 
their energy primarily to the electrons rather lhan 
to the background ions. Energy loss by electron 
drag, however, is relatively less important than by 
charge exchange: 

'"drag = 4 4 X 10 7 T 3 / 2 ( eV) /n e ( cm-3) 

4.4 X 10'(200)-
:13 

,3/2 

1.6 X 10 

if we assume a beam-heated, central-cell electron 
temperature of 200 eV and a density of 1.6 X 1 0 1 3 

cnrT3. Evidence of the heating of plug electrons by 
the hot central-cell ions is shown in Fig. 8-10 where 
we plot the Thomson scattering value of the east 

plug electron temperature before and after beam 
turn on for a number of shots. 

Dur ing the beam-heating experiments we 
sometimes observed a rapid loss or dump of the hot 
ions, as evidenced by a rapid change in the plasma 
diamagnetism. An example of this type of behavior 
is shown in Fig. 8-11. These dumps were accom­
panied by decreases in plug density and end loss 
current but the plug diamagnetism did not change 
indicating that the main effect on the plug was the 
interruption of the warm plasma escaping from the 
central cell. Figure 8-12 shows that the maximum 
diamagnetic signal obtained during the central-cell 
heating continues to increase linearly with the 
central-cell neutral-beam current suggesting that 
M H D ballooning processes are not limiting the 
Lentral-ceh je ta . 

The ..irrurrpnce of dumps is inFluencpd by the 
plug magnetic fieid in a manner that is not under­
stood. It was noted that the two highest values of 
Fig. 8-9 occurred on the only shots whicii had 
lower plug baseball-coil currents because of power 
supply problems and that one of these shots did not 
have a d u m p (of this day's run, 90% of the shots 
had dumps). Following this observation, we took a 
series of shots for various values of the baseball-
coil currents while holding all other fields and in­
jection conditions constant. There was a transition 
between 70% and 80% of full baseball field below 
which level no dumps were observed in a six-shot 
sample. Since the ratio of the central-cell beta to 
plug beta was actually higher for the 70% case 
where no d u m p s were observed, it appears 
probable that the dumps are not M H D related. 

We observe the growth of a 5 kHz, m = 1 
central-cell rotation preceding each dumn. An ex­
ample of an expanded time scale is shown in 
Fig. 8-13. The r = 19, central cell-beam-attenuation 

Diamaynetism 

- J ^ - 200 > 

- 100 h-" 

0 
Beams on 

h- H 

100 h-" 

0 

FIC. 8-10. The Thomson scattering value of the 
east plug electron temperature before and after 
central-cell beam turn on for a number of shots. 
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8-11. An example of J dump of energetic 
during central-cell neutral beam injection. 

FIG. 8-12. Central-cell diamagnetic signal in­
creases with central-cell neulral-beam current, 
showing no indication of saturation. 

Time |ms) 
FIG. 6-13. Central-cell plasma diamagnetic signal and beam-attenuation signals at r = 0,19, and 30 cm are 
shown on an expanded time scale. 
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channel shows this most clearly. That litile modula­
tion is seen at r = 0 indicates that the mode number 
is odd. By observing th • signals fr^m disk probes 
on the top, north, and bottom of the central cell, we 
conclude that this mode is probably m = 1 and is 
rotating in the E X B or ion diamagnetic drift direc­
tion The disk probes show that particles are 'ost 
radiallv to the central-cell wall dur ing the dumps. 

This mod.- may be the rotational instability 
discussed by Pearlstein and Friedberg. 8 For a 
plasma radius of 20 cm, a frequency of 5 kHz, and 
for m = 1. the velocity of rotation of the surface is 

V = uT t 

= ( 2 F ) ( 2 0 H 5 X 10 3 ) 

= o X 10 cm/s . 

Setting this velocity equal to the E X B rotation 
velocity of <i rigid rotor model of the plasma and 
solving fur the central-cell potential, we find 

•I- = 10 "vr^B 
- CO K',w * IV }[20}{Z000) 
= 240 V. 

This is in the range of th.' rentral-cell TMX plasma 
potential measurements. 
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9. Radial Transport and Particle Balance 

9.1 IN TRODUCTION 
All magnetic-confinement devices rely on the 

slow transport of particles and energy across 
magnetic field lines. This transport limits the per­
formance of any confinement concept as a fusion 
reactor. A mirror machine may lose plasma either 
axially or radially. The axial losses have been the 
primary concern of mirror research for many years, 
but the t. ndem-mirror concept 1 , 2 has made possi­
ble microstable mirror machines with very small 
end losses, thus increasing the importance of radial 
transport. Radial transport may significantly limit 
the performance of future tandem mirrors. 3 , 4 This 
section reports the results of an experiment to 
study radial transport in the Tandem Mirror Ex­
periment (1 MX). 

TMX wac ronptrt: ''*. J tit thr Lawrence l.i\T!-
more National L iboratory as a basic test of the tan­
dem mirror concept.5 It consists of two small 
neutral-beam-fueled plasmas which plug the two 
ends of a much larger central-cell pla-ma. The end-
cell (plug) plasmas reduce the central-cell end losses 
by confining the central-cell ions in an electrostatic 
potential well, which exists because the end-cell 
plasmas become more positively charged than the 
central-cell plasma. A gas feed fuels the central cell. 
In TMX, the central-cell end losses also provide the 
warm-plasma stabilization required by the end-cell 
plasmas. (This will not be the case in future tandem 
mirrors.'1) If the central-cell end losses do not 
provide adequate stabilization, the plasma fluctua­
t e is in the end cells may act to increase the central-
cell end losses.6 The end losses in TMX were lower 
than those from single-cell mirror machines; in ad­
dition the plasma was isolated from the end wall by 
expanding the magnetic flux tube into a large end-
fan chamber (see Sec. 15, also Refs. 7 and 8). 

We have developed techniques in TMX that 
will be used to study transport in future tandem 
mirrors. Some of our radial transport data and 
several key conclusions are summarized in Sec. 9.2. 
Section 9.3 reports the analysis of one detailed 
radial transport experiment, as well as describing 
the tltcmy of ambipolar and nonambipolar radial 
transport. Section 9.4 describes modeling of radial 
transport in the TMX central cell. One key conclu­
sion of the Sec. 9.4 is that the end-cell density 

profile significantly affects the central-cell poten­
tial profile and hence radial trar spurt in the central 
cell. 

9.2 SUMMARY OF TRANSPORT 
DATA AND ANALYSIS 

Figure 9-1 summarizes the information we use 
to analyze transport. Each row in the figure corre­
sponds to a different plasma fueling condition. The 
first column sh >ws the plasma density profile, as 
determined by a polynomial fit to the measured 
line-density pn» ;Ie in the central cell. As is shown, 
the density pri'Mes in TMX could be peaked, flat, 
or inverted, depending on the gas feed and other 
plasma condition*: The second n.-iomn show*-, l!.. 
end-loss flux or ions escaping the plasma. The 
magnetic-field-line radius and the end-loss flux (in 
equivalent A/cm2) are evaluated in the central cell; 
although the measurements are made at the end 
wall. The ion erd losses are measured using two 
arrays of Faraday cups, as well as two gridded end-
loss analyzers (ELA's). The central cell dominates 
the measured fluxes: no more than 20% of the total 
ion end losses originate in the end-cells, and the ion 
losses originating in the end-fan chambers are 
negligible (see Sec. 15). Ion end-loss fluxes from 
less than ten to several hundred equivalent 
mA/cm2 (in central-cell coordinates) have been 
measured. The third column plots the electron flux 
to the end wall. (Secondary electrons are not in­
cluded.) The data is the sum of measurements of 
the negative electric current that flows to the end 
wall and of the electron flux that neutralizes the ion 
end-loss flux measured by the Faraday cups. If 
there were no electron radial transport, the data 
plotted in this column would equal the electron 
source due to the gas feed and the neutral beams. In 
the absence of ion radial transport, the data in the 
second and third columns would be identical. 
Secondary-electron emission was found to be only 
30% of the total end losses, (see Sec. 15) so it *_..-& 
not significantly affect the radial-transport conclu­
sions, as is discussed below. Secondaries may affect 
the plasma potential9 and the electron power 
balance.8 
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The fourth column in Fig. 9-1 shows the 
sunu c uf plasma in the central cell due to ionization 
of gas It is calculated by the gas-penetration com­
puter tode described below, using the measured 
profiles of the plasma parameters. Because of un-
teriainties in the data and in wall-reflection coef­
ficients, the iimi/ed source is uncertain by about a 
l.klur of two 

1 he .lata shown in the top row of Fig. 9-1 are 
an.ily/ed further m Sec. 9.3. In another experiment, 
\w i hanged the plasma fueling to obtain informa­
tion on radial-transport staling. The results are 
-hown in the lower three rows of Fig. 9-1. The data 
!-• now being analysed, but some conclusions t an be 
drawn directly from the figure. Observe that the 
Muii/ed source, the electron end loss, and the ion 
i-nJi loss have similar magnitudes. This shows that 
radiai transport does not dominate the central-cell 
confinement. The radial loss rate is at most com­
parable to the axial loss rate, except near the edge of 
the plasma. I he observed correlation between 

Irequ'TU'v density fluctuations is discussed in 
Set 1 I 

In addition, the electron end-loss flux \c 

.ilvvays larger than the ion end-loss flux. That is, a 
negative electric current flows to the end wall. A 
positive ion current is believed to flow to the 
central-cell limiter. This shows that nonambipolar 
»iatispoi t is present in TMX. The magnitude of this 
ti.mspoi t is evaluated in the following section. 
Resonant-neoclassical ion transport is nonam-
hipolar and should produce a negative electric 
current The observed electric current is consistent 
with the theoretical predictions, but there is a 
significant anturtainty in this comparison. 

9.3 OETAILED STUDY OF 
RADIAL TRANSPORT IN THE 
TMX CENTRAL CELL 

In the woik reported here, plasma parameters, 
including the ion and electron end losses, were 
measured for many shots taken under constant 
plasma conditions. The fueling of the plasma was 
calculated on the basis of the results, and was com­
pared to the measured electron end losses to es­
timate the losses due to ambipolar transport. T h e 
radial electron (and ion) loss rate due to ambipolar 
transport was no larger than the measured axial 

loss rate, and might have been as small as the rate 
determined by Coulomb collisions. The nonam­
bipolar radial transport of central-cell ions was 
measured directly by detecting the negative electric 
current that flowed to the end wall. It was 80 ± 
40% of the axial loss rate. Resonant-neoclassical 
t r a n s p o r t 1 0 " ' 2 should produce a negative electric 
current at the end wall, as was observed. The 
measured transport is consistent with the resonant-
neoclassical prediction; although there is a large-
uncertainty. This and other types of transport are 
discussed in the following section. 

9,3.1 Transport Theory 

Radial transport processes are either am­
bipolar or nona-ibipolar . Ambipolar transport 
produces equal radial fluxes of electrons and ions. 
It is produced, for example, by election-ion colli­
sions and low-frequency fluctuations. Several 
processes produce nonambipolar transport, which 
moves ions radially without transporting electrons. 

nonambipolar transport as the plasma acquires a 
negative charge, but in mirror systems the electrons 
can flow to the end wall to maintain charge 
neutrality. The resulting negative electric current is 
a direct result of nonambipolar transport. 

The largest expected nonambipolar radial ion-
transport process resulting from collisions is 
resonant-neoclassical transport. The theory of 
I adial losses from a nonaxisymmetric tandem 
mirror has been given in a series of papers by 
Ryutov and S t u p a k o v 1 0 l 2 and o t h e r s . 1 3 N who 
have shown that these losses can be much larger 
than classical estimates because the magnetic field 
is not axisymmetric. The enhanced transport is 
associated with radial drifts that arise from the 
azimuthal components of the nonaxisymmetric 
field. There are quadrupole fields in the transition 
regions between the central cell and the end cell of 
TMX (see Fig. 9-5), which produce a radial dis­
placement proportional to cos 2^-, where ^ is the 
a/.imuthai angle. Because the quadrupole field at 
one end of the central cell is rotated by 90° with 
respect to the field at the other end, successive 
radial displacements experienced by a particle with 
negligible azimuthal drift nearly cancel. This can­
cellation is not complete; a small residual displace­
ment proportional to cos 4^ remains. 

The character of the radial losses is determined 
by the azimuthal drift, A^, of an ion in one axial 
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transit of the central cell. In TMX, this guiding-
center drift is produced by the radial electric field in 
the plasma. Three modes of diffusion have been 
identified, depending on the magnitude of: 

• fons for which &*f> <& I diffuse radially in 
the neoclassical diffusion mode 

• Ions for which A^ > 1 diffuse radially in 
the resonant-neoclassical diffusion mode 

• Ions for which ±$ ^ * diffuse radially in 
the stochastic diffusion mode. 

All three types of diffusion may be occurring in a 
given device in different regions of phase space. 
The amount of diffusion in each mode depends on 
the collisionality of the ions in the solenoid, on the 
plasma beta, and on the structure of the magnetic 
field in the transition regions. In TMX, resonant 
diffusion is the dominant mode. 

Neoclassical diffusion (A^ « 1) in tandem 
mirrors is similar to neoclassical diffusion in 
tokamaks, and is associated with the residual 
(cos 4^) component of the radial drift. Ion drift or­
bits viewed at the midplane of the tandem mirror 
solenoid exhibit the same general features (e.g., 
banana-shaped orbits) as the ion drift orbits in the 
poloidaJ plane of a tokamak. The neoclassical dif­
fusion coefficient is shown as a function of colli­
sion frequency and plasma beta in Fig. 9-2(a). 

Resonant-neoclassical diffusion (Aip J> 1) 
derives its name from ions that drift azimuthally so 
as to resonate with the quadrupole field. For exam­
ple, an ion that drifts 90° per transit is a resonant 
ion. The resonant ions receive additive successive 
displacements as they bounce back and forth. As a 
result, resonant-ion drift orbits show com­
paratively large deviations from circles. The com­
bination of the resonant drift motions and 
Coulomb collisions produces resonant-neoclassical 
transport. The resonant-diffusion coefficient is 
shown as a function of collision frequency in 
Fig. 9-2(b). Such transport has banana and plateau 
regimes similar to those found in tokamaks; TMX 
operates toward the collisional boundary of the 
plateau regime. Resonant diffusion significantly 
exceeds neoclassical diffusion in TMX. If the 
bounce time, t(j, equals the azimuthal-drift time, t j r , 
the ratio 

a* PJ iq 
a2r2

c r» 

is approximately 100. In this ratio, a is the max­
imum radial displacement experienced by an ion in 

a single bounce, a characterizes the deviation of the 
neoclassical drift orbits from circles, r c is the 
central-cell radius (about 30 cm), p c is the ion 
gyroradius (about 2 cm), L b is the distance between 
bounces (about 450 cm), and L t r is the transition 
scale length (about 100 cm). 

The quantity [a( Ai£)/3r]~ * is the radial dis­
tance between resonant points for an ion with 
specified energy and magnetic moment; when 
a > [afA^J/ar] -1, the resonances overlap, and the 
diffusion becomes stochastic. In the stochastic 
mode, the ion diffusion is independent of the 
presence or absence of collisions. This requires that 
A -̂ be much greater than one, and does not corre­
spond to TMX operation. 

These neoclassical diffusion processes 
produce a measurable effect: a negative electric 
current flows to the end wall. Because electron 
transport due to quadrupole fields is not significant 
in TMX and the electrons can easily flow to the end 
wall, resonant transport is expected to cause a 
negative electric current to flow to the end wall 
from the plasma. Resonant transport also 

D 

(a) 

0 a 3 /2 t ^ t , , 

D 

a 2 Plateau Stochastic 

FIG. 9-2. Diffusion of ions in tandem mirrors: (a) 
neoclassical diffusion and (b) resonant-neoclassical 
diffusion, a characterizes the deviation of the 
neoclassical drift orbits from circles, r c is the 
central-cell radius, t&, is the time required for an ion 
to drift around the solenoid oncer c c is the collision 
frequency, t[| is the longitudinal transit time in the 
solenoid, and a is the maximum radial displacement 
experienced by an ion in a single bounce. 



transports impurities outward, and this too can 
produce a negative electric current at the end wall-
However, so long as the impurity concentrations 
are only a few percent, the negative current they 
produce is small compared to that produced by the 
deuterons. 

The radial ion flux due to resonant-
neoclassical transport i s 1 0 - 1 2 

•W.5-) = D 0 (f + -ff) 

+ (D, - 1.5 Do) — 
3T ; 

(1) 

The flux, [\ is driven by the radial gradients of 
density, n (cm - 3), poten*:al, <t> (kV), and ion tem­
perature, Tj (keV). In TMX, the transport due to 
the potential gradient is dominant. The diffusion 
coefficients D 0 and D x (cm2/s) depend on the 
details of the magnetic field and the value of the 
electric field. 3 , 1 0 " 1 2 Figure 9-3 shows the calculated 
F as a function of the potential gradient, dtft/dr, for 
several ion temperatures. The local maximum of V 
occurs at the first electric field for which a thermal 
ion becomes resonant. The further resonances at 
higher electric fields overlap, producing a con­
tinuous increase. The other parameters used to 
evaluate V are appropriate to the experiment 
described below. If the radial flux at a radius of 30 
cm in the TMX central cell were 2 X 10 I 5 cm~ 2 -s _ 1 , 
the radial ion current would be 19 A. {The effective 
cylindrical length of the central cell is 314 cm.) 
Thus, a negative current of order 10 A per end 
might be observed within this radius at the end 
wall. Equation (1) gives the azimuthal average of 
the radial flux; current theory does not predict the 
azimuthal distribution. This complicates the com­
parison to measurements that must rely on a 
limited array of detectors. 

Near the metal limiter at the edge of the 
plasma in TMX, two processes can enhance the 
nonambipolar transport. First, the ions, which have 
Larmor radii of about 2 cm, can intercept the limiter 
and be neutralized, causing an electron close to the 
limiter to be lost to the end wall. If gas fueling 
produces large ionization rates near the limiter, this 
negative electric current can be quite large (see 
below). Second, the assumptions in Eq. (1) break 
down in two ways near the limiter: the magnetic 
drift surfaces change shape at large distances from 
the magnetic centerline, which may lead to en-

_ __t_ i i i | . i 
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FIG. 9-3. Theoretical radial transport. The out­
ward radial flux (V), was evaluated as a (unction of 
electric field (-tkp/dr), at a 28.5 cm radius. The TMX 
data allows radial fluxes in the box. The plasma 
parameters were n = 3 X 10 1 2 cm- 3, -an/ar = 3 X 
10 1 0 cm - 4 , -aTjc/ar = 1 eV/cm, and T i c as shown. 

hanced transport. Also, Eq. (1) describes the net 
radial flow of ions, including many ions that move 
outward and then inward along their drift orbits. 
Near the plasma edge, any particle that moves out­
ward so as to intercept the limiter is lost. 

Other mechanisms can also cause nonam­
bipolar transport; Table 9-1 summarizes some of 
them. The fluxes were evaluated for gradients at a 
radius of 30 cm, near the plasma edge; they would 
be much smaller in the plasma core. A small non­
ambipolar radial flux is caused by charge exchange 
and ion-neutral collisions. Because the neutral 
atoms fuel the plasma, ionization events are 
roughly as common as charge exchange and other 
collision processes. As a result, the diffusive 
transport due to the small steps resulting from ion-
neutral collisions is small compared to other ion 
loss processes. Magnetic-field errors can enhance 
several types of transport, including resonant-
neoclassical transport. However, the distortions of 
the drift surfaces due to the measured field errors 
were calculated to be small, so that they result in 
only a small additional transport. Finally, various 
instabilities may produce nonambipolar transport; 
in particular, end-cell ion-cyclotron-frequency 
plasma fluctuations may have this effect. However, 
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TABLE 9-1. Possible radial fluxes from theory. 

Approximate 
magnitude 

d o 1 5 ™ - 2 - s - ' l 

Nonam bipolar 

Resonant-neoclassical 

Neoclassical 

[ /an n a# \ n a T ' I 

D«{W+ 1717) + (D, - IS D 0| T.— J 

n 2 r 2 / a n _n_ a£ n a T i \ 
'dr \ a r + r i »» + T i " ) 

Charge-exchange 

ion-cyclotron fluctuations 

-A A "o '""ex 77 

r? *c an 
2 "rd 3 r 

Ambipolar 

Lleclron-ion collisions 

Impurity-ion collisions 

2 " k T i c an_ 
B 2 " 1 a r 

"z l<TiC2

 3 n 

Parameters used; 

n = 3 X I 0 1 2 c m - 3 ; an/ar = - l o H c m - 4 ; Tj = 2 0 e V ; B = 1 0 3 G; 80/ar = - 3 0 V/cm; aT/a r = - I eV/cm; pj = 1.5 cm; n 0 = 3 X 1 0 1 1 

cm"" 3; rc = 35 cm; ijj_ = 2 X 1 0 - 1 S ; n z = 1.5 X 1 0 1 0 c m - 3 ; I J D Z = 1 ( T 1 2 ; c r j = 2.7 s - 1 

theoretical estimates of this process have shown it 
to be small. 1 5 

Ambipolar transport is produced by four 
processes. The most familiar of these is "classical" 
transport due to electron-ion collisions, which is 
quite small. The classical transport due to 
impurity-ion collisions is larger. The outward flux 
of deuterons due to impurities of the same tem­
perature i s 1 6 

qpz' *kT 
B 2 \Z ar " n * ar ) (2) 

This equation is in cgs units with the magnetic 
field, B, in gauss, and the temperature, kT, in ergs. 
Z is the impurity charge, c is the speed of light, and 

8 v

/ i r e 2 Z 2 logA 
V D Z ~ 3 V / 2 ( K T ) 3 ' 2 

(3) 

in which e is the unit charge, log A is the Coulomb 
logarithm, and M and M z are the deuteron and im­
purity masses. This classical transport moves im­
purities inward and deuterons outward and is ex­
plicitly ambipolar. An electron current may flow to 
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the end wall if the impurities come back out of the 
plasma by resonant neoclassical transport. 

P l a sma f l u c t u a t i o n s , p a r t i c u l a r l y low-
frequency ones, may also produce ambipolar 
t r a n s p o r t . ' 7 Th i s type of process has often 
produced transport as large as Bohm diffusion. 
Table 9-1 shows the flux due to Bohm diffusion, 
which would correspond to a radial loss of 120 
equivalent amperes of electrons (and ions) at a 
radius of 30 cm. Finally, if gross M H D instabilities 
are present, the plasma can be lost to the radial 
walls even more rapidly. However, the T M X 
plasma was maintained in steady state without such 
disastrous effects. 

9.3.2 Experimental Data 

In this experiment, the incident neutral-beam 
current was held constant at 150 A per end cell, 
with a mean injection energy of 11 keV. The 
central-cell gas feed was 150 Torr liters per second. 
The gas was introduced at the bottom of the central 
cell near the midplane, between two 38-cm-radius 
limiters spaced 108 cm apart. We obtained 29 shots 
with neutral-beam currents within the range 150 ± 

20 A in both end-cells. Plasma parameters were 
reproducible to within ±15% for these shots. The 
data reported below was averaged over a 4~ms in­
terval dur ing the steady-state phase of each shot 
and then over the 29 shots. The reported uncertain­
ties are the s tandard deviation of the 29-shot 
average. 

Figure 9-4 shows the central-cell line-density 
profile and the density profile resulting from Abel 
inversion of a least-squares polynomial fit to the 
line density. T h e density profile appears slightly 
inverted, with a steep density gradient near the 
plasma edge. Table 9-2 shows o ther plasma 
parameters for this experiment. The end-cell 
plasmas were denser and hotter than the central-
cell plasma—the end-cell electron temperature was 
87 eV, the central-cell temperature was 49 eV. T h e 
central-cell p lasma potent ia l was 330 V, as 
measured by a tha l ium- ion-beam probe (see 
App . B). T h e radial profile of the plasma potential 
is shown in Fig. 9-5. The plasma-potential data 
places limits on the electric field in the plasma. 

The important elements in our s tudy of radial 
transport are illustrated in Fig. 9-6. The gas feed 

! 

10 20 
Flux-tube radius (cm) 

FIG. 9-4. Plasma density profiles. The density profile was obtained by Abel inversion of a least-
squares polynomial fit of the line density. The error bars show the standard deviations of the data. 
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TABLE 9-2. Summary of September 24, 1980 
plasma parameters. 

Parameter Value on axis 

End-cell density 1.5 X l o " t m " 3 * 
300 

Central-cell density 2.9 X JO 1 2 c m - 3 

te
n 

End-cell electron temperature 87 ± 22 eV a 200 

Central-cell electron temperature 49 ± 15 eV sm
 

Central-cell diamagnetism (global) (8.9 ± 1.4) X JO3 A'coi a. 100 
Central-cell plasma potential 330 V 

fuels the central cell and the neutral beams fuel the 
end cells (see Sec. 9.4). Faraday-cup arrays and 
j;ridded end-loss analyzers (ELAs)1 8 measure the 
ion flux reaching the end wall at a number of posi­
tions (see App. B for a description of the 
diagnostics. Sec. 5 and Refs. S and 18 for the 
results). The net electric current flowing to the end 

_ 
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-
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p Limiter 
1 radius 
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0 10 20 30 40 

Central-cell flux-tube radius (cm) 

FIG. 9-5. The measured plasma-potential profile. 

wall is measured by passing it through 5-U 
resistors. The voltage drop across the resistor is 
measured; it was verified that this voltage is so 

Moveable 
ELA 

Plasma flux 
tube 

Gas feed 
(puffer valve) 

L Neutral 
beams 

- End-loss 
analyzer (ELA) 

FIG. 9-6. Schematic of the radial transport experiment. Neutral beams fuel the end cells, a puffer valve 
fuels the "Antral cell. Limiters (shown in cutaway) confine gas near the central-cell midplane. End-wall 
diagnostic' .nclude a Faraday-cup array, a net-current detector array, and end-loss malyzers. 
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email that it does not affect the measurement. The 
electric current is negative; it must be neutralized 
by ions that strike other surfaces in the machine. 
The limiter in the central cell is the closest surface 
to the plasma and thus probably collects most of 
the radial flux; however, we did not measure the 
fluxes to the limiter. The Faraday cups and net 
current detectors are mounted in arrays that span 
the narrow dimension of the magnetic fans at the 
ends of TMX. 

Figure 9-7 shows the measured ion end losses 
as a function of radial distance. The end-loss 
profiles are symmetric about points that differ from 
the geometric axis by about one detector spacing, 
presumably because of coil misalignments. We 
used these symmetry points as axes in our analysis. 
Measurements from both sides of the symmetry 
point are plotted against a common radius. The 
radial distance and the loss current per unit area are 
evaluated in central-cell coordinates. The data from 
the Faraday-cup arrays (solid dots) and two fixed 
ELAs squares) is averaged over 29 shots as 
described above. In addition, a movable ELA was 
scanned across the plasma6 with two shots at each 
position (open circles). The ion end losses are, in 
general, largest near the machine axis and decrease 
at larger radii. For a variety of data, including scal­
ing experiments with large variations in end-loss 
current, the current indicated by the Faraday cups 
is about 1.4 times that indicated by the ELAs. The 
calibration of the Faraday cups is the more reliable, 
and these results are used below. At a very large 
radius the movable ELA measured a large current 
of low-energy ions. The Faraday cup.; might not 
detect these losses, either because the cups repel 
ions with energies less than 100 eV or because a 
well-localized flux may flow between two detec­
tors. As is seen below, our knowledge of the plasma 
parameters beyond a 30-cm radius is uncertain for 
other reasons as well. Within a 30-cm radius, the 
ion current to the end wall is about 50 A per end. 

The net electric current flowing to the end 
wall, measured as described above, is shown in 
Fig. 9-8. All the detectors measured negative net 
current or no net current In general, the negative 
current increases with radius, but drops to zero at 
the radius of the limiter. The negative electric 
current is of the same magnitude as the equivalent 
current of ions to the end wall (40 ± 20 A per end). 
In consequence, the total electron flow to the end 
wall is roughly twice the total ion flow. Smooth 

—I I 1 1 r 
(a) East TMX092480 

i 
# Faraday cups 

D Fixed ELA 

r" « # r 
Limiter — 
radius 

-3 

— i — i — 
• Faraday cups 
O Fixed ELA 
O Moveable E LA 

j . °* °* 
J L 
10 20 30 40 50 

Central-ceil f lux-lube radius (cm) 

FIG. 9-7. Ion end losses vs radius for (a) the east 
end, and (b) the west end of TMX. Measurements 
were made at the end wall but are reported in 
central-cell coordinates. 

curves drawn through the data in Fig. 9-8 were 
used to estimate the radial ion flux. The net-current 
detectors do not detect any secondary electrons, 
which are emitted and reabsorbed by the end wall. 
If these electrons were transported radially, the 
negative current detected at the end wall would be 
reduced. However, this would require transport on 
the time scale of an electron bounce (10 (is), which 
is much faster than the time scale of any transport 
allowed by the data. As a result, secondary elec­
trons are ignored in this paper. 

9.3.3 Ambipolar Transport 
This section evaluates ambipolar transport 

during the experiment just described, by comparing 
the sources of electrons in the plasma to the 
measured end losses. 
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FIG. 9.8. The electric current detected by net 
current detectors at the end wall. This (negative) 
electric current is assumed to be neutralized by the 
radial loss of ions. 

Central-Cell Fueling. Central-cell fueling 
was calculated using a gas-penetration code, and 
the results were compared to sev?ral measurements. 
The gas-penetration code models molecular D 2 gas 
incident on a cylindrical plasma, with plasma den­
sity and temperature profiles specified on the basis 
of experimental data. The code then follows the 
penetration and breakup of the molecules and the 
resulting ionization and charge-exchange events 
throughout the plasma. Three-dimensional effects 
and reflection from the vacuum chamber walls are 
included. 

The sensitivity of predicted central-cell fuel­
ing to allowed variations in the plasma parameters 
was investigated. The results for various electron 
temperatures are shown in Fig. 9-9. The electron 
{or ion) source per unit area is determined by mul­
tiplying the code result per unit volume by the dis­
tance between the limiters. The source per end (half 
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FIG. 9-9. 
increased, 

Results of gas penetration studies. As the electron temperature near the limiter was 
the fueling of the edge increased and that of the plasma core was reduced. 
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the total) is plotted as a function of radius in the 
central cell in Fig. 9-9(a). The curves in Fig. 9-9(a) 
correspond to the electron temperature profiles in 
Fig. 9-9(b). Between 30 and 38 cm, the results are 
very sensitive to the electron temperature. As the 
electron temperature in this region decreases, the 
Franck-Condon neutral atoms produced by 
molecular dissociation near the plasma boundary 
penetrate more easily to the plasma core. As a 
result, the ionization rate in the core of the plasma 
increases. (This effect was important in an experi­
ment reported previously.5 In that experiment, the 
neutral beams fueling one of the two end cells were 
turned off. The end-cell plasma decayed and the 
central-cell electron temperature decreased; as a 
result, there was more fueling of the central-cell 
core and the total end losses from the plasma core 
increased, but the central-cell line density did not 
change. Most of the end-losses flowed out the un­
plugged end of the central cell, which was an in­
dication that the other end-cell plasma was an ef­
fective end plug.) 

The sensitivity of the predicted central-cell 
fueling to variations of plasma density, ion tem­
perature, and particle reflection from the walk was 
also investigated. Allowed variations in plasma 
density and ion temperature produced 10% changes 
in the ionization rate. Particle reflection from the 
vacuum chamber walls was more significant (a 
±25% effect). This effect could have been larger; it 
was limited by large holes in the central-cell 
vacuum tank which reduced the surface area that 
reflected particles back into the plasma. (The holes 
led to other vacuum tanks attached to the central 
cell.) 

The results of the code were checked by com­
parisons with three measurements: the Lyman 
alpha emissions, the neutral flux to the wall, and 
the neutral gas pressure. 

The spatial Lyman-alpha profile was 
measured by an extreme ultraviolet spectrometer 
that measured 22 chords per plasma shot (see Sec. 
13). The spectrometer measured the entire Lyman-
alpha profile during this experiment. The photon 
production per unit length was S X 10 1 8 photons 
c m - 1 , s - 1 . On the basis of the gas-penetration code 
results, the expected photon emission was 2 X 10 1 9 

to 5 X 10 1 9 cm^-s""1. The uncertainty is a factor of 
3 or 4. These results show that the actual fueling of 
the plasma is no larger than the fueling predicted 
by the code, and might be smaller. The spatial 

profiles cannot be compared because the code 
assumes azimuthal symmetry; whereas the gas in­
jection and the observed profile are not symmetric. 

The neutral flux to the wall was measured us­
ing a surface probe (see Sec. 14). A carbon sample 
was exposed to the plasma at a radius of 50 cm, 
where the plasma density was negligible, and 
nuclear-reaction analysis was used to determine the 
amount cf deuterium retained in the sample. The 
deuterium flux striking the sample is greater than 
the amount retained, because some of the incident 
particles are reflected. The exact reflection coef­
ficient is uncertain because it depends on the dis­
tribution function of the neutral flux to the probe. 
On the basis of the code predictions, this reflection 
coefficient is about 50%. Assuming 50% reflection, 
the flux incident on the sample was about 2 X 1 0 1 6 

c m _ 2 - s - 1 . The code predicts a flux of order 3 X 
10 1 6 cm""-s"1. The surface-probe measurements 
thus also suggest that the actual fueling is no larger 
than the fueling predicted by the code. 

The neutral-gas pressure in TMX was 
measured during the shot using a shielded nude ton 
gauge with a fast controller. The gas pressure be­
tween the limiters was about 10"^ Torr, which is 
consistent with the value expected from the fueling 
geometry and gas flow rate. Outside of the limiters, 
the pressure in the central-cell chamber during 
steady state was 4 X 10~6 Torr, which contributed 
negligibly to the plasma fueling. Thus, the three in­
dependent checks of the gas-penetration code all 
gave order-of-magnitude verification of its results. 
It appears that, if anything, the code overestimates 
the fueling of the plasma. 

Fueling and Transport in the End Cells. The 
end-cell plasmas also produce end losses. Although 
the total end-cell losses are small (15 A per end 
compared to 90 A per end from the central cell 
within a 30-cm radius), they may be important near 
the plasma centerline. We have computed the ion 
and electron sources in the end-cell using a radial 
Fokker-Planck computer code. 2 0 The end-cell ion 
source for this experiment (evaluated in central-cell 
coordinates) is shown in Fig. 9-10(a). The sources 
of ions and electrons differ slightly because the ions 
have a large gyroradius, but this effect is not 
significant here because the data is too coarse to 
detect the difference. The source is peaked at the 
machine centerline. Most end-cell ions are 
transported radially before they are lost, by means 
of charge exchange with neutral-beam atoms (see 
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FIG. 9-10. Results of radial Fokker-PIanck 
studies of the end plug: (a) election source and 
predicted losses, and (b) resulting electric current to 
end wall. All quantities are in central-cell coor­
dinates. The uncertainties are about a Factor of 2. 
The measured ion end losses at r = 0 were about 30 
mA/cm 2 and the electric current was about -5 
mA/cm2. 

Sec. 5). The deuteron end losses predicted by the 
code are also shown in Fig. 9-10(a), and Fig. 9-10(b) 
gives the net electric current expected to flow from 
the end cell to the end wall as a function of radius. 
Two conclusions follow from these results: near 
the plasma centerline, the end-eel! losses may ac­
count for all of the net current detected at the end 
wall (Fig. 9-8), but at large radii a net electric 
current originates in the central cell (see Sec. 9.3.4). 

The end-cell fueling produces one additional 
compll'-fiKon. The calculations just described 
correctly determine the azimuthally averaged elec­
tric current produced by the end cell, but the elec­
tric current in TMX may not have been azimuthally 
symmetric, because the neutral-beam injection was 
not azimuthally symmetric. The data was not suf­

ficient to resolve this issue, which therefore adds 
some uncertainty to its interpretation. 

Limits on Ambipolar Transport. The radial 
losses due to ambipolar transport can be estimated 
from the measurements and calculations described 
above. The difference between the source of elec­
trons throughout the plasma and the measured 
electron end losses is due to ambipolar transport. 
These are compared in Fig 9-11. The observed 
electron end losses (the data points) are the current 
measured by the Faraday cups (Fig. 9-7) added to 
the magnitude of the negative electric current flow­
ing to the end wall (Fig. 9-ft). The location of the 
data points is uncertain by about ±5 cm because 
the location of the symmetry point of the end-loss 
profiles is uncertain. The observed electron end 
losses are roughly 90 A per end within a 30-cm 
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FIG. 9-11. Measured and predicted electron end 
loss. Data points show measured losses. The solid 
curves show envelope of gas penetration results, 
the dashed curve shows a case with low wall reflec­
tion, and the dotted curve shows a case with low T -
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radius. As a result, the total axial electron confine­
ment time is about 2.4 ms near the axis and 2.6 ms 
within 30 cm. These confinement times include 
electrons in the central cell (94%) and in the end 
cells (6%). The corresponding axial ion confine­
ment times are 2.8 ms and 4.8 ms . 

Figure 9-11 also s ' .ows half the total predicted 
electron source (the amount per end). The totol 
electron source is the sum of the sours in the end 
cells (Fig. 9-10) and the central cell (Fig. 9-9). T h e 
two solid curves show the upper and lower limits of 
the central-cell fueling that re taieed during the sen­
sitivity studies discussed at the beginning of this 
section. T w o specific cases are also shown. T h e 
dashed curve shows a case with zero wall reflection 
and relatively high T e , which produced low fueling 
of the plasma core. The dotted curve shows a case 
with relatively low T e (Gaussian profile with 8 eV 
at 38 cm) and high wall reflection (0.75); the fuel­
ing of the plasma core was high. 

O n the basis of the data shown in Fig. 9-11, 
the ambipolar radial Losses are no larger than the 
measured axial losses. The "lower limit" fueling 
rate shows that, th roughout the plasma, the ionized 
source might be as small as the measured axial 
losses. (The classical ambipolar losses due to 
Coulcmb collisions are negligibly small.) If this 
were true, no enhanced ambipolar transport would 
be present. O n the basis of the "uppe r l imit" fuel­
ing rate, the ambipolar radial losses in the plasma 
core are clearly smaller than the axial losses; in­
tegrated over a 30-cm cylinder, the radial losses 
could equal the axial losses; and at the edge of the 
plasma they might significantly exceed the axial 
losses. Power balance studies using calorimeters at 
the radial walls show that the radial particle losses 
within a 30-cm radius do not significantly exceed 
the axial losses (see Sec. 7). Thus , this datJ places 
limits on the radial losses due to ambipolar 
transport. Unfortunately, the magnitude of the 
radial transport is not very well determined by this 
data. T h e lower limit corresponds to the transport 
due to Coulomb collisions, and the upper limit 
corresponds to ambipolar radial transport at the 
Bohm rate. 

9.3.4 Nonambipolar Transport 

This sect ion evaluates the nonambipo la r 
transport in the T M X central cell. The net radial ion 
flux, uncompensated by a radial electron flux, is 
obtained from the measured electric current, and 

compared to the flux due to resonant-neoclassical 
t r anspor t 

There was a net radial ion flux tn TMX. T h e 
negative electric current which flowed to the end 
wall (Fig. 9.8) implies that some nonambipolar 
t ransport mechanism w i ? present. T h e negative 
current near the plasma center may have originated 
in the end cells, as discussed in the previous sec­
tion, but the negative current at the plasma edge 
was too large to have originated in the end cells 
(compare Fig. 9-8 and Fig. 9-10). The total negative 
current, assuming azimuthal symmetry, was 40 ± 
20 A per end within a 30-cm radius. Th is implies 
that the nonambipolar radial ion confinement time 
is about 6 ms. It is dominated by losses near the 
plasma edge. T h e data in Figs. 9-7 and 9-8 was ob­
tained along a diameter at each end of the machine 
and shows that any azimuthal asymmetry corre­
sponds to an even azimuthal mode number. 

Resonant-neoclassical t ransport theory should 
describe this experiment. An ion drifts 90° in 
azimuth in about 50 ps. For comparison, the transit 
time for a central-cell ion is 100 to 200 fis. Thus , the 
azimuthal drift is large {±i > 1), and resonant 
t ransport should dominate in T M X (see Sec. 9.2). 
T M X operates near the collisional boundary of the 
plateau regime (Fig. 9-1), because the ion-ion colli­
sion time is also 100 to 200 /is. 

T h e net radial ion flux was computed from the 
negative electric current: 

n r ) = ^ / ' - ' „ , , + j p ) r d r (4) 

In this equation, L is the central-cell length (314 
cm). j„et is the electric current per end ( A / c m 2 in the 
central cell) (Fig. 9-8). and j p is the predicted electric 
current from each end-cell (Fig. 9-10). Figure 9-12 
shows the radial fluxes determined using Eq. (41-
theoretical results are shown for comparison. In the 
interior of the plasma (r <: 20 cm), the net radial ion 
flux is small and may be inward. T h t large uncer­
tainty is due to the end-cell losses j . Near 30 cm 
there is a significant outward net flux of ions in the 
central eel). At 28.5 cm, the flux is between 2.4 X 
1 0 l s c m - 2 - s ' a n d 1.1 X 1 0 1 6 c m - 2 - s - V 

T h e bars in Hg. 9-12 show the range of 
predicted radial f luxes at several radii . T h e 
measured profiles were substi tuted into Eq. (1) to 
determine the resonant-neoclassical flux. The 
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FIG. 9-12. T h e radial ion fluxes in the central cell 
were determined based on Figs. 9-8 and 9-10. The 
solid data points are the experimental results and 
the cross-hcildted bars are the theoretical limits. 

predicted flux depends on the derivative of the 
measured plasma-potential profile (Fig. 9-5). This 
derivative is not accurately determined by the data. 
As a result, the theoretical predictions are quite un­
certain. The predicted fluxes due to other classical 
processes are less than 1 0 1 4 c m " 2 * s - 1 and are too 
small to be shown on the figure. 

T h e theoretical and exper imenta l results 
overlap, but the actual flux might be largev than the 
resonant f lux . T h e data at a 28.5-cm radius (shown 
also in Fig. 9-3) is significant. Both the measured 
flux and the predicted flux significantly exceed the 
fluxes due to other processes. The theoretical result 
at this radius corresponds to electric fields of 5 to 
50 V/cm, on the basis of the plasma-potential data, 
and to an ion temperature of 10 to 60 eV, on the 
basis of the plasma diamagnetism and electron tem­
perature. If the actual fluxes exceed the predicted 
fluxes, several explanations are possible. First, the 
measured negative electric c u n e n t flowing to the 
end wall may not be azimuthally symmetric as 
assumed. Second, low-frequency fluctuations were 

detected in the central-cell plasma (see Sec. 11), and 
such fluctuations are k n o w n to cause ambipolar 
t r a n s p o r t . 1 7 T h e a s s u m p t i o n s of the present 
theories of these frjrhjations imply that they can­
not predict nonambipolar t ransport . If T M X 
violates these assumptions, such f luouaJ 'ons might 
contribute to the nonambipo!a r transport. Third, 
parallel electric currents ( S t u p a k c currents) may 
result from the quadrupole magnetic f ie lds . 1 ^- 2 0 

These currents may significantly increase the 
amount of neoclassical transport, but the increase 
of resonant transport is expected to be small. These 
parallel currents cannot affect the measurements, 
however, because they are zero on the vertical and 
horizontal magnetic axes where the measurements 
were made. Finally, other anomalous effect? such 
as end-cell ion-cyclotron-frequency fluctuations or 
magnetic-f ield errors may con t r ibu te to the 
transport in way? that have not yet been dis­
covered. TMX Upgrade will be a more sensitive test 
of resonant-transport theory; resonant transport is 
predicted to s ignif icantly affect its p lasma 
parameters. 

The results just discussed do not extend 
beyond a 30-cm radius because the profiles of elec­
tric current and plasma potential are not known. 
There appears to be a large negative electric current 
near the limiter (Fig. •)-&); the width of this current 
spike is uncertain. It might result from the scrape-
off effect discussed in Sec. 9.2. The fueling at this 
radius could supply the observed electric current of 
130 m A / c m 2 (Fig. 9-9). Thus , al though the data is 
not sufficient to evaluate the electric current near 
the limiter in detail, the observed value is plausible. 

9.3.5 Conclusions 

Table 9-3 summarizes the results of this in­
vestigation of radial particle transport in TMX. The 
axial ion lifetime is implied by the measured den­
sities and end-loss. A negati*: "'ectric current was 
measured at the end wall; this has two implications. 
First, the axial electron lifetime is shorter than the 
axial ion lifetime, as indicated. Second, there must 
be a nonambipolar radial flux of ions, to neutralize 
the negative current that flows to the end wall. The 
negative electric current is SO ± 40 A; the radial ion 
flux necessary to neutra' ize this current corre­
sponds to a radial ion lifetime between 4 and 12 ms. 
Finally, gas-penetration studies showed that the 
fueling of the plasma was between 1 and 2.5 times 
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TABLE 9-3. Measured current and time scales. Results are given as total losses from both ends of TMX. 

Cenleilrne results Results for 30-cm cylinder 

Current Lifetime* Current Lifetime*1 

Process (A 'cm 2 J |ms) (A) (msr 

Ion axial loss 0.055 2.8 9 B 4.8 

Electron axial loss 0.0o4 2A 180 2.o 

Nonambipotar icm radial loss - — 90 © 

Am bipolar rad :al loss — — > 0 *.•*> 
<2«*0 >l.& 

Central cell End cells Total 

Mumbei of particle* on renter! Jie 8.8 X 10 1 ' ' 7.5 x I0 1 - 1 9,5 * IQ 1 

Number of particles with a 30-cm radius 2.7 X 10 ".8 * I 0 1 ' I.* » 10' 

l ' l ifetime = e \ current, N = number cf pari,:L_. 

the axial electron losses. Both the Lyman 'nha da" 1 
and the surface-probe data indicate that the code 
results, may overestimate the fueling. As a result, 
the ambipolar radial losses are probably smaller 
than the losses due to other processes. 

The nonambipolar radial ion flux implied by 
the observed negative electric current is consistent 
with the predicted radial ion flux due to resonant 
transport. However, the predicted flux is deter­
mined largely by the electric field; and (he electric 
field is nut accurately determined by the data. 
Thus , the actual net radial ion flux could be several 
times the flux due to resonant transport. 

The ambipolar radial flux due to classical 
processes should be quite Sniall compan d to the 
observed end losses. This is possible, bas td >u the 
gas-penetration code, the Lym^n-alpha measure­
ments, and the surface-probe data. However, the 
uncertainty in these results would allow ambipolar 
radial f ' x e s that were many times the classical 
value. However, the allowed ambipolar radial losses 
are at most equal to the axial losses; they are not 
large enough to dominate the power ^alanre in the 
central cell. 

Several possible causes jf radial transport will 
be reduced in the TMX Upgrade. The central cell 
was designed to significantly reduce the resonant-
neoclassical t ransport , 4 although such transport is 
still expected to affect the plasma parameter* The 
end cells are expected to be much less unstable to 

the mode;- obi-t.-rv.-d in TMX IMT S t t . 5) Thi* 
should reduce any t ranspor t d n \ t-n bv ion-
cyc lot ron-frequency fluctuation*. The magnet 
a l i g n m e n t p r o c e d u r e - a n d p o w i ' r - s u p p l y 
capab i l i t i e s have been i m p r o v e d to r educe 
magnetic-field er r ors . Finally. th«- central-cell 
neutral beams ar-.d other equipment should allow 
control of the central-ceil prof i lo . 

9.4 RESULTS OF THE TMT 
RADIAL TRANSPORT CODE 

Resonani-neoclassical transport is a com­
plicated nonlinear process. It modifies the plasma 
characteristics that product it, which include den­
sity, ion temperatu.e, and electric field. It is d».' 
ficult to predict simp'e scaiings that can be com­
pared with the data. The discussion in Section P.3 
illustrated :hese difficulties. A computer code ran 
be uniquely useful in radial-transport studies 
because it can assess the expected role of transport 
in a self-consistent plasma model, whi^h c m then 
serve as a r;uide to help perform ana interpret 
radial-transport experiments. 

T h e T M T r a d i a l - t r a n s p o r t c o d e w a c 

deve l rped to self -consis tent ly treat resonant 
neoclassical transport, power balance, and particle 
balance. It determines equilibrium central-cell 
plasms-density profiles, temperature profiles, and 
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potential profiles. The end-cell plasma parameters 
art- fixed and, for the runs described below, the 
ionized source of ions and electrons is an input to 
the code. 

In summary, the code results indicate that the 
potential profile of the central-cell plasma is 
strongly influenced by the density profile of the 
plasma in the end cell. Variations in transport, 
ionized-source profiles, and other factors are much 
less. impurta.nl. Because the resonant-neoclassical 
transport is dominated by the electric field in the 
plasma, the end-cell plasma characteristics may be 
the largf-st de te rminant of central-cel l radial 

transport. A comparison of code results from runs 
with and without resonant-neoclassical t ransport 
shows that this t ransport can significantly change 
the ion end losses and <iffect the ion-temperature 
profile. 
governs axial ion loss from the central cell; and the 
radial variation of the potentials governs transverse 
diffusion of ions in the central cell. 

The mod?l equations used in the code have 
been described elsewhere. 3 For the TMX modeling, 
key input parameters include: 

• The density and ion-energy profiles of the 
end-cell plasmas. 

30 40 0 10 
Central-cell flux tube radius (cm) 

20 30 40 

FIG. 9-13. 
the end-cell 

T M T code results show how the shape of the central-cell potential profile follows the shape of 
density profile. 
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• T h e ionized source of electrons and ions in 
the central cell as a function of central-cell 
radius. 

• The fluctuating electric field in the central 
cell. 

This fluctuating electric field is produced by 
the ion-cyclotron-frequency instabilities in the 
TMX end cells. It heats the central-cell ions and 
enhances their axial loss rate. These effects were in­
cluded in the code on the basis of recent theoretical 
work (see Sec. 11). 

Near the magnetic centerline, the code can 
easily reproduce the observed plasma parameters, 
by means of reasonable adjustments of the inputs 
described above. The radial profiles produced by 
the code may then be compared to the observed 
radial profiles. 

9.4.1 The T M T Code 

We are developing a computational model for 
tandem mirrors that includes an accurate descrip­
tion or both radial and axial losses. T h e system is 
governed by a set of moment equations for the den­
sities and temperatures of the various plasma 
species. We reduce these to a one-dimensional 
(radial) form by averaging over a magnetic flux 
tube both azimuthally and longitudinally, with the 
flux tube labeled by its radial position, r, at the 
central-cell midplane . T h u s , the independen t 
variables for this model are radius, r, and time, t. 
The dependent variables are the plug ion density, 
n , and temperature at the end-cell midplane, T , 
the central-cell ion densities, n c , and temperatures, 
T c , and the electron temperature, T e , which is 
assumed to be uniform over the entire length of a 
flux tube, including both end cells and the central 
cell. 

The electron density is set equal to the local 
ion charge density in each flux tube. End-cell and 
central-cell ions are coupled by their energy ex­
change with the electrons that move freely between 
the end cell and central cell as well as by the plasma 
fluctuations. This electron model is currently being 
modified to incorporate the thermal-barrier con­
cept. In addition to th* densities and temperatures 
of the plasma species, we also compute self-
consistent ambipolar potentials in both the end-cell 
( 0 p ) and central-cell {tf>\. This is a very important 
feature of the model, because the potential dif­
ference between the end cell and central cell 

9.4.2 Plasma Potential Profile 

W e found that the radial plasma-potential 
profile in the central-cell is most s trongly influ­
enced by the plasma-density profile in the end cell. 
Although other factors, such as the amount of 
radial transport or the fueling rate, affect the 
detailed radial dependence of the central-cell poten­
tial, they are less important . This result probably is 
due to the effect of the end-cell plasma on central-
cell confinement. A larger end-cell density confines 
the central-cell ions better, and a larger plasma 
potential is needed to hold in the electrons. 

Central-cell flux-tube radius (cm) 

FIG. 9-14. TMT results for central-cell plasma 
density, electron temperature, and potential. 
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This result is illustrated in Fig. 9-13. which 
shows three end-cell plasma-density profiles and 
tin' corresponding central-cell potential profiles. 
Peaked ( O u s s i a n l , flat, and inverted profiles are 
shown. The shape of the central-cell potential 
profile is quite similar to that of the end-cell density 
profile. We changed the other input parameters, 
and the amount of radial transport, without chang­
ing this relation. 

9.4.3 Effect of Transport 

Some effects of radial transport are shown in 
| Ĵ -L, o.j.1, 0-15. and «-lo. These code results are 
similar to the data described in Section 9.3. Various 
pLsma parameters are plotted as a function of 
radius in these figures. The dashed curves in these 
l iguii 's show results of a code run wi thout 
transport: the solid curves show the results of a run 
with resonant-neoclassical transport. Except for the 
amount nl transport, the inputs to these two runs 
wi'ie idenlii al. 

Classical transport 
Resonant transport — -

1 ( . J 

"0 10 20 30 40 

Central-cell flux-tube radius (cm) 

FIG. 9-15. TMT results for end losses. Radial 
transport produces a significant electric current. 

Figure 9-14 shows cvntral-cell density, elec­
tron tempeiature, and plasma potential as a func­
t ion of r a d i u s . W h e n r e s o n a n t - n e o c l a s s i c a l 
transport was included, these profiles became 
smoother. The plasma density near the plasma edge 
was reduced by the radial ion losses. 

The negative electric current produced by 
resonant-neoclass ical t r anspor t is shown in 
Fig. 0-15, which plots the central-cell axial electron 
Josses, ;he central-eel) axial ion losses, and the dif­
ference. The code assumes classical radial electron 
transport, so the axial electron losses are almost 
equal to the ionized plasma source. Without 
resonant-neoclassical transport, the axial ion losses 
equal the axial electron losses. With transport, the 
ions move radially and the net electric current is of 
the same grneral magnitude as the experimental 
result. 

-.0 20 3 0 

Central-cell flux-tube radius (cm) 

40 

FIG. 9-16. TMT results for radial Mux and ion 
temperature. Resonant-neoclassical transport can 
heat the ions at the edge. 
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The radial flux of ions and the central-cell ion-
tempera ture profile are s h o w n in Fig. 9-16. 
Resonant-neoclassical transport produces a signifi­
cant radial ion flux, which, in turn, transports 
significant energy into the plasma at large radii. As 
the ions are transported down the radial potential 
hill, they are heated by the energy they acquire. 
The transport thus modifies the ion-temperature 
profile of the plasma. 
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10. End Plug Optimization Experiments 

10.1 INTRODUCTION 

This section describes three experiments di­
rected at optimization of TMX end plugs by reduc­
ing the level of ion cyclotron fluctuations. The scal­
ing of TMX confinement was described in Sections 
4 and 5. We were able to approach Coulomb con­
finement in the end plugs with conditions of high 
density and low electron temperature, but under 
other conditions, end-plug ion cyclotron fluctua­
tions degraded confinement. 

In an attempt to extend the region of classical 
confinement, we carried out separate end-plug op­
timization experiments by. 

In an attempt to extend the region of classical 
confinement, we carried out separate end-plug op­
timization experiments by: 

• Increasing the end-plug ion energy with 
higher-voltage neutral beams. 

• Injecting electron beams along the axis of 
TMX. 

• Feeding gas at the outside mirrors using a 
gas box. 

In the neutral-beam experiments, increasing the 
beam energy of one end-plug reduced the central-
cell plasma losses through that plug, in agreement 
with our expectations based on drift-cyclotron loss-
cone (DCLC) quasi-linear stabilization require­
ments. In the electron-beam experiments, the in­
jected beam did not substantially affect the fluctua­
tion level or plasma parameters. W e concluded that 
absorption of energy from the electron beam is in­
hibited in TMX by the peaked axial density dis­
tribution. In the outside-gas-box experiments, we 
found that we could obtain independent control of 
end-plug densities relative to central-cell densities. 
The outside gas box did not suppress the fluctua­
tion levels. 

While these stabilization experiments were be­
ing performed, a new method for achieving end-
plug microstability emerged, involving the use of 
sloshing ions. Neutral beams injected off normal 
(e.g., 45°) will generate a longitudinal density 
profile with a peak off of the midplane. T h e mid-
plane density depression will accumulate low-
energy ions which provide 1 DCLC stability. Because 
these ions would not simply flow through the end-
plugs, much less power would be lost than is the 

case in TMX. T h e T M X magnet geometry did not 
allow neutral beam access for such experiments; 
therefore this new concept will be tested in the 
TMX Upgrade thermal barrier experiment. 

10.2 VARIABLE NEUTRAL-BEAM 
VOLTAGE EXPERIMENT 

According to DCLC theory, end-plug stability 
is expected to improve as the end-plug ion energy is 
increased. This theoretical scaling arises because a 
higher ion energy relative to a fixed ambipolar hole 
in velocity space reduces the drive for the DCLC 
microinstability, and thus also reduces the current 
required for stabilization. As a result, the central 
cell does not need to supply as much plasma to the 
end plug for stability, and central-cell confinement 
improves. If the ambipolar potential increases, con­
finement improves further. The neutral-beam 
energy-variation experiments reported here show 
that central-cell confinement improvements do oc­
cur. 

The experimental arrangement was as follows: 
Dc = 1 kC, B p = $.5 kG (83% of full current in 
the baseball coils (3715 A) and 100% everywhere 
else), deuterium ga= box at 400 T, and deuterium 
plug beams (no central-cell beams were used). The 
gas-box feed varied from 680 to 920 A of D ° (note 
that at 400 Torr the gas box normally supplied 
1360 A). The west plug was sustained with a con­
stant 85 A of injected-beam current with a beam 
voltage of 16 kV; we were unable to further in­
crease the beam voltage of the webi plug. T h e east 
plug was run in three modes with injec .^d beams 
of: (1) 70 A at 11 kV, (2) 70 A at 16 kV- ind 
(3) 50 A at 32 kV and 20 A at 16 kV (the beam-
attenuation-detector beam), which gives an average 
beam voltage of 27.5 kV. 

In order to test whether the central-cell con­
finement improves with higher end-plug ion 
energies, we determined experimentally the ratio of 
the particle-containment parameter, nr , to thai ex­
pected for collision-dominated flow, n 7 f l o v v . If the 
end losses are determined simply by collision-
dominated flow over a potential hill, 

* = V n d i p / i g , (1) 
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then we expect 

•P^k 
(2) 

where n is plug density, n c is central-cell density, 
T is plug electron temperature, T i c is central-cell 
ion temperature, and R is the mirror ratio between 
the central cell and the center of the plug. We had 
direct measurements of all of these parameters ex­
cept T . To determine T i c on the centerline. we 
assumed that the central-cell electron and ion tem­
peratures were equal and that both had a radial 
scale length equal to the radial density scale length. 
With this model we found 

A A — — 
T i c = T « = <T k + T e c ) 

3.55 X 10 I 0 m B, 
(nl)c 

/ / / / / 
/O ° , 6 k V 

0 27.5kV 

/ 
/ 

ft)1 

Theoretical enhzncement of confinement 

FIG. 10-1 . Comparison of measured and 
theoretical tandem confinements for three neutral-
beam accel voltages. 

where A denotes a peak value, - denotes an average 
value, and where we have assumed that 

T + T 
1 \r ' * PC 

Here m is the central-cell magnetic moment ob­
tained from diamagnetic loops. Using this model, 
we have plotted in Fig. 10-1 the experimental 
values of both sides of Eq. (2). Here each point is 
the mean of several shots with beam accel voltage 
as designated. While the left and right sides of Eq. 
(2) are not exactly equal, the trend is in the right 
direction. The lack of better agreement is probably 
due to our model for T j c ; in fact, considering the 
sensitivity of Eq. (,) to T i c , the agreement that we 
do have is perhaps surprising. 

The quasi-linear warm plasma end-loss 
current L; necessary for stabilizing the DCLC 
scales as 

Jql 
n T 3 / 2 

(3) 

Eq. (3), # is assumed to be proportional to T e p . In 
Fig. 10-2, we plot the experimental values of the 
east end-loss current versus the values of Eq. (3), 
having normalized both to the 11-kV injection 
values. These end-loss currents exceed the trapped 
neutral-beam current by about an order of 
magnitude, indicating that the end-loss current is 
from the central cell. We see that the end losses ap­
pear to obey the scaling of Eq. (3) quite well. 

For comparison nf the magnitude of the ex­
perimental end-loss current with the value pre­
dicted by the quasi-line«r theory, we use two equa­
tions for the quasi-linear stabilization current. 

Jqr 
6.3 X i r r 1 3 ( e0 /T e p ) 3 / 2 n p T, 

(R - 1) A1/2F 
, ( 4 ) 

and 

jql 

1.9 X t o " 1 2 ( e ^ p p ^ n p T , , / 2 

(R - 1)A>/2ED 

X (rp/aj)-' (5) 

where E is the average plug ion energy, obtainable 
from reduction ^' the plug diamagnetic signal. In 

where Eq. (5) includes the effects of fTp/a,) scaling 
on the quasi-linear requirements. Here T e p , E p are 
in keV, n p in cm'3, R is the effective plug mirror 
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j q i n i k v i 

F I G . 1 0 - 2 . C o m p a r i s o n of m e a s u r e d a n d 
theoretical end-loss currents normalized to their 
respective values at 11 kV beam voltage. j E is the 
mean end-loss current measured for 1 1 - , 16-, and 
27.5 kV injected neutral beams, L] is the quasi-
linear end-loss current calculated from Eq. (3). Both 

j E and j | are normalized to the 11-kV injection 
values. 

ratio, r is the plasma radius, ai is the ion 
gyroradius, A is the ion mass in amu, and (e</>/T ) 
is constant at approximately 3.5. Although steady 
state equilibrium was only approximately achieved 
for the low beam currents at which these experi­
ments were carried out, the basic conclusions are 
not altered. T h e values tabulated in Table 10-1 
were obtained using (R - 1} = 1 and A = 2. Equa­
tion (4) appears to give a more nearly constant 
value for the ratio of the measured to the quasi-
linear end loss, j e / j q | , than does Eq. (5). Equations 
(4) and (5) assume equal flow of stabilizing current 
out both ends of the plug. If the flow is mainly 
from the central cell through the plugs, then the 
quasi-linear requirement is a factor of 2 higher. 
Thus , we expect the agreement between ex­
perimental values and twice the calculated values 
from Eq. (4) that is shown in Table 10-1 (j,/2j | = 
U 

The minimum quasi-linear current of Eq. (4) 
occurs when the temperature of the stabilizing ions, 
T w , is equal to the hole temperature, or T w 

~ 3 - 6 T e p = 300-600 eV; experimental values of the 
central-cell ion temperatures are of the order of 50 

TABLE 10-1. 
parameters. 

Effects of increasing east end-plug neutral-beam energy on TMX east plug and central-cell 

Increasing beam voltage (V. .) 

16 kV 

Beam current, I . . (A) 

Pluj! mean ion energy, E (kcV) 

Plug electron temperature, T (eV) 

70 50 A (•• 32 k 
20A <" 16 k \ 

9.2 14.6 

121 ± 35 133 ± 20 
I 0.84 

Central-cell density, n c (10* 2 c m " 3 ) 

Central-cell ion temperature, T-_ (eV) 

Central-cell beta, >ic (%) 

Theoretical enhancement of confinement, 

( n p / n ^ T e p ^ i c 

MeaF'-red enhancement of confinement, 
n ' c / 2 n 'now 
Measured end loss current density, 
) E (A/cm 2 ) 

Required theoretical end loss current density 

j q , (A/cm 2 ) , Eq. (4) 

j q l (A/cm 2 ) , Eq. (5) 

Ratio of measured to theoretical end loss current density 
'E / 2 iq r - E <<- '*> 

' E / 2 i q l ' E 1 - ( 5 ) 

4.3 5 8.2 

0.32 0.28 0.14 

0.168 0.134 0.082 

0.062 0.061 0.052 

Q°c 1.3S 0.85 
2. 2.3 1.35 
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eV. With such a low-temperature stream, the 
plasma is predicted to be unstable to "double-
humped" modes. The quasi-linear model shows 
that the nonlinear effect of these double-humped 
modes is to heat the lower energy component. This 
may explain why the temperature of the enu-iuss 
cuirent appears to be quite a bit higher than the 
values of T j c inferred from the diamagnetic-loop 
measurements. Baldwin has pointed out that, if this 
process is important, we would not expect to have 
( r p / a i r " / 3 scaling; i.e., that Eq. (4), which best fits 
the data, is the proper relation to use. 

In conclusion, we found experimentally that 
the measured central-cell end-loss current required 
for plug microstability decreased with end-plug ion 
energy, in accordance with DCLC requirements. As 
a consequence, the central-cell electrostatic con­
finement improved, as shown in Fig. 10-1. 

10.3 ELECTRON-BEAM 
STABILIZATION EXPERIMENTS 

Experiments carried out on Constance I 
demonstrated that DCLC fluctuations could be 
stabilized by injecting an electron beam into the 
plasma. The Constance I experiments were 
motivated by earlier PR6 and PR7 experiments that 

used microwave electron-cyclotron resonance 
heating (ECRH) for stabilization. Although certain 
aspects of these ECRH experiments are unex­
plained, the basic explanation is that a potential 
well is generated that confines low-energy ions for 
stability. On the basis of this empirical knowledge 
and some preliminary experience on 2XIIB, we ini­
tiated electron-beam (e-beam) experiments on 
TMX. In order that the effects of the electron beam 
could be competitive to other processes we selected 
a megawatt e-beam (30 keV, 30 A). 

Election beams were injected into the TMX 
plasma from positions in the end fan and along the 
centerline magnetic field line. Figure 10-3 shows 
the approximate position of the electron-guns. The 
electron-guns were first mounted at "a" on the 
east-end flange of TMX. In succeeding experi­
ments, electron-guns were placed on the centerline 
of the machine, first at "b" , 30 cm outside the outer 
mirror points and then at "c", 5 cm outside the 
outer mirror points. 

The "a" experiments, discussed in detail by 
Poulsen and Grubb,1 showed that injection of the 
e-beams did not in general affect the fluctuation 
level or the plasma parameters. At high plasma 
densities in the end plug (greater than 10 1 3 cm"3), 
neither the rf level nor any of the plasma 

FIG. 10-3. Schematic of TMX indicating electron-gun positions. Points marked are (a) positions of guns 
for end-fan experiments, (b) positions of guns for the first axial-injection experiment, «*nd (c) positions of 
guns for the second axial-injection experiment. 
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parameters were affected by injection of the 
e-beam. Instances of reduced ion-cyclotron fluc­
tuations and of bulk heating of electrons were 
found at low end-plug plasma densities (less than 
about 10 1 3 cm"3), i.e., with the plasma frequency 
less than the electron-cyclotron frequency at B m i n 

and low fluctuation levels. Ion-cyclotron fluctua­
tions at low plasma densities are observed to be 
weak and sensitive to plasma parameters and boun­
dary conditions. The e-beams did not consistently 
reduce the fluctuations, and the effects noted could 
be ascribed to perturbations of the plasma and its 
boundaries due to the injection of the e-beams. 
Electron heating occurred in a set of experiments in 
which oniy the east plug was operated. The elec­
tron temperature increased from approximately 90 
to 140 eV. The plug was started with streaming 
guns and the e-beams were injected 0.5 ms after the 
guns were turned off. The e-beams had no signifi­
cant effect on the ion-cyclotron fluctuations under 
these conditions. 

Injection of the e-beams into the normal TMX 
configuration did not produce hard (> 50-keV) 
x-iays because of the presence of mirror-confined 
electrons, and did not Increase the bulk electron 
temperature. These results are at variance with the 
results obtained in previous experiments in which 
e-beams were injected into plasmas of similar den­
sity and magnetic field.2 This difference in results 
points to a difference in the mechanism of either 
the beam-plasma interaction or a difference in the 
wave absorption. 

Analysis of the interaction of electron beams 
with a mirror-confined plasma shows that the 
mechanism for wave absorption depends upon the 
axial profiles of density and magnetic field. The 
waves are generated at a frequency between that of 
the upper hybrid [wH = (w2. + w 2 ) 1 / 2 ] , and the 
greater of the plasma frequency, <t>p, or the 
electron-cyclotron frequency, u>c (see Ref. 3). At 
low density (less than 10 1 3 cm"3), the propagating 
waves in a TMX plug will encounter an electron-
cyclotron resonance, as indicated in Fig. 10-4. 
However, we hypothesize that the absorption is not 
efficient because of the relatively low density in the 
resonance region. At densities greater than 2 X 10 1 3 

cm*3 (illustrated in Fig. 10-5), the waves can reflect 
from the envelope of the upper hybrid cut-off and 
be absorbed at a plasma resonance. Bulk electron 
heating has not been observed in either the 2XIIB4 

or the TMX experiments under these conditions. 
Absorption at the plasma resonance tends to add 
energy to the electrons in a direction parallel to the 
magnetic field lines.5 It is possible, therefore, that 
the electrons that gain energy from the waves will 
have the plasma if allowed to do so by the am-
bipolar potential and the collisionality of the 
plasma. Since the wave potentials can exceed the 
ambipolar potential and the collisionality of the 
electrons is small, these conditions can be satisfied 
in TMX. 

We find, therefore, that absorption at the 
cyclotron resonances in TMX is inhibited by the 
peaked axial density distribution, and that hot, 
mirror-confined electrons are not produced. Under 
conditions where it is plausible that the axial den­
sity profile is less peaked, i.e., after stream gun 
turnoff, an increase in bulk electron temperature 
with beam injection was measured. The ion-
cyclotron fluctuations were not significantly af­
fected by injection of the electron beam for the 
range of plasma parameters investigated. 

10.4 OUTSIDE CAS-BOX 
EXPERIMENTS 

The outside-gas-box experiments were an 
attempt to obtain an extended electrostatic scaling 
of the axial confinement of central-cell ions. The 
scaling of axial central-cell confinement in TMX is 
limited by end-plug stability (see Sections 4, 5, 
and 6). The central-cell losses cannot be reduced 
below the amount required to stabilize the end 
plugs. The outside gas boxes were intended to im­
prove the stability of the end plugs in order to 
decrease the losses needed from the central cell. In 
particular, the outside gas boxes were expected to 
reduce the instability drive in the end plugs by in­
creasing the plasma density at the outer mirror, 
which would decrease the difference between the 
plasma potentials of the end-plug midplane and the 
outer mirror. This plasm a-potential difference 
(corresponding to ambipolar hole in velocity space) 
is one of the causes of the DCLC instability. Thus, 
the outside gas boxes might improve end-plug 
stability and allow us to observe a scaling of axial 
central-cell confinement determined by elec­
trostatic effects. 

The outside gas boxes on each end of TMX ex­
tended 10 cm along the magnetic field; the outer 
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FIG. 10-4. Axial frequency and density profiles for a TMX plug. The frequency plot (a) indicates the axial 
position of the fundamental electron-cyclotron resonance. The corresponding density of the absorption 
region is indicated in (b). 

jaw of each one was positioned at the outer 
magnetic mirror of the end cell. The opening in 
the gas-box jaws was shaped to conform to the flux 
surface defined by a circle of 15-cm radius at the 
end-cell midplane. Each outside gas box was 
equipped with four piezoelectric valves that were 
controlled and operated by the same techniques 
used to run the inside gas boxes {see Appendix A>. 

The type and amount of gas fueling affected 
the plasma parameters. Some of these effects are i l­
lustrated in Fig. 10-6. The left column shows the 

effects of fueling with roughly 550 A of current 
from the outside gas boxes only. When both gas 
boxes were used (1170 A total), the central-cell den­
sity increased, the end-plug density increased 
slightly, and n p / n t decreased by a factor of 2, as the 
central column shows. Then, when only the inside 
gas boxes were used, the central-cell density again 
increased and n p / n c decreased to the characteristic 
value of 3 to 1 (shown in the right column). Use of 
the outside gas boxes did not substantially reduce 
the plasma fluctuations. 
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FIC. 10-5. Frequency of a plasma with a highly 
peaked axial density distribution. T h e waves that 
are generated may be trapped within the upper 
hybr id cutoff and absorbed by the plasma 
resonance. 

These results were unexpected . We had 
thought that the outside gas box would stabilize the 
end plug and allow the central-cell density to in­
crease; on the contrary, use of the outside gas box 
led to a decrease in central-cell density. 

Ev idence r e g a r d i n g r ad i a l t r a n s p o r t is 
provided by the end-loss current and the radial 
profile of ion-saturation current. As Fig. 10-6 
shows, the end-losses on centerline are independent 
of the gas-fueling technique. However, the radial 
profile of end losses varies substantially with 
method of fueling, as Fig. 10-7 shows. T h e end-loss 
profiles at the east end wall were measured with 
ion-saturation-current detectors biased at -1000 V 
The signal on these probes is an indication of the 
density of the end-loss ions. The calibration is not 
known, but large qualitative changes are signifi­
cant. Inverted end-loss profiles were observed 
when the? outside gas box was used alone. These are 
expected because most of the gas is ionized near the 
edge of the plasma. In contrast, the inside gas box 
produced a peaked end-loss profile. T h e end losses 
on centerline were the same in the two cases, but 
the shots with the inside gas box produced lower 
total end losses. When both gas boxes were used, a 
flat profile of end losses was observed. The signifi­
cant difference in the end-loss-current profiles may 
reflect both fueling and radial transport in the 
plasma. A peaked end-loss profile similar to that 
obtained with the inside gas box only is described 

Outside Outside Inside 
gas and gas 
boxes inside boxes 
only gas 

boxes 
only 

200 

0 

—' o 0.5 

0 
»e* % 

• East 
„ West 
0 Center 

FIC. 10-6. The effects of the type and amount of 
gas fueling on plasma parameters including elec­
tron temperature (T e ) , end-loss current ( j E L A > . end-
cell to cenlral-cell density ratio ( n „ / n c ) , end-cell 
density ( n p ) , and central-cell density (n c ) . 

and evaluated in the radial-transport section 
(Sec. 9). 

The use of the outside gas boxes did not sub­
stantially affect the stability of the end plugs. Two 
explanations are suggested here. First, perhaps the 
plug-to-mirror potential drop was not affected by 
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FIG. K-7 End-loss profiles, measured by ion-
saturation current detectors, for various gas-
fueling techniques 

driven by the plasma potential. That is, the in­
stability may not be the DCLC mode. These 
possibilities are being investigated. Since the out­
side gas box did not produce substantial improve­
ments in central-cell plasma confinement, we did 
not pursue the experiment further. 
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the fueling at :he outside mirror point. The end-
loss current density at the machine centerline did 
not change, which suggests that the plasma density 
at the outer mi. ror was not changed. (At large radii, 
the density at the outer mirror was increased). 
Second, perhaps the dominant instability is not 
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11. Fluctuation Measurements 

11.1 INTRODUCTION AND 
SUMMARY 

Several analyses are presently on-going to 
determine the nature of fluctuations observed and 
their effcrls on confinement. Our present un­
derstanding leads to a description of the high-
frequency plug-generated fluctuations which is 
most often consistent with an Alfve'n ion cydotrc i 
(AIC) instability. Three observations are consistent 
with die AlC-like wave: 

:. The measured small values for azimutha! 
mode number, m = 2 to 7, in the end cells. 

2. Propagation often occurs in the elect, on 
rather than ion diamagnetic direction. 

3. The polarization of magnetic fluctuations. 
These measurements show that in TMX we suc­
ceeded in suppressing the DCLC mode and that our 
measurements were the first observation of the 
theoretically predicted AIC mode. 

Additional evidence lending support to the 
AIC interpretation of the data is the lack of con­
sistency i.i the amount of stream stabilization 
current measured relative to that predicted by drift 
cyclotron loss cone (DCLCi theory. This agreed 
well with the 2XIIB data with variations interpreted 
as being due to a non-optimum value of stream 
temperature. In TMX, end-loss measurements of­
ten exhibit transmitted stream energies to 1 keV in­
dicating the experimentally measured2 high end-
loss densities relative to the DCLC stability limit 
are not due to a lack of stream quality. In addition, 
end-cell performance empirically scales with the 
AIC instability drives as discussed in Section 6. 
Finally, the relatively low value of the oscillation 
frequency, f/fd - 0.85-G.9, which cannot be 
totally accounted for by the ^-depressed magnetic 
field, is more easily explained by AIC rather than 
DCLC. 

The AIC mode is driven by beta and 
anisotropy3•* and tends to be more stable as finite 
length corrections are included.4 The TMX end-cell 
plas.nas. while being lower d than 2XI1B, are more 
anisotropic and thus more susceptible to the AIC 
mode. The 2XI1B plasma had smaller radial scale 
lengths than TMX and thus was more susceptible 
to a DCLC mode. These comparisons are sum­

marized in Table 11-1 where small RJa, is DCLC 
unstable and large d < W L /W'n >- is AIC un­
stable. This provides an explanation of why the 
AIC mode should play a greater role in TMX. It is 
also noted that depending on the mode of opera­
tion, data consistent with DCLC-like fluctuations 
have been observed on TMX. Some evidence exists 
for the simultaneous presence of both instabilities. 
Those parameter variations leading to the existence 
of either or both modes are presently under con­
sideration-

Independent of the exact nature of the in­
stability present, the performance of the TMX end 
cells is limited in peak dersity by the marginal 
stability requirements for the dominant mode. 
Here, marginal stability refers to steady-state 
operation where competing proc»sses remain in 
balance and determine a macroscopic operating 
condition at a finite level of fluctuations. Evidence 
exists for propagation of end-cell generated modes 
into the central cell where they degrade central-cell 
confinement5 as evidenced bv decreasing (nr) c with 
increasing fluctuation levels. The fluctuations heat 
central-cell ions (present model of fluctuation* is 
that only a flute-like, perpendicular electric field is 
important") and rtiult in an increased ion end-loss 
current at average energies exceeding the central-
cell ion temperature. 

It is believed that the rather high end-loss 
energies experimentally measured along with the 
large values of end-loss current are a response of 
the system to optimize the quality (temperatme as 
well as density) of the stabilizing plasma This 
ought to provide adequate stream to stabilize the 
DCLC mode and explain why it is usually not ob­
served in TMX. Whether or not the enhancement 
of the end-loss current over that predicted for 

TABLE 11-1. Stability parameters. 

2XIIB ? typical 0.4 4.8 o.9 

TMX 6-B 0.07 13.8 13.3 
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DCLC stability 7 is an attempt to satisfy the AIC 
stability condition is as yet uncertain. The stabiliz­
ing effect of stream on AIC is presently 8 under 
study. In any event, the sloshing-ion distribution 
employed in the TMX-Upgrade design should 
reduce the AIC drive by spreading the anisotropy 
of the end-cell ion velocity distribution because the 
hot-ion beta is low. Likewise, the sloshing-ion dis­
tribution will confine low-energy ions to provide 
DCLC stability. 

11.2 SUMMARY OF 
MICROSTABILITY THEORY 
FOrt TMX 

The TMX end-cell magne 1 design was b a f d 
on 2X1IB experience, and for this reason the an­
ticipated performance was expected to be similar. 
The central cell was designed to supply plasma to 
stabilize the DCLC mode, namely, by partial filling 
of the loss cone of the ion velocity distribution with 
warm plasma lost t rom the central-cell region. 
TMX experiments showed that the end- ' ! jg den-
cities were similar to that achieved in 2XIIB for 
comparable neutral-beam currents. The TMX elec­
tron temperatures were higher. Analysis of the 
TMX fluctuation characteristics (reported in this 
section) as well as scaling (reported in Section 6} 
showed marked differences with 2XIIB. The DCLC 
and AIC modts are theoretically unstable in both 
TMX and 2XUB. The 2XIIB experiment was found 
to agree fairly well with a quasilinear stability 
theory based on the DCLC mode in terms of the 
densi ty evolut ion, mode characteris t ics , and 
magnitude of stabilizing stream measured from ion 
end losses. In TMX we appear to have succeeded in 
suppressing the DCLC mode. Instead the fluctua­
tions and scaling were those related to thi' AIC 
mode. 

The DCLC characteristics as determined from 
an electromagnetic dispersion relation that allows 
for variation along the magnetic field have been 
discussed in several r e p o r t s 9 " 1 2 along with various 
other loss-cone modes. The salient fea tures 1 0 are 
reviewed h^re. The flute-like mode taps energy 
from the loss-cone feature (inverted energy popula­
tion) of the perpendicular velocity distribution. It is 
driven unstable in the presence of radial density 
gradients by coupling to an ion drift wave. These 
features predict both a dependence on the radial 

density scale lengths measured in units of ion 
gyroradii, Rp/aj, with large values being stable and 
moderate values of azimuthal mode number m, k w 

-• m/R , indicating considerable spatial structure 
perpendicular to the magnetic field in order to. tap 
the unstable region of the ion velocity distribution. 
Given a plasma size determined from the designed 
magnet and neutral-beam injection geometry, the 
required stabilization stream current to provide 
warm plasma to fill the loss cone to marginal 
stability can be d e t e r m i n e d . 1 0 1 2 1 3 Typical results 
for 2XIIB and, by design, reasonably applicable to 
TMX end cells are shown in Fig. 11-1. 

A second mode predicted to be uns t ab le 1 4 in 
2X1 IB but not experimentally identified is the 
Alfven Ion Cyc lo t ron 1 5 (AIC) mode driven un­
stable by plasma beta, jd, and the anisotropy of the 
hot-ion velocity distribution, < W 1 / W , , > . This is 
an electromagnetic instability which has been 
studied in the limit k± = 0 for infinite p lasmas 3 and 
more recently using finite geometries' 1 including a 
model for nonzero perpendicular wave numbers. 
Given the limit k± = 0 or k x - l / R p . a signature of 
this mode would include the appearance of small 

1 Stable 
1 u = u„ [DCLC]-v /' , cc V 

l^VHigher hcirmon'cs / 
\\ [DCLC] / 

Two-component\ v ^ ,' 
unstable »> 

„ - -
v ^ LCLC unstable 

V [ALC1 

ALC , 
D C L C [unstable 

1 
0 0.05 0.1 

warm' hot 

FIG. 11-1. Fraction of warm plasma versus tem­
perature ratio required for stability for a 2XIIB 
parameter range; T h o , /Thole = 10, Ej = 13 keV, 
Rvac = 2, 0 = 0.5. 
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azimuthal mode numbers. Theory does not predict 
a preferred direction of perpendicular propagation. 
Similarly, depending upon the beta and anisotropy, 
the mode may appear at frequencies substantially 
below the ion cyclotron frequency with parallel 
wavelengths in the range A^ ^ 2;rc/u: . The in­
finite medium stability boundary is shown in 
Fig. 11-2 where it is noted that finite dimensions 1 

tend to reduce the region of absolute instability al 
h igher be tas . T h e q u n i l i n e a r s t ab i l i za t ion 
mechanism results in a spreading of the anisotropy 
oi the h i t - ion velocity distribution. At the present 
time, theoretical studies are being conducted'"* lun-
l e rmng stabilizing effects of the central-cell plasma 
either by th< streaming of unconiined central-cell 
ions through the en J cells 01 by the density o\er!ap 
oi confined particles between the two region-
Stability is achieved by cyclotron damping ol the 
wave on a warm plasma component. 

Other loss-com modes which haw been 
analyzed are the axial loss t l ) n e (AI.C I mode, tl c 

0.001 

0.01 

2XUB 

-AIC 
absolute 
boundary 
{Bi Max-

-runv i wellian TMX plug .. .. . . 3 distribution) 

0.01 0.1 

h 
FIG. ] 1-2. Stability boundary to absolute Alfve'n 
ion cyclotron (AIC) mode. Stable region lies above 
the AIC absolute boundary curves. This curve in­
dicates that the TMX plug is expected to be un­
stable to the AIC mode. 

negative energy wave ( N E W ) , and the two-
component instability. Due to the fanning u. field 
lines in the minimum-B geometry of the end cells, a 
spatial variation of the perpendicular wave number 
is introduced. This effect eliminates a necessary 
condition 1 * (unique value for the Bessel function 
argument in the dispers ion relation) for the 
Dory-Guest Harris instability which is therefore 
not <%pet ted to occur The relatively short axial 
scale length l. i n a, of the TMX end-cell magnetic 
geometry limits the fe,owth rate for the ALC 
instability 1" ivhit.h is expected to be stable. The 
resulting stream stabilization requirements for the 
AI.C" are le--. restrictive than for the D C c C nv.Je as 
evidenced in 1 ig II I and ihu*- the ALC should not 
limit I IK- performance A*- indicated in Fig. 11-1. the 
two-component mode I r* is also more stable than 
the DC 1 C mode provided the stream source is 
warm enough t.e * I \ X i l i m T h ( ( t > 0 04 The two-
component mode mav be a problem if onlv cold 
stream is available such as during buildup It is ex­
pected that the two-component mode would hea! 
the stieiim and force the system to evolve to a 
sieady-sij t t . condition at the minimum cit the 
stability boundary wheie tins modi does not con­
stitute a problem At laige radial s t j | t . lengths the 
DC I.C mode evolve- into a negative energy wave 1 ' 1 

l i i r a ' ^ ^ At short axial scale lengths the NEW is 
-table and not considered important for the 1 MX 
geometry 

Turning now to ^Uihilit\r o! the central-cell 
plasma a drift mode m a k - i s - 0 for the tandem 
mirror s | u u v - two potentially unstable waves. The 
first is an electron drift wave having an odd axial 
eigentc.nc tion with k , - ?.- !_t. frequencies in the 
range C\ < o.̂  U., < \ ' » , C\ = ion sound speed and 
\ ' A = Alfven speed and rotating in the electron 
diamagnetic direction. The second mode, an ion 
d r \ t wave, is flute-like and lias an e\ • n axial eigen-
funclinn. It extends from low frequences to the ion 
cyclotron frequency (of the central cell) and rotates 
in 'he ion diamagnetic direct ion T h e most 
dangerous mode with respect to transport con­
siderations is the electron drift mode. It is unstable 
tor k/i < I and loca'zed in regions of maximum 

,*>"&£ (nT.I 
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The drift cyc lo t ron 2 1 instability (DCJ - Max-
wcllian ion limit of DCLC) arises due to coupling of 
liable ion cyclotron modes with drift waves 
propagating in the ion diamagnetic direction. In­
stability occurs at multiples of the central-cell ion 
cyclotron frequency, UJ = N - \ , - w * t n azimulhal 
wave- numbers k„ /i t ^ 2Nr n / /J t . where r n = radial 
'"nsity scale length. p ( = V-J-JM^ and v T i 

= I l k T / M , ) 1 ' 2 . The radial density scale length for 
stability- 1 is 

i. Diiiinudtiim of tin- drift-cyclotron hranch of the 
Jispt-T^ion relation to high fr -tjuencies wher iuns 
iiie unnugiu ' t t /ed yields the lower-hybrid-drift in-
M.ihlitv. Stability of this mode requires density 
si .ile lengths oi the same order as required for DCJ 
Mobility above The maximum growth rate occurs 
! o r k A ;.(. - 1 

During neutral-beam injection experiments in 
the central cell additional instabilities such as a 
two mmponent m J f i of the bump-in-tail *ype or 
the velocity ring instabi l i ty 2 2 are possible. Simi­
larly, if an anisotropic distribution is supported by 
the neutral-beam injection, it is possible to drive an 
A l t instability. These instabilities would occur 
near the central-tell ion-cyclotron frequency or its 
harmonics. 

Finally, it is possible that modes generated in 
the end cell mn propagate out and be observed in 
the central cell. A cold-plasma description for the 
central-cell plasma p red ic t s 2 3 that fluctuations can 
propagate to the central-cell midplane only in the 
form of low k ± waves. The values of k may be 
determined by the high-field region between the 
end cells and central ceil where the plasma shape is 
highly elliptical. Analysis of the cold-plasma dis­
persion relation indicates a shear Alfve"n wave 
(slow wave) and a magnetosonic wave (com-
pressional Alfv£n or fast wave) have characteristics 
suited to propagation out of the end-cell region. 
5ome mechanism for t ansferring energy between 
different spatial scale k n g t h s (i.e., mode coupling) 
may be necessary to explain any observation of 
modes in the ro i t ra l cell at frequencies represen­
tative of high-kj^ end-cell instabilities such as the 
DCLC. This is certainly plausible in regions of 

high-flux surface tlMpticity. T h e AIC mode is a 
shear Alfven wave (with some coupling to a 
magnetosonic wave) driven unstable by anisotropy 
and possessing little cross-field structure. It is 
capable of propagating out of the end cells and 
producing fluctuations in the central cell. 

In summary, depending upon the efficiency of 
the central cell as a source of stabilizing plasma, a 
finite level of fluctuations exhibiting characteristics 
of either the DCLC or AIC instabilities can be ex­
pected in the end cell? and central cell of TMX. Ad­
ditional low-frequency fluctuations of the drift 
wave variety are also possible in the central cell. Ex­
perimental data exhibiting these characteristics are 
discussed in the following section. 

11.3 FLUCTUATION 
MEASUREMENTS 

Several rf probe arrays located at the plasma 
edge have been used to study fluctuations in TMX. 
Their axial locations are shown in Fig. 2-5 with 
the'r nominal radial location between 2 and 3 
plasma radii (e~' point of der.oity profiles). The 
high impedance probes (10 k!2) respond to elec­
trostatic (floating potential) perturbations while the 
loop probes provide information concerning fluc­
tuating magnetic fields. Since the probes may not 
be inserted into the hot plasma region, we rely on 
either the radial eigenfunction extent or propaga­
tion of the disturbance to provide information at 
the probe location concerning the internal mode 
structure. The spatially separated electrostatic 
probe tips (across an array at a given axial location) 
provide a measurement of the local fluctuation 
wavelength. 

Generally speaking, the frequency content of 
fluctuations observed by the probes agrees with 
t ha t m e a s u r e d b y f o r w a r d s c a t t e r i n g of 
microwaves. For this reason, we believe the probe 
signals provide a reasonable measurement of the 
internal characteristics of the instabilities except for 
the absolute fluctuation levels at the point of in­
stability. There is, however, some concern that 
highly localized modes will not be observed by the 
edge p- jbes . Similarly, only limited radial spatial 
resolution is possible and modes generated at dif­
ferent radii may appear simultaneously at the probe 
locations where they interfere with each other. 
These probes respond to frequencies in excess of 50 
MHz though some low pass filtering due to 
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parasitic capacitance does occur; 3 dB cut off at 
about 26 MHz. From these arrays we can determine 
k±. k | | - l 5 l . | B | and polarization of B in the end 
cells and central cell of TMX. 

In addition to the rf probe arrays, low-
frequency oscillations can be observed on other 
diagnostics. In particular, density fluctuations have 
been observed on the beam attenuation detectors. 
The response bandwidth as determined by am­
plifiers required to provide line density measure­
ments is limited to a few hundred kilohertz making 
them useful only for very low frequency modes. 
Potential and density fluctuations have been ob­
served in tl"c central cell using a heavy-ion beam 
probe which has a maximum frequency response of 
1 MHz. Finally, end-loss analyzers exhibit bursts 
of end-loss current which seem to be correlated 
with rf activity. 

The data analysis technique used to determine 
high frequency instability characteristics, k and w, 
is the digital es t imat ion 2 4 of cross power spectral 
densities. Fluctuating time series signals, <£ and B, 
are recorded with fast transient recorders at sam­
pling rates to 50 M H z and stored in the data 
analysis computer. Using a fast Fourier transform 
routine, discrete Fourier transforms of the time 
series data, F^(u;), are taken and the cross power 
spectrum is calculated, 

S I 2 M - F ; M F 2 ( w ) 

where the subscr ip ts indicate two spatially 
separated probe tips. For a time series signal of the 
form 

CO 

f ( 0 = / F , M exp [-i(tut- k-r,)]du>/2jr 
*£co 

the cross power spectrum is 

S U M = | F ( « ) | 2 e x p ( i l t - A r ) 

= P («) exp [Wl2 I W ) J 

for probe c eparat ion A r 1 2 = r 2 - i"j. The actual es­
timates uspd must be s m o o t h e d 2 4 to reduce 
statistical variance. Using these average spectra, a 
measure of the instability frequency is given by 

(coherent) peaks of the magnitude spectrum P(w) 
and estimates for the wave number determined 
from the phase spectrum 0 1 2((u) = k(w) A r 1 2 . This 
in turn provides the mode number from k = m/ r 
for an azimuthally propagating disturbance. Note 
also that a measure of the correlation time of the 
fluctuation is determined as the inverse bandwidth, 
Aaf 1 , of the measured spectra. From these 
measurements the electrostatic mode characteristics 
are inferred. Similarly, a circularly polarized elec­
tromagnetic wave will have fluctuating magnetic 
field components, B x , B , at the same axial location 
which are 90° out of phase. Using the cross spectra 
between B x and B at the same location the phase 
spectrum is interpreted as the measured polariza­
tion of the magnetic fluctuations. 

11.3.1 End-Cell Fluctuation Measurements 

The 5-tip electrostatic probes located at the 
end-cell midplane have been used to measure the 
spec t ra l 2 5 characteristics of potential fluctuations-
Typical cross power density spectra are shown in 
Fig. 11-3 for (a) the east end cell and (b) the west 
end cell. It is obvious that a coherent oscillation 
exists at a frequency near the vacuum cyclotron 
frequency indicated plus harmonics to n = 3 are 
observed (maximum frequency observable is 25 
MHz). The oscillation frequency in the east is fE = 
5.6 MHz which is substantially less than the 
vacuum cyclotron frequency fco = 6.6 M H z for the 
87% (of 10 kG) field setting used. This is also sub­
stantially less than would be estimated by a (3-
depressed magnetic field. 

As is often the case in TMX, a splitting of the 
mode frequency is observed as indicated by the 
presence of two peaks in Fig. l l - 3 b , the spectra 
calculated for the west end cell. This is a result of 
either the simultaneous presence of two unstable 
frequencies, i.e., different instabilities or perhaps 
the same instability with two modes generated at 
spatially different locations, or the appearance of a 
mode generated in the opposite end cell which has 
propagated the length of TMX. T h e simultaneous 
presence of these modes results in the corruption of 
the measurement of either due to phase mixing at 
the probe tips. The net result is to introduce a 
greater uncertainty in the measu rement of the wave 
number from the phase and, to a lesser extent, of 
the oscillation frequency of the mode. It is, 
however, possible to obtain reasonably good data 
for several shots and to determine the dominant 
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FIG. 11-3J. Cross-power spectrum of potential fluctuations for east TMX end cell. 

10 15 

Frequency (MHz) 

FIG. ll-3b. Cross-power spectrum of potential fluctuations for west TMX end cell. 
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wave number and an indication of those wave 
numbers present when interfering modes exist. 

Typical measured phase spectra for three 
values of probe separation -ir are shown in Fig. 
H-4 for the east end cell and Fig. 11-5 for the west 
end ceil for the same shots as shown in Fig. 11-3. 
The three sets of data were taken simultaneously 
by recording signals from different tips of the 
arrays with the orientation sensitive to the 
azimuthal direction. The phase spectra are well-
defined only over regions of significant modal 
power, i.e., near peaks of the CTOSS power spectra. 
Away from these regions, noise results in phase 
spectra uniformly distributed in angle as exhibited 
by the rapid phase variations. Figure 11-6 shows 
the variation of measured phase which is a linear 
function of the probe separation as expected from 
fl]2(w) = k(w) -ir 1 2 . The data are consistent with 
aiimuthal mode numbers mE = 3 and m w = 6 for 
the east and west end cells. Both propagate in the 
electron diamagnetic direction. Plasma rotation due 
to E X B drift1- is negligible in its effect on the inter-

E 

pretation of these results. It must also be 
recognized that a Zirn ambiguity in the data is 
possible. Taking this into account, the data are also 
consistent with mode numbers m E = 92 and m w = 
88 with propagation in the ion diamagnetic direc­
tion. To see that these results are inconsistent with 
the hypothesis that the observed fluctuations are 
due to the DCLC instability, we note the following. 
The perpendicular wave number k^ = m/r = 
2ir/\± implies \ ± = 0.6 cm •*- p/4. Since \ ± < t>{, 
the ion gyroradius, it is difficult to justify the 
measured phase shift as being due to a nigh 
azimuthal mode number fluctuation. Similarly, if m 
- 3 then k ± p{ - 0.6 or if m = 92 then k x pt = 18.4, 
both of which are outside the range for unstable 
DCLC fluctuations. These results do not agree with 
the mode structure theoretically predicted for un­
stable DCLC fluctuations. 

A leading candidate is the AIC instability 
which has been analyzed in the limit k± = 0. Since 
this mode is electromagnetic in character with left 
circular polarization, loop probes were installed on 

10 1 
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, 
30 " j " 
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i 
f „ - 6.6 M m -, bU ~^f 0 - 5.57 M H z / " 

70 \\V 
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Frequency (MH2) 

FIC. 11-4. Phase spectra for fluctuations measured in the east end cell for probe separations (a) Ar 
= 1 cm, (b) Ar = 2 cm, (c) Ar = 3 cm with (d) the cross power spectrum near the fundamental. 
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FIG. 11-5. Phase spectra for fluctuations measured in the west end cell for probe separations (a) Ar 
= 1 cm, (b) Ar - 2 cm, (c) Ar = 3 cm with (d) the cross-power spectrum near the fundamental. 

TMX for identification. A typical cross-power 
spectrum between B R and B„ in the east end cell of 
TMX is shown in Fig, 11-7a. This data was taken 
during full field operation which yields a vacuum 
cyclotron frequency value of fa> = 7.63 MHz. Note 
that the mode frequency fE = 6.88 M H z is again 
substantially less than the iS depressed value for ji 
= 10%. The phase spectrum shown in Fig. 11-7b 
indicates a phase angle of fl|2 — -1.28 (73°) between 
B R and B„ where the sign is consistent with left cir­
cular polarization. Thus , the loop measurements 
are consistent with the left circularly polarized AIC 
mode. Additional loop data is being analyzed to 
compare the measured fluctuation levels with AIC 
theory and the electrostatic probes. The tentative 
conclusion at this time it* that the AIC instability is 
present tn the TMX end cells. 

Under certain conditions, modes which appear 
more DCLC-like in nature have been observed. 
Since the drives for these two instabilities (loss cone 
for DCLC and anisotropy for AIC) are so different, 
it would not be surprising to have conditions where 
they occur simultaneously. The data presented in 
Fig. 11-5 clearly exhibits the simultaneous ex­

istence of two interfering modes. The resulting 
phase interference precludes acuurate measurement 
of either wave number with existing computational 
routines. They do. however, exhibit a phase struc­
ture consistent with the simultaneous presence of 
both AIC and DCLC-like character. This is ob­
served in Fig. 11-5 as a rapid phase variation with 
frequency between the interfering modes. At the 
lower frequency, if = 6.1 M H z . the measured 
phase deference is 0 ( , = -0 .3 (m = 6 propagating 
electron diamagnetic and presumed to be AIC) 
which rapidly changes to 0 =a 1.2 (m = 18 
propagating ion diamagnetic and presumed to be 
DCLC) near the second peak at fu = 6.56 MHz. 
These values should only be considered indicative 
of the structure present and not as precisely deter­
mined values. Additional data analyses are required 
to separate these effects and determine if they are 
real and under what conditions they are present. 
Note that the same structure does exist for phase 
spectra determined from data bimultaneously re­
corded at probe tips with greater separation as is 
shown in Fig. 11-5. 
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FIC. 11 -6. Phase variation at dominant oscillation 
frequency versus probe separation. 

11.3.2 Central-Cell Fluctuation Measurements 

A variety of fluctuations have b-jen observed 
in the central cell oi TMX. Figure 11 Sa is typical of 
the high frequenc" fluctuation spectra observed in 
the central cell. A comparison of Figs. l l -&b and 
l l - 8 c showing the spectra recorded in ths east and 
west end cells respectively with the central-cell 
spectra indicate that modes generated in the east 
and west end cells have propagated to the central 
cell. Note also that the lower peak in Fig. l l - 8 c 

aligns with a mode generated in the east end cell 
thus indicating the capacity for high-frequency, 
end-cell generated modes to propagate the entire 
length of TMX. A comparison of the relative power 
levels measured in each mode is given in Table 
11-2. The mode at f ^ 6.5 M H z is generated in the 
east end cell and propagates the length of T M X 
where it appears at a much reduced power level in 
the west. Similarly a mode at f = 7.1 M H z is 
generated in the west end cell but veiy little of its 
power appears in the east. 

T h e end-ce l l rf p r o b e s are located on 
equivalent field lines (not the same field line) at r = 
15 cm and are presumed to have similar coupling to 
the plasma. It is unclear at this time which end 
generates the mode at f = 6.9 MHz though it ap­
pears to be able to propagale unattenuated through 
the system. The increase in power observed at the 
central-cell probe is fictitious and due to the follow­
ing effects: a) The central-cell probe dimensions are 
much larger than those of the end-cell probes and 
may lead to an increase in sensitivity and bj the 
probe is located at r = 30 cm in the central cell 
which maps to r =̂ 10 cm in the plug. Since the 
potential fluctuations increase rather rapidly as 
probes are moved closer to the hot plasma, the end-
cell generated fluctuations which have propagated 
to this central-cell probe ought to be larger in amp­
litude (even though attenuated as they propagate) 
due to this field line mapping. The present e oi 
these modes in the central cell does, however, con­
firm thtir dbility to prcpagale through TMX. Note 
that the relative magnitudes observed on the 
centra I-cell probes agrees with the interred 
capability oi mode propagation from east to west 
but less so from west to east for this data. Note also 
the existence of a low frequency spei t rum in Fig 
l l -8a . A poriion of this low frequency noiselike 
s p e c t r a c a l c u l a t e d w i t h d a t a r e c o r d e d 
simultaneously at a slower rate (and therefore with 
greater frequency resolution) is shown in Fig. 11-
8d. This is presently under study and is believed to 
be associated with turbulent drift-wave phenomena 
though positive identification has not yet been 
determined. 

At very low frequencies ( - 1 5 kHz) oscilla­
tions have been observed on many TMX diag­
n o s t i c s , 2 0 2 7 notably the beam attenuation detectors 
(BAD's), end loss analyzers, and the u^-band en­
velope of rf fluctuations in the end cells. T w o 
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FIC. 11-8. Cross spectra of potential fluctuations in TMX (a) central cell, (bl east end cell, (c) west end cell 
and (d) central cell showing low-frequency turbulence. 

modes have been identified, an m = 0 (azimuthal 
mode number) mode which couples the tenter cell 
and end cells and an m = 1 mode in the centra] cell. 
The oscillations can be very intense. The density 
fluctuation signal, Fig. I l - ° a , detected on the cen-

TABLE 11 -2. Relative power in one frequency 
resolution bin at peaks of spectra. 

Power-ielalive ^W 
f-MHz End cell (E) Central cell End cell IW) 

6.54 
6.66 
7.06 

62.46 
1.254 
0.003 

109.3 
105." 
36.16 

2.596 
4.460 

663.7 

tral tell BAD channel a! the edge (y = 24 cm) ex­
hibits a peak-to-peak amplitude n / n 0 = 50% for n 0 

= average density. Closer to the plasma edge this 
amplitude can approach 100% with oscillations par­
ticularly strong for gas-box operation when the gas 
feed yields flat topped or slightly hollow radial den­
sity profiles During puffer operation, the oscilla­
tions are present but generally at a reduced level, 
n/no < 10%. 

The data has been processed using auto- and 
cross-correlation techniques, 2 1* the time series 
equivalent of the spectral calculations, *vith averag­
ing over an 8 ms period during steady-state opera­
tion (12 ms to 20 ms during shot J. A typical 
autocorrelation function is shown in Fig. l l - 9 b for 
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the data shown in Fig. l l - ° a where I (y 0 , t) 
= I n|t)dl along chord at y = y 0 . The low fre­
quency content is observed to be quite coherent and 
extrapolates to a root-mean-square (RMS) am-
plituJe of r f /n 0 •" 25% Correlation techniques have 
been used to distinguish between the m = 0 modi 
at f - 12 kHz and the m = 1 mode at f - 7 kHz in 
the tentral tell. The BAD channel through the a\i*-
(r = 0) dist rimi nates against odd mode** and is used 
to probe the m = 0 mode whereas the BAD chan­
nel .H v = 24 cm is dominated by the m = I mode 

The char-vleristic. ot the m = 0 moJe will 
now be discussed The a/ imuthal mode number is 
idei. ified by three observations: 

1 The phase observed on the BAD array 
does not change across the ax. indicating 
m even 

2 During low gas feed operation this mode 
dominates The signals on the ' rotation 
probes located at / = 50 cm " = 0" JUU 
±*J0' are in phase implying m = 0. 4. 8. 

3 The mode amplitude measured bv the 
HIBP and the end-loss detectors is a max­
imum at r = 0 indicating m - 0 

The axial variation in amplitudi and phase was 
determined from cross correlations between the 
central-cell BAD. the end-cell BAD and inter­
ferometer at the inner 10 kiJ field with results 
shown in Fig 11-10 The west end cell is in phase 
with the central cell but the east end cell ex­
periences a 150° phase shift in the vicinity of the 
inner mirror point and east gas-box location. End 

Interferometer 
B 10 kG 

-320, 
(East) 5^ 

| Osciltatic ion amplitude 

x 
Gas box 

Mirror 
- -P lug 

CC 
( y - 0 ) 

Plug ^ 
320 

(West) 

FIC. 11-10. Axial dependence of the line density 
along chords through the machine axis, (m = 0 
mode). FourH by cross correlation with the line 
density oscillations al z = 0. 

losses are in phase with the low-frequency oscilla­
tions of the corresponding plug. As shown in Fig. 
11-11 the envelope of u.\ t fluctuations in the plug is 
in phase with the low frequency 0*1 illations. There 
exists a high correlation between the centi il-cell 
density fluctuation and the rf envelopes. Ex­
trapolating the autocorrelation function envelopes 
to zero lo remove high frequent v effects yields 

[v(H„> I" > 

4 c X 10' - V 

which is in agreement with the peak amplitude of 
the cross- 'orrelation function This indicates a 
coupling of the m = 0 mode lo the envelope of ihe 
end-cell fluctuations and thus a coherency ot in 
teraction between the '-nd cells This correlation 
suggests that the m = 0 mode may be . conse­
quence of end -p lug fluctuation*- and would 
possibly be absent in mitrosiahle sloshing-ion end 
plugs such a*- in TMX Upgrade 

Turn ing now to the m = I mode identihcation 
arises from three observations 

Turning now to the m = 1 mode identi lua 
tion arises from ihree observation*. 

1 The 7 -kH/ component ot fluctuations ob 
served by the cent.al-cel! BAD changes 
p h a s e a c r o s - t h e m a c h i n e a x i s 

2 The three rotation probes exhibit a 00° 
phase difference corresponding to m = 1 

3 1 he oscillating part of ihe line dmsi tv has 
the same sign for all chords on the same 
side of the ax:s . consis tent oniv with 
m = I 

The mode amplitude is observed to be large at the 
plasma edge, r ^ 25 cm The HIBP measurement'. 
indicate E j ^ Q - t O v / im in this region The 

TABLE 11-3. Rotating mode and gas feed. 

C J I f«d Density profile Observation 

Low Gaussian m = I mode absent 
m = 0 mode present 

Medium Flat lopped m = 1 mode present 
to slightly hollow and coherent 

m = 0 moJe present 
Strongly hollow m = 1 mode' High 

(turbulent) 
m = 0 mode present 

'Mode identification uncertain because of turbulence. 
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FIG. 11-11. (a) Autocorrelation for the cc line density, chord through the axis, (b) A itocorrelation 
uf the envelope of the west plug rf oscillations at u;cj. <c) Cross correlation of the line density and rf. 
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azimuthal phase veluLitv in the laboratory frame is 
tii the ion diamagnetic direction at roughly the E 
x B velocity. The mode amplitude and phases were 
measured in the end tells using the BAD's. The 
results Fig. 1 1 -12. indicate the density oscillations 
in the end cells are in phase with thuse in the cen­
tra] tell hut reduced in amplitude by a lav tor ot 
about 20 HIBP measurements ton firm the large 

Eas' BAD / "Cl i / 
(y " 8cm) i / 

320 Q 
(Hast) 

/ - C C BAD tv = 24 cm) 

V (y = 8cm) 

320 
(West) 

FIG. 11-12. Axial dependence of the line den-»it\ 
tor the m = ! mode. 

amplitude central-ceil oscillations as indicated in 
the radial potential sweep in Fig. 11-13. Th? oscilla­
tions at r = 25 cm are dominated by the in = 1 
mode. The extremely large potential amplitude 
modulation (100%) is in agreement with the large 
density tluctuat'ons observed on the BAD's near 
the plasma edge. 

The m = I mode is not present for all 
operating condition?.. Table 11-3 summarizes ob­
servations for three shots at differing operating 
conditions. For the medium gas inpui case, the 
calculated particle deposition and the measured ion 
. n l loss's ,ire compared in Fig 11-14. together 
win. the average and oscillating densities obtained 
by inverting the lin^' density measurements We see 
that at large radii there is ti large discrepancy be-
U%een deposited ions .md the measured end losses 
implying a significant radial t iarsport. The am­
plitude u! the m = 1 mode is l.irge at these .adii 
and it -eenis likely that the mode is j sjgniheant 
n'.'Vi ibutor tn this transport This is m contrast to 
lm\ei g.is input without such a discrepancy. 
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FK.i- 11-13. Measurement of the space potential by * radial sweep of the HIBi ' . 
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SECTION 12 
RELATION OF FLUCTUATIONS TO 

ION END-LOSS ENERGY 

(D. P. Crubb, T. A. Casper, and W. M. Neviiis) 
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12. Relation of Fluctuations to 
Ion End-Loss Energy 

12.1 INTRODUCTION 
In this section we first examine the energy 

spectra of the central ions which escaped along the 
field lines (end loss) to the end walls of TMX. Our 
analysis shows that the energy spectra of the ions 
was influenced by the plug-ion cyclotron fluctua­
tions and the resulting energy spectra provide im­
portant clues about the nature of the fluctuations in 
the plug. We then compare the measured energy 
and der*ity of the end-loss ions to the stream re­
quirements of the possible loss-cone modes in 
TMX. We find that the density of the end-loss ions 
was less than the theoretical stream requirements. 

12.2 END-LOSS ION ENERGY 
SPECTRA-MODIFICATIONS 
BY PLUG rf 

The TMX central cell was the principal source 
of end-loss ions. The energy distribution of the^e 
ions, therefore, contains information about the loss 
p rocesses of the central-cell ions as well as a 
measure of the plug potential. In Fig. 12-1 we pre­
sent typical end-loss ion energy spectra. Figure 
12- la shows the energy distribution of end-loss 
ions which passed through the west end cell when 
both the east and west end cells were being fueled 
by neutral beams {full tandem operation). The end-
loss energy distribution for the ions escaping 
through the east end cell was similar. Both show a 
plug potential of approximately 500 volts with a 
mean end-loss ion energy. W E L , of roughly 
1000 eV. 

Since—for tandem operation—<t>c must be less 
than </>p, the value of W E L = 2 0 p would imply very 
poor confinement of the central-cell ions if W E L 

were actually a measure of the central-cell ion 
energy. However , data from this same date 
(9/24/80) which is presented in Section 3 shows 
that the energy content of the central-cell ions was 
consistent with a central-cell ion energy, 3/2 k T i c , 
of 75-100 eV, a factor of ten less than W E L . 

This point is reinforced when we observe the 
change in the W E L of the west plug end-loss ions 

when the west-plug neutral beams were turned off. 
After turnoff, the energy spectra rapidly evolved to 
that shown in Fig. 12- lb , showing that the west 
plug potential dropped and the end-loss current 
through the west end cell increased. At the same 
time, W E L dropped to about 100 eV, which is equal 
to the central-cell ion energy determined from 
diamagnetic loop (total energy) and Thomson scat­
tering (electron energy) measurements. T h e energy 
distribution of the east-end losses, however, was 
nearly unchanged when the west en.H cell was turn­
ed off. These measurements show that at the same 
time that the end losses through the west end cell 
had a mean energy of 100 eV. those passing 
through the east plug had an energy of 1000 eV, ten 
times greater. Based on these observations we con­
clude that the majority of the heating of the end-
loss ions occurred in the beam heated end cells. 

200 1000 
Energy (V) 

FIG. 12-1. Measured end loss energy spectra. 
a) Ions passing through plugged (beam heated) 
mirror, and b) Ions passing through unplugged 
(without beams) mirror. 
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Based upon these measurements we now 
believe that the plug rf heats the central-cell bns in 
two locations. Previous measurements have shown 
that T i c = T K in the central cell; therefore there 
must be an auxiliary power input to the central-cell 
ions since classical energy exchange (drag) be­
tween the central-cell electrons and ions would 
result in T i c < T^.. This auxiliary heating is related 
to a reduction of the confinement of central ions as 
discussed in Sections 4, 5, and 7. As explained in 
these sections, the plug rf interacts with the central-
cell ions to produce the observed scaling of central-
cell corfinement. After leaving the center cell, ions 
experience an additional, more intense heating 
mechanism (to about 1 keV observed at the end 
wall) which does not directly contribute to the 
degradation of central-cell confinement. 

We also believe that the end-loss measure­
ments combine with the measurements of the plug 
plasma length and beta to provide important clues 
about the nature of the plug instability. Here is a 
summary of our observations and their implica­
tions: 

1. The length and beta of the plug plasmas 
indicate that the plug ions have an anisotropic 
velocity distribution with W,, - 0.05 to 0.07 W^ 
(i.e., W|, = 500 eV to 1 keV). For the neutral beam 
and magnetic geometry in TMX this is approx­
imately the ratio of W,, to W x that is expected for 
the measured values of beta and T e p (plug electron 
temperature). The instability apparently does not, 
therefore, significantly reduce the anisotropy of the 
plug ions. 

2. The plug instability must be capable of 
heating the end-loss ions (nominal thermal energy 
= 100 eV) to a thermal energy of 1 keV. If it does so 
in a single pass of the end-loss ions through the 
plugs, it must heat the ions parallel to the field line 
as well as perpendicular to it such that E,, > E±. 
This is a necessary condition because an ion with 
£j. > e<Vm ("500 eV) at the plug midplane is trap­
ped in the plugs. This violates our assumption that 
the end-loss ions simply pass through the plugs. 
( 0 p . m is the difference in the plasma potential be­
tween the midplane of the plug and the outer 
mirror point.) In conjunction with this restriction it 
is necessary tc require that the parallel heating of 
the end-loss ions occur without violating the 
previous (number 1 above) restrictions. 

3. If the instability heating of the end-loss 
ions occurs while the ions make several passes 

through resonance with the wave because the end-
loss ions become temporarily trapped in the end 
cells, there are also restrictions on the nature of the 
instability. The wave must again heat the particles 
in both the perpendicular and parallel directions. It 
must heat in the perpendicular direction to increase 
the end-loss ion energy to greater than e</> m so 
that the ion is confined in the end cell and it must 
must heat in the parallel direction or the ion could 
subsequently be lost only with energy = e ^ p . m -
Since e<£ is approximately one half of the 
measured end-loss energy, parallel heating is re­
quired to explain the observed energy. The 
proposed instability must be able to accomplish this 
heating without violating the first observation and 
without causing a significant number of the end-
loss ions heated in the end cell to be lost so that they 
pass through the central cell to the far end wall. 
(Recall that our measurements indicate that 1-keV 
tons were being lost only to the end wall adjacent to 
the ncutral-beam-fueled plug and that 100-eV ions 
are escaping from the central cell to the far end wall 
through the unfueled plug.) 

We are presently studying the characteristics 
of possible instabilities to see if one or more of 
these modes satisfy these restrictions. 

12.3 STREAM REQUIREMENTS OF 
LOSS-CONE MODES IN TMX 

We now examine the question of fulfilling the 
quasilinear stream requirements of the plugs. The 
spectral measurements indicate that the DCLC 
(Drift Cyclotron Loss Cone) mode is often stable in 
TMX. Comparing the characteristics of the 
measured end-loss ions to the theoretical DCLC 
stream requirement, we find that the central-cell 
ions escaping through the plugs of a classical tan­
dem mirror could provide enough warm plasma 
density at the plug midplane, but the temperature is 
too cold (~0.1 keV) for stabilization. The end 
losses measured in TMX had a higher temperature 
than classically predicted (~0.5 to 1.0 keV) which 
is suitable for stabiliaztion. However, at the high 
temperature, a simple model of the flow predicts 
that the density within the end plug would be too 
low for stabilization. Finally, we consider ad­
ditional stabilizing effects which are presently 
under study. 

Figure 12-2 presents the marginal stability 
boundaries for the DCLC and ALC (Axial Loss 

12-2 



Cone) modes calculated for typical TMX 
parameters.1 The fundamental of the DCLC mode 
is labeled w ~ w d (nz = 0), the higher harmonics of 
the DCLC mode (w > wc) are labeled harmonics (r^ 
= 0), and the AI.C mode is labeled ALC (n z = 1). A 
mode is stable for values of n^/n^ ^v/^h w r u c n u e 

above the marginal stability line for that mode. 
(r^/n^) is the ratio of the warm, streaming plasma 
density (nw) to the hot-ion density (nh). T^/Tk is 
the ratio of the temperature of the streaming 
plasma (Tw) to the hot-ion temperature (Th). We 
see from Fig. 12-2 that the DCLC mode (of the 
three modes shown) typically requires the greatest 
value of n^nj,, T^/Tj, and, therefore, the largest 
amount of stream current to be stable. 

Because the total ion end-loss current is much 
greater than the neutral-beam current which is 
trapped in the plugs by ionization, we know that 
the majority of the end-loss ions originated in the 
central cell. In passing through the plug(s) these 
escaping ions provide a source of warm-plasma 
stream for the end plug(s). We now address the 
question of whether the density and temperature of 
this stream of ions are correct for the stabilization 
of the DCLC mode. 

Earlier in this section we presented experimen­
tal evidence which showed that the ion energy in 
the central cell was much less than that of the end-
loss ions. At this time we have not determined 
precisely where the extra heating of the end-loss 
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• Monte Carlo code 
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1 
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-
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(as measured at end wall) «Ho t e = 10.0 1 / 
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1-iG. 12-2. Loss-cone mode(s) stability boundary(s). The radial prof ile of the plasma density is described by 
np(r) - noc'^p) 2 . 0 is the ratio of the plasma pressure to the magnetic field pressure, iv and n p are the 
central-cell and plug densities respectively. n„/ nh a n < ' Tw/T|, are the ratios of the warm-ion density and tem­
perature (w) to those of the hot ions (h). E is the strength of the fluctuating electric fietd due to the plug 
driven ion cyclotron fluctuations. RH0|C is defined by the velocity space distribution function of the hot ions: 

f(Vj') = a(e ?+R H , where a*.: 1 
2auV 
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ions occurs. We must, therefore, assume models for 
the energy of the end-loss ions as they pass 
through the plug mid plane. 

For low rf fluctuation levels, we might assume 
that the classical model of tandem mirror confine­
ment applies. In this model the central-cell 
ions are heated by collisions with the central-cell 
electrons. In equilibrium T j c =* I / 3 - I / 2 T e c 

(Ref. 2). These ions provide a warm plasma density 
a! the plug midplane n = n c e'e<tt^ic with perpen­
dicular energy k T k . In Fig. l ? - 2 we show a region 
labeled "Classical TMX." Values of ( n w / n h , T w / T h ) 
which lie in this region are typical of point model 
calculations of equilibrium TMX parameters based 
upon the classical model. We not? that there is a 
sufficient density of warm ions, but that their tem­
perature is too low to provide stability. In principle 
the low temperature of the stream ions should 
cause the plugs to be unstable to the two compo­
nent mode. This n-ide is certainly a candidate for 
the observed instability in TMX. However -resent 
theoretical predictions for the characteristics of this 
mode are inconsistent with the measured fluctua­
tions. Most notably, the two-component mode is 
predicted to occur with u; > u.'u in contradiction to 
the spectral measurements. 

At high rf fluctuation levels we model the 
warm plasma stream according to the Rognlien-
Matsuda Theory of heating of the central-cell ions 
by the plug-driven fluctuations. 3 The heating of 
the central-cell ions allows them to escape the cen­
tral cell more easily. This also changes the charac­
teristics of the end-loss current ( n w , Tw). In Fig. 
12-2 we have traced out the locus of points ( n ^ n ^ , 
T v v / T t x ; which the code predicts as the value of the 
fluctuating rf electric field in the code varied be­
tween 0 to bO V/cm. Within the factor of two un­
certainties in the calculations of tht stability boun­
dary and the Monte-Carlo results, it is possible that 
the rf heating of the central-cell ions could provide 
an effective source of stabilizing stream for the end 
plugs. 

In both of the previous models (Classical and 
Rognlien-Matsuda) we made the implicit assump­
tion that the heating of the end-loss ions to energies 
of 1 keV occurs after they pass through the end-
plug midplane on their way to the end wall. In our 
third model we relax this assumption so that the 
ions are heated to their final (measured) energies as 

they pass out of the central cell and through the 
plugs. The result of applying this model to TMX 
data acquired during experimentation on 9-24-80 is 
shown in Fig. 12-2. The temperature of the end-
loss ions is sufficiently high, but the density of 
these ions is too low to provide stability. 

We have also examined a model which 
assumes that the end-loss ions are trapped and 
heated in the plug mirrors for several bounce times 
before they are eventually lost to the end walls. In 
terms of the stability of the loss-cone modes, the 
results of this model are not significantly different 
from those we just discussed (ions heated before 
they pass through the plug midplane.) As long as 
the warm ions are trapped in the plug mirrors, they 
can only fill a small portion of the hole in the 
velocity space of the plug ions. (Low-energy ions 
will be expelled by the plasma potential.) When 
they finally escape the plug, the high-energy and 
low-current dmsi ty of the end losses leads us to 
calculate a low density of these ions in the rest of 
the hole in velocity space. Under these cir­
cumstances we do not expect stability. 

To summarize, we note that we have examined 
several models for the characteristics of the warm-
plasma stream at the plug midplane. All of these 
models could be made consistent with the measured 
end losses by appropriately localizing the ad­
ditional rf heating of end losses. Only one of these 
models, Rognlien-Matsuda, comes within i factor 
iif two of predicting DCLC stability. We conclude, 
(heretore, that additional analysis and modeling are 
necessary if we are to understand the apparent 
•-'ability of the DCLC mode in TMX. 

We are presently evaluating the DCLC mode 
stability boundaries for a wider range of plasma 
paramctets. In particular, we are evaluating the ef­
fects) of increasing the ratio of R p / a ; . Detailed 
analysis of the radial profiles of the plug-ion den­
sity shows that the density profile can be very flat 
or even slightly inverted (Sec. 3). The flat density 
profiles imply values of R p / a ; greater than the value 
of 5 used in Fig. 12-2. Previous reported studies on 
2X1IB have shown that the stream requirements of 
the DCLC mode decrease approximate ly as 
(Rp/dj) 4 ' 3 (see Ref. ?,). It is possible, therefore, that 
we will find better agreement betweer. one or more 
of our models of the warm plasma in the plug and 
the stability requirements of the DCLC mode when 
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we evaluate the stability boundaries for parameters 
which more precisely represent experimentally 
measured values for a particular experiment. 

In addition, we are developing new models of 
the spatially-dependent velocity distribution of the 
stream ions used in the marginal stability code. And 
finally, we are examining ways in which coupling 
between .in instability with the experimentally ob­
served characteristics and a DCLC mode could 
result in the stability of the DCLC mode. 
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13. TMX Impurity Studies Using 
Ultraviolet Spectroscopy 

13.1 INTRODUCTION 
Impurities can significantly influence a plasma 

in several ways. As shown in Table 13-1, the power 
loss by line radiation from impurities can be an ap­
preciable fraction of the input power in a fusion 
device. In some extreme cases, hollow electron tem­
perature profiles have been caused by radiation 
from impurities. 1 In addition, impurities can drive 
or enhance instabilities in the plasma, 

13.1.1 Impurity Studies in Linear Devices 

There have been many impurity studies of 
t o k a m a k s ; 1 " 7 as a result, impurity behavior is fairly 
well understood in these devices. In contrast, there 
have b ^n very few impurity measurements on 
linear devi ~es. Simple mirror machines are expected 
to expel impuri t ies 8 because of the positive am-
' ipolar potential present in the center of the mirror. 
In addition, low-energy impurity ions are expected 
to rapidly scatter (r -*• s /M; E ^ / 2 Z4) into a region 
of phase space where they are not confined by the 
magnetic mirrors . 8 The first detailed impurity 
s t u d y 9 of a beam-fueled linear machine was per­
formed on 2XIIB. 1 0 The major results w e r e 0 1 ' : (a) 
oxygen was the major light impurity (2 to 3%), 
while carbon, nitrogen, and titanium emissions 
were also identified, (b) oxygen was injected by the 
neutral beams, with the Oi l br ightnes c scaling with 
the beam current as IJ °, (c) a small fraction (<5%) 
of the deposited power was lost through impurity 

TABLE I3-I. Power loss by impurity radiation. 

Device Input power lost, % Date, yr. Rcf. 

C-stellaralor 30-50 1962 I 

ST tokamak 30-40 1974 2 

ATC tokamak 3 20 1975 3 

TFR tokamak 40-60 1075 4 

PLT tokamak 15-25 1976 5 

Alcator tokamak 2 20 197ft 6 

2XIIB 5-10 1979 12 

radiation, and (d) low-energy injected impurities 
were found to be poorly confined by the mirrors. 
(Reference 12 presents more detail.) 

We present here the results of a major im­
purity s tudy on the Tandem Mirror Experiment 
( T M X ) I J ; it represents the second study on a beam-
fueled linear device and the first inves: ;gation of a 
tandem mirror. The tandem mirror concept uses 
two plugs similar to 2XIIB (minimum-B mirrors, 
beam-fueled) to confine a plasma in a central cell. 
From the standpoint of impurities, this configura­
tion provides a mixture of possible impurity 
sources: high-energy beam-injected impurities in 
the plugs and desorbed impurities from the sur­
faces of the vacuum vessel, particularly in the cen­
tral cell. The presence of electrostatic 
conf inement 1 4 in TMX should also influence the 
impurities. A positive impurity ion existing in the 
central cell should be confined axially by this 
positive electrostatic potential, <t> . An impurity ion 
existing in the central region of the plug, on the 
other hand, may flow into the central cell or oi.t of 
the machine depending on its energy and position, 
with the majority expected to flow out. The pL"-
pose of this impurity s tudy was to experimentally 
measure the impurity characteristics in .i tandem 
mirror device, with emphasis on the central-<.ell 
plasma. 

13.1.2 Summary of Impurity Study on TMX 

Two survey spectrographs and three time-
resolving monochromators were used to measure 
the impurity emissions from TMX. The instru­
ments are described in Appendix B. 

The major impurities were found to be ox­
ygen, nitrogen, carbon, and titanium. The results 
obtained in the TMX plug were similar to those 
found on the 2XIIB device; in particular they were 
consistent with beam-injected oxygen. The time 
histories and radial profiles of the impurity emis­
sions in the central cell were also measured. These 
radial brightness profiles were used to obtain the 
impurity density (0.4% for oxygen and lesser 
amounts for carbon and nitrogen) and the total 
radiated power (20 to 30 kW). 
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Observations made of impurity behavior dur­
ing vac **m chamber preparation, gettering, and 
the use or cold liners are discussed. This data shows 
th.it the density of light impurities in the central cell 
is influenced by the wall conditions. Impurity 
behavior during central-cell neutral-beam heating 
experiments and the results of an experiment in 
which a pulsed-gas valve was used to introduce ox­
ygen and neon into the plasma are presented. There 
i1- a summary of computer models and overall con-
i lusions 

13 .2 E X P E R I M E N T A L R E S U L T S 

13.2.1 Spectrograph Surveys 

A normal-im ideme and grazing-incidence 
'•pec trogiaph (Appendix Bj was used to record 
^missions from the central-tell plasma. Typically, a 
largi' number r t plasma discharges (40 tu 50) were 
recorded on a phot igraphit plate, this was to in­
sure that even the weakest impurity emissions were 
recorded The spi-i tra obtained on the photo­
graphic plate^ were then digitized with a recording 
densitometer. A sample portion ol the spectrum be­
tween 275 and 310 •( obtained with llu" grazing in­
cidence '•pet trograph is shown in Fig. 13-1 (the 
loial scan was from 150 to 1300 A). Note that 
several titanium lines have been identified. In addi­
tion, emissions I rum ionization states of oxygen 
and nitrogen weie present in this spectral region. 

Hgure 13-2 shows a segment of a spectrum 
obtained I mm the normal incidence spectrograph. 
The total spectral range from 1700 to 2000 A was 
covered on this scan (first order wavelength), the 
spectral region shown is from if 75 to 1940 A. Car­
bon emissions are identified in this region. 

In summary, the primary impurity con­
stituents identified by the survey were carbon, 
nitrogen, oxygen, and titanium; these are the same 
impurity species that were identified on 2XIIB. 
Ionization states up to lithium-like (CIV, NV, and 
OVI) were observed. The absence of He-like emis­
sions from these light impurities is caused by the 
expected low density of the 35 state at the electron 
temperatures found in the central cell. 

While the survey study was extremely useful 
lo identify the most prominent impurity species, it 
was difficult to determine impurity densities and 
radiated power from these measurements as the in­
s t ruments were uncalibrated in sensitivity. In addi­

tion, plasma parameters often varied from shot to 
shot. Furthermore, observed intensity rat : os were 
valid over only a shor t wavelength region. 
T h e r e f o r e , the abso lu t e ly ca l ib ra ted m o n o -
chromators were used to measure the emissions 
identified in the survey study. 

i3.2.2 Impurity Line Study—Genera) 

As discussed in Appendix B, the absolutely-
calibrated instruments used in this study were sen­
sitive from 300 to 1500 A. For the light impurities 
(carbon, nitrogen, and oxygen) there are An = 0 
g r o u n d s ta te r e s o n a n c e t r a n s i t i o n s in this 
wavelength region (An is the principal quantum 
number). In most cases, the metastable transitions 
(from Be-like and B-like ionization states, for ex­
ample) are also in this region. In addition, there are 
some ionization states, of Ti which can be observed 
in this wavelength range. 

Each transition was carefully scanned and 
identified Some of these emissions were observed 
under various plasma conditions to ascertain 

typical time histories, radial profiles, and ab­
solute brightnesses 

13.2.3 General Characteristics of Impurity 
Emission in the TMX Plug 

Each plug of the TMX experiment is similar to 
2X1 IB, so it is important to compare the two On* 
characteristic of the emissions from 2XIIB and the 
TMX plug is that the spectral lines are quite broad 
shot-to-shot spectral scans of OV-o30 A and 
L r I 2 1 o A are shown in Fig. 13-3. The instrumen­
tal resolution in this case was approximately 1 4 as 
determined by the entrance and exit slits, the spei -
tral line is broadened substantially. As distussed in 
Ref. <\ this is ^insistent with the model that high-
energy neutral oxygen is introduced by the neutral-
beam injectors. 

The typital time history of the light impurity 
emission in the TMX plug is presented in Fig 13-4 
(The sum of the radial chords for OlY-554 A is 
shown for the east plug.) The timing sequence is 
shown for reference The large increase in the 
signal at the beginning of the sequence (roughly 
5 ms) is caused by the st ieam-gun plasma, the 
decrease after approximately 5 ms is due to the 
turnoff of th^se stream guns. The emissions reach a 
steady state soon after the stream guns turn off, 
and the signal remains roughly constant until the 
end of the shot. 
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I K , . 13-2. Spectrum between 1B75 and 1940 A from the normal incidence spectrograph showing carbon 
emission!.. 

H i radial ptuhlf ot the brightness of OV i -
10.1." 1 .iv .i 'LI IU nun oi time is shown >n f i g 13-3 
t Ki-r* f- -oitii miiurr.n* Hum the stream guns in 
tin H--1 > m- ot the shut, after this the prohle i* 
appni-* ini.nelv a v.iiussi.in shape As was found in 
2 \ I IH in* width .it the brightness profile is 
somii\! i . ] | narnmei than the elei tron density 
pr Will tm tin high ionization slates Tin- behavuu 
HI the --ti< aming plasma is even more evidenl in the 
»-missi,ins ; rum Jeutenum at l i l o -i Figure 1^-ola) 
shows tin.-1 liurJ bnghtr.. •,<- of L t a\ ° ms in the dis 
i barge tuiU' the targe peaks whuh correspond tu 
tin- pMsumn of the stream gun plasma At 10 ms 
tin- stn-.tm guns , i r ( . turned off and the profile at lo 
ms ( f ig \J- v.h)] is quite smooth The time history 
or ihe radial brightness profile is summarized in 
f ig I 3 - " here the influence of the emission a: the 
edge dm tu ihe stream guns is seen. 

Jn both J1XIIB and T M X the most abundant 
.mpuntv in most vtccumfetantes was ox>gen For 
tins reason it ts important to compare the oxygen 

density in the TMX plug with l\Uti Table 13-2 
shows the absolute brig],mess o| the oxygt n 
ionization stales from (urn 14 l«7,s un ZXHB and 
from SepiemK" 2c. WsO on "I MX The eleitron 
Itti peiaturt was about oO tA ;r> eai h i asi and the 
stream guns wire m for both m r j - iemei is Note 
the brightness of eat h lonzation statt in the TMX 
*.ase has bi-en multiplied by arout a tat, tor of 2. this 
was m-iessary beiause the instrumental resolution 
til the mono< hromator was less than tin- width of 
the Utippler-broadened emis- .ir. l in t -

The t.irnparjsnn shows th„t under the*-e 
plasma innditions the O i l densities are similar in 
tht two m.n hme- while the to\u density is 
somewhat ievs m iht* TMX plug The oxygen ion-
tent cat ions differ bv about a tailor of 2 Note that 
the densities have been computed using only the 
resoname lines —no metastable contributions have 
been added-so that the actual densities and con-
u-nlraiiuns are about a factor of 2 higher Bet a use 
the neutral oxygen ionizes almost immediately. O i l 
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FIG. 13-4. Time history of OIV-554 A in the east 
plug of TMX. The timing seqL""»ce is also shown 
for reference. 
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FIG. 13-3. Shot-by-shot spectrum scan o ( OV-
D 3 0 -iV and L.,-1^.15 I V showing Doppler 
broadening. 

('•in,iv ionized) is indicative of thu source of ox-
vgen (note it is ,i small fraction of the total), while 
llu total density is influenced by the confinement 
. * the higher ionization states These data should 
.iku be compared from the '-tar., point of beam-
inii-ited oxygen, as results on 2XI1B 1 2 indicated 
that the o w g e n current was a constant fraction 
I --2'Vj of ihi1 total neutral beam curren ' A model 
similar to that developed for 2XIIB e n be used 
which accounts fur the suuru- . and s-inks o; beam-
injfi ted oxygen 

»A II 

vhere 

T) JV n, S, JV 

f xygen fraction of the neutral beam 
I[, = neutral beam current 
T = oxygen t r a n s m i s s i o n t h r o u g h the 

plasma 

n , = density of OH 
r = ionization lifetime of Oi l 
1 • 7 = n(. S- = (electron density) (ionization 

rate) 

if a constant fraction f ( is assumed to; 2.X1IB and 
TMX and the above cakula t ior is performed for 
the plasma conditions of Table 13*2 

n , <2MIB) 

n , I TMX) = 

where the bar denotes the volume average This 
i. .ilt ulation is an. urate to .ibout a f ae tor or 2 due to 
the uncertainties in the e\pe:inu*ntal \a lucs used. 
The experimental ratio (factor of 2) was 0 5, so 
within a factor of 2 the results are consistent with a 
beam-injected oxygen s o u u e which is ,i constant 
traction of the beam current As mentioned above, 
the differences i n the total density mav be due t-j 
difference* in t! confinement of the higher ioniza­
tion states 

13.2.4 General Characteristics—TM.X 
Central Cell 

The main foe J S of the impurity s tudv in TMX 
w is to determine the general characteristics of the 
impurity emission in the central ceil. As discussed 
above, some preli: linary measurements were ob­
tained with a single chord calibrated mono-
chromator, but the majority of the measurements 
v^re obtained wifh the 22-channel S1DS instru­

ment. 
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K1G. 13-5. Radial brightness profile of OVI-1032 A in the east plug. 

Typical Time Histories. Figure 13-8 shows the 
typical time histories of OII-539 A. O1II-703 A, 
OIV-554 A. OV-t-30 A. and OVI-1032 A for both 
the central-cell plasma and the east plug. For the 
central-cell, data signals near the central chord of 
the plasma are shov\n; the time histories of the 
other chords are similar. The east-plug data is in­
dicative of the center of the plasma; it does not 
show the initial feature (5 to 10 ms) (as was present 
in Fig. 13-4) as the chords, which include the 
stream guns, were not included in the sum. 

The most obvious difference in the time 
histories is the initial rise. While the plug signals 
rise quickly because of the interaction of the 
plasma injected by the stream guns with the neutral 
beams, the central-cell signals show a delay which 
is indicative of the onset of plasma buildup in the 
central cell. In both cases, the signal is quite con­
stant after the initial rise, showing that the im­
purity emission is free from large fluctuations dur­
ing the steady-state plasma. 

Radial Profiles. The radial profiles of four 
ionization states of oxygen— Ol i -539 A, OIV-
554 A, OY-o30 A, and OVI-1032 A at l o ms arc 
shown in Fig. 13-9. This data was obtained during 
typical running when the plasma was fueled with 
the gas box. The most obvious trend in the data is 
that the spatial profiles become more peaked with 
increasing ionization state. These profiles are quite 
constant in time; that is, in cases where the total 
emission increases, the profile shape is fairly con­
stant. 

The fact that the brightness profiles are quite 
broad is either a signature of the source of the ox­
ygen, or an indication of transport effects on the 
impurities. Computer modeling is being used to in 
vestigate possible mechanisms. 

Spatial profiles were also measured when the 
gas puffer was "ised to fuel the central cell, figure 
13-10 compares the radial brightness profile of 
OH-539 A during puffer (top) and gas box (bot­
tom) operation. Note that the brightness profile 
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brightness. The brightness is the flux received per 
unit solid angle per unit projected area, with units 
of photon* c m ' ' sec sr J . In the simplest cose, the 
conversion of instrumental counting rate to ab­
solute brightness B(y> is given by: 

Blvi 
<CR) D~ 

(QTi A A , 

where 
(CI<) is the observed counting rate 
| Q T | is the efficiency of the instiument 
•\ is the area of the entrance slit. 
A (, is the a red of the plasma that is viewed, and 
D is the distance from the plasma lo the en­

trance slit 
V\Khout modeling of the spatial distribution 

oi the emission source the brightness profiles are 
useful onlv loi qualitative c unparisons T h e q u a n -
Htv required tor impuiity density and radiated 
power calculations is | | l t . spatial distribution of 
eat h ionization state In the c vhndrual iv symmetric 
.ase the data ,.in In inverted to yield the volume 
emission tale Mathematically 

H(vi = ^ J h ik l l = 3^ | 
Efrfrdr 

I I C 13-e. (a) Radial brightness profile of 
L.,-1216 A V at 9 ms. No te the large peaks 
corresponding to the stream gun plasma, (b) Radial 
brightness profile at 16 ms. 

during puffer operation is quite broad, the volume 
emission rate computed from a matrix inversion is a 
radial shell at the edge The inverted brightness 
profile in the gas box case is peaked on axis (the in­
version process is discussed more fully in the ne\t 
section) The difference in these profiles indicated 
that the impurity source or source-plasma interac­
tion are not identical in the two cases. 

Radial Profiles—Inversions. The radial profiles 
ol impurity ions are important for impurity den­
sity, power loss, and transport calculations. To 
more fully understand the usefulness of this data, a 
short digression on photometric measurements is 
necessary. The actual quanti ty measured by the 
spectroscopic instrument is a chord-integrated 

where I Ir) is integrated along the line ot sight v is 
the chord height and i t is the plasma radius 
Assuming ivl indri ial svmmetrv the common tei.h 
nique used to obtain L|r) is the Abel transform ' * 
We have used a matrix technique which is 
equivalent to the Abel inversion but i- much 
taster As shown in Fig 13-11 the plasma is 
divided into shells, each data point is ..entered on J 
shell The outer-most shell has no contribution 
from other shells so E, = 4a- B. l u The next 
chord sees contributions from two shells, by sub­
tracting the contribution from the outer shell E t 

can be obtained. This subtractive technique can be 
lonru la ted in matrix terms. B = L E where L is 
the length matrix containing the length of the 
various chords. Then L ! B = E Because (L ') is 
constant as long as the radial chord positions are 
constant, the inversion process is a simple matrix 
multiplication. This is especially useful when 
several inversions (e.g., brightness profiles versus 
time) all having a common geometry are required. 
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r^30 

Stream guns 

FIG. 13-7. Three dimensional graph of L ( - I 2 1 6 A versus radius and time. Note the influence of the stream 
guns. 

13.2.5 Impurity Density Determination 

The impurity ion density can be calculated 
I nun the volume emission rate profiles In the TMX 
plasma it is appropriate to use the coronal model to 
describe the excitation and subsequent emission 
process. This model assumes that collisional excita­
tion is the dominant mechanism; photo-excitation 
is negligible (the plasma is optically thin). Second, 
the spontaneous emission rates are much faster 
than collisional de-excitation rates. Finally, ioniza­
tion and recombination times are much longer than 
the characteristic emission times. Hence, the 
volume emission rate E for a given transition is 
given by 

E = n e n, TV ^ . 

where 

n t = electron density, 
n, = ion density, and 

m- = rate coefficient for excitation. 

In the central-cell plasma, electron impact ex­
citation is the most prominent mechanism, nv v% is 
the cross section averaged over a M.ivwcllian elec­
tron energy distribution. A convenien* expression 
is given by Davis 1 " for optically allowed transi­
tions: 

1 o X 1 0 ' ' i ; B 
AE (KT) 1 

fl(i = absorption oscillator strength, 
AE = transition energy (eV), 
KT = electron temperature (eV), and 
g = average Gaunt factor. 

The Gaunt factor is a semi-empirually deter­
mined quanti ty which is close to one for resonance 
transitions. For most resonance transitions, the rate 
coefficient is fairly insensitive to temperature in the 
region of interest. 
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TABLE 13-2. Comparison of the oxygen emissions n 2XIIB and TMX. 

" v ex 

2XIIB (6-14-78) TMV (9-26-80) 

" v ex 

Brightness 
(full line) 
( X 1 0 1 6 ) 

Densitv 
(cm - 3 ) ' 

Brightness 

Den 
(cm Species " v ex 

Brightness 
(full line) 
( X 1 0 1 6 ) 

Densitv 
(cm - 3 ) ' 

d.-n 
( X l l ' H ) 

Full line 
( x i o 1 4 ) 

Den 
(cm 

isitv 

O i l 4.7 X I 0 ~ 9 o.z 6.3 x 10 9 4.0 7.8 t>.8 x I 0 9 

O U I 9.7 X J O - 9 1.6 2.4 X I 0 1 0 
8 .0 19.2 8.3 x 10* 

O I V 1.4 X JO" 8 19 2.0 X I 0 1 1 40.0 60.0 2.4 X 1 0 1 0 

ov 2.7 X I 0 " 8 56 3.4 X 1 0 1 1 40.0 88.0 1.5 x I 0 1 0 

OVI 1.7 X 10"* 43 3.7 X I 0 1 1 100.0 340.0 8.4 X 1 0 1 0 

Total 

1.7 X 10"* 43 

9.4 X 1 0 M 

100.0 340.0 

1.4 X I O 1 1 

Plasma conditions 

2XIIB (6-14-7B) TMX (9-26-BO) 

Te (eV) 

T^ (Amps) 

;n e dl (cm" 2 ) 

60 

405 

8.5 X 1 0 N 

t.0-70 

115 

3 x i o M 

n p (cm" J ) (R p = - 10 cm) - 3 > I O I J ~1 x I 0 " 

Note: Denbities are enly from measured emissions and do not include metastatic states. 

Emission Model. Il is useful to characteiize the 
impurity emission and therefore its density with a 
mod -I. This facilitates comparison with other data, 
and in many cases greatly simplifies calculations. Jn 
particular, these simple models for the ion density 
were tried: 

1. Constant Density Model: n,(r) is con-
slant. Since 

4 j r I n ^ r l n , <TV t , v dl 

the brightness profile is proportional to I nt,dl as 
long as ihe T (, profile is sufficiently broad so that 
TV ( i Y = constant. 

2 Constant Concentration Model: n^r)-' 
n t.(r) it. a constant, so the shape of n ;(r) is the same 
as that of n ( >(r). Hence, the brightness profile is 
proportional to the density squared, for a (.auss-
ian profile, the width of the brightness profile is 
less by a factor of \/2~. 

3. Shell Model: When the ionization states 
exist in narrow shells, the brightness is given by: 

where AW is the width of the emission shell and r\(. 
and n, are assumed roughly constant over the width 
of the shell. 

Figure 13-12 shows the radial brightness 
profile of OV-t>30 A and the volume emission 
profile oblained from it by matrix inversion In ad­
dition, the chord average l.'n(,dl) profile obtained by 
neutral beam attenuation is included. The Jn^dl 
profile [* well characterized by a Gaussian profile, 
so the n t. profile will have a similar shape (as the in­
version of a Gaussian profile vields a Gaussian). 
The fact that the brightness and volume emission 
rate profiles are <=o similar suggests that this data is 
also well characterized by a Gaussian profile, 
furthermore B(r) <• E(r) <t n t,(r) which implies that a 
constant density model is the appropriate choice for 
this data. A similar result was obtained for OIV; 
these two ionization states were examined most 
carefully as they contain the major fraction of the 
oxygen density in the TMX central cell. 

Impurity Density Results. Using the constant 
density model; the ion density is simply 

4JTB 

1 2AW J*M 
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Central cell 
10' 
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Oil 539 A. 
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16 

, In \ ~~= 
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10 I D r 

1 0 1 8 ^ 
10 1 7 

10 1 6 

10 1 5 

-.18 

; ' 1 ' 1 ' 1 ' : 
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' \ rf \ 1 r 1 
- i , i , I I I , " 

FIG. 13-8. A comparison of the time histories of oxygen emissions in the central cell and the east plug. 
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FIC;, 13-9. Spatial profiles of OH, OIV, OV, and 
OVI at l e ms. 

where B is thf central chord brightness. Table 13-3 
presents the concentrations of the oxygen states 
obtained during a single run on November 1. 1^70. 
during gas box operation. The OV metaslable to 
ground state density ratio was measured to be 0.7 in 
these conditions, the other metastable ratios were 
assumed to be similar to the 2X1IB case. Note that 
most of the oxygen density is in OIV and OV, with 
a smaller amount in OVT 

Similar calculations were carried out tor car­
bon and nitrogen, and the results are Mimmari/ed 
as follow', (factor oi Z uncertainty! 

(b) Gas bor. operation 

\illL. 
40 30 20 

Radius 
10 
lem) 

-10 

FIG. 13-10. (a) Oi l radial brightness profile at 16 
ms—puffer operation, (b) Oil radial brightness 
profile at 16 ms—gas box operations. 

Oxygen 0 A\ 
Carbon 0 0P'V 
Nitrogen 0 2 " 

Tin- concentration is defined to he n n whcri. 

n, = | n rdr ( | rdr ) 

KM a Citiu^Miin profile n t = O.o32 n (n. = peak 
density). It should be nuU'J that this emphasizes 
I he station r * i this was chosen because thf im­
purity and electron density behavior art' less well 
known outside of this region. However, it one 
defines ilu- concentration to be n ( (total) n . (total), 
the result is nnlv 40% greater. Comparisons with 
data from other runs indicate thai these results, to 
within .1 factor of 2. are tvpical densities or the light 
impurities In some cases, the relative populations 
ot the ionization states changed (which would be 
expected if the electron temperature changed), but 
I he overall density remained fairly constant. 

13.2.6 Radiated Power 

Radiated Power from Light Impurities and 
Deuterium. As discussed above, it is also important 

file:///illL


(ICi. 13-11. The matrix inversion technique. 
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f-
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FlC. 13-12. Spatial profile of brightness and 
volume emission rate for OV-630 A. The best fit of 
ln €dl is also known. 

ti» determine the amount of radiated power caused 
h\ litu' radiation from the impurities present in the 
plasma One approach would he to measure every 
spei tral emission feature and its radial profile; the 
'•urn ol these measurements would be the total 
tad sateil puwi'i This is imprac tical with a 
Tiioiun lii i una to: as shot-by- 1 'hot spectral beans 
would be u-quired over a large spectral range. 
Ilinvr\ 'fi certain simplifying assumptions can he 
made s U that measurement of the radial profiles of 
unlv the resonamr ,\m.\ metaslable transitions is 
sut tn it in These assumptions are justifiable from a 
knowledge ot the atomk physics of the ionization 
slates Namely 

1 F he prim ipal excitation mechanism is 
electron impact exiitalion. 

2 Onlv ground and low-level metastahle 
levels .ire populated significantly 

3 .In - 0 In = principal quantum number) 
ate the most significant transitions, tallowed hv An 
= 1 

•1 1 or An = 0 transitions, the effective 
(.•unit faitnr g in the excitation late coefficient is 
nearlv I. lor An = I transitions it is less. We will 
assume g = I for An = 0 and g = 0.5 for An = 1. 
I Ins is based on results by D a v i s . l r 

With these assumptions, by measuring the 
resunance transition and the metastable transition 
ot >i n i t . i in ionization state, the radiated power 
I rom all of the transitions can be calculated. 
Spec ifn allv the volume emission rate is propor­
tional to "v , , . **o the radiated power is given by 

P = -

where o denotes the measured resonance or 
metastable transition and A is the proportionally 
constant: then for another transition 

And finally, expressing the power in the j , h transi­
tion in terms ol o equals 

• $ > • 

To compute the total radiated power I* must 
he summed over all of the relevant resonance and 
metastable transitions. In turn, to compute the total 
power from one species, all of the power in each 
ionization state must be added up. 

The results of the impurity-radiated power 
calculation are summarized in Table 13-4. the im­
purity concentrations are also included. In the case 
of oxygen, the majority of the power comes from 
O I \ and OV. recall these ionization states also con­
tain most of the density. The power loss from 
deuterium radiation was estimated in a similar 
fashion. 
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TABLE 13-3 . Central-cell oxygen 
concentrations. 3 

Shot Species % 

37 OH 0 0 6 
26 OHt 0.06 

20 OIV 0.20 

13 OV 0.11 
40 OV] 0.01 

Tolal 0.4 

'November 1, 1979. 

Radiated Power—Titanium. The estimation of 
radiated power from titanium radiation is more dif­
ficult, as the atomic physics coefficents are not well 
known. A crude estimate was performed by cross-
calibrating the su rvey ins t rument with the 
calibrated single-channel instrument in the central 
cell. Specifically, a photographic spectrum was ob­
tained which included the major oxygen emissions 
and several titanium 'ines on the same plate. Dur­
ing the discharges , the absolutely-cal ibrated 
monochromator measured the oxygen emissions. 
By adding up all of the titanium emissions (nearly 
300), an estimate of tht radiated power from 
titanium relative to oxygen was obtained. The 
results are also included in Table 13-4. 

It should be noted that this was only a crude 
estimate (factor of 3 to 4 uncertainty); the measure­
ment assumes that most of the important emissions 
were measured, and that the radial profiles are not 
substantially different when compared to other im­
purity species. Transfer of the absolute calibration 
from the monochromator to the film and shot-to 
shot variations in the emissions are probably the 
largest sources of error. 

13.3 EXPERIMENTAL TRENDS-
WALL CONDITIONS 

It is well known that wall conditions in a 
plasma device can significantly influence the 
plasma conditions. Normally, a low temperature 
plasma (discharge c leaning 1 ' ) and/or titanium get-
tering is used fur wall preparation. In addition, it 
has bt-en shown by the Alcator group"* thai ihi* 
wall temperature can influence the light impurity 

TABLE 13-4. • Impurities in TMX central cell. 

Concentration, % Radiated power,3 kW 
Species {factor of 2) (factor of 2) 

O 0.4 6.0 

N 0.1 1.5 
C 0.08 1.5 

Ti 0 . 1 b I0.0 1 

D-L«. - 5 

Plug oxygen concentration, , % 
TMX TMX scaled1 2XI1B 

<u:> 1.5 3 

aTypic.i l trapped beam power = 450 kW. 
^Estimated. 
Linear scaling was assumed. 

density both during discharge cleaning and the 
plasma discharge. This section discusses the results 
of two experiments on TMX which examined the 
effect of wall conditions on the plasma. 

13.3.1 Celtering 

The first experiment was to measure the effect 
of titanium le t ter ing on the oxygen density in the 
central-cell plasma. O n September 25. 1980, a 
specific set of wall conditions existed in the central 
cell because of previous experiments: the whole 
machine had been gettered except for a section be­
tween the limiters in the central cell (to protect the 
ICRH antenna). O n shots 4 to 15, the machine was 
run in the same configuration and emissions from 
oxygen and carbon were monitored. The machine 
(except for the section noted) was gettered on every 
shot. O n shots 16 to 25. the entire gettering system 
was used (including the ICRH section of the central 
cell) and these emissions were again monitored. 
The results are shown in Table'13-5; the brightness 
is used for comparison. The discharges shown were 
similar; the electron density decreased approx­
imately 30% after the new panel was gettered. The 
results show that gettering does affect the central-
cell impurity density. 

A second overall trend was noted during the 
initial phases of several runs. To prolong the 
lifetime of the gettering system, it is sometimes 
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TABLE 13-5. Impurity brightness before and after localized central-cell geltering. 

WjvelcnRth, Brightness 
photons/cm -sr Before After 

" B r i B h l n . - ^ , , , , - B i i | ;Mn r>» n , , n | i „ | e | 

Hrighlnw.^.,,,., 

3.3 X 10' 
2.7 X 10' 
2.5 X I01 

2.5 X 101 

3 X I01 

Ic Oil 539 1 X t O 1 3 X 0.60 

5 Ofll 703 1 x iO 1 3 
x 

I - 4 X ! 0 1 2 X O.oo 

r C 11 004 I X io" \ 
8 X io' 2 X 0.2 

- (lit 07- 3.2 X I 0 U \ 
2C 8 X JO 1 3 X 0.75 

used only on alternate shots. During this time. OH-
33*:> A emission was monitored and changes in the 
brightness were observed lo correlate with the get-
turing That is. B In(.dl was approximately 40% 
greater on nongettereJ shots than on those with 
ge tiering. This sequence usually persisted until 
shot 13 to 20 of the run (often, a switch to gettering 
before eat.h shot was made when this mode was 
Jetei ted), after this time, the emission dropped to a 
plateau and was quite constant even if gettering 
was performed on alternate shots. This result 
suggests that the central-cell wall conditions in­
fluence the impurity density in this region. 

13.3.2 Liner Experiments 

As discussed in Ref. 19, liners filled with liq­
uid n.lrogen are used in TMX for additional 
vacuum pumping. These liners are used in the ends 
of the central cell (outside of the plasma radius) and 
in both plugs, [-'.missions from light impurities were 
monitored before and after the liners were filled to 
determine their effect on the impurity density 
Decreases in the measured brightness in the central 
cell were observed after the liners were filled in 

some cases; however in other cases, no change was 
seen. (In all cases the ambient pressure was 
decreased at least a factor of 3.) However, the 
brightness measured in the plug was normally un­
changed by liner operation. This result is consistent 
with a wall source of impurities in the central cell 
and primarily beam-introduced oxygen in the 
plugs. 

13.4 SUMMARY OF OTHER 
IMPURITY EXPERIMENTS 

13.4.1 Central-Cell Heating Experiment 

For a short period. TMX was operated with 
three neutral-beam injectors mounted on the cen­
tral cell at approximately Z = 0. The single-channel 
monochrumator was also mounted on the central 
cell, but at approximately Z = 40 cm, hence it did 
not view the beams directly. The central-cell injec­
tors were turned on at 14 ms and off at 20 ms for 
the data presented here. 

The central-cell brightness versus . ' in. >or 
OJY-554 .-(, OV-o30 A. and OV1-1032 A are shown 



in Fig. 13-13. The beam current injected into the 
central cell was 60 A, while the east and west beam 
currents were 55 A and 35 A. respectively. Note the 
dramatic increase in OIV, which is accompanied by 
a rapid increase in OV and a slower increase in 
OVI. After 2 to 3 ms, the O I V signal decreases, 
while the OV decreases slightly and the OVI con­
tinues to increase. 

One interpretation of these results is that the 
electron temperature in the central cell increases 
when the central-cell beams are turned on. In addi­
tion, the oxygen density may increase, as the OlII 

and OIV brightness are approximately the same 
before and after the beams are on. That is, if the 
only the electron temperature were increasing, a 
shift to the h igher ionizat ion states with a 
corresponding decrease in the lowest states would 
be expected. Because the spectrometer is wel! 
separated from the injectors, the increase may be an 
indication of the bulk electron behavior, as op­
posed to a local effect present only near the beam. It 
should also be noted that this dramatic behavior 
was observed only when the plug and central-cell 
beam currents were of the same order. For example. 

24 32 

— A \—CC beams on 

Time — ms 

FIG. 13-13. Impurity behavior during the central-cell beam-
heating experiment. 
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with I = 100 A per plug and I c = 60 A, the 
dramatic increases were not seen. 

13.4.2 Impurity Injection Experiments 

A series of impurity injection experiments was 
performed on TMX U) study three main issues: (a) 
impurity confinement, (b) impurity sources and 
penetration, and (c) /adial transport in the c e n t a l 
cell- These experiments involved puffing an im­
purity gas into the central cell and measuring the 
emissions from this impurity as a function of time. 

Experimental Procedure. Deuterium, oxygen, 
and neon were introduced into the central cell by 
means of a last-pulsed valve which was located at 
Z = 0. Two different valve-timing sequences were 
used. In the first case, the valve was opened for 
5 ms starting 4 ms before the shot sequence (i.e. 
-A to +1 ms). In this way, the impurity was dis­
tributed before the plasma was initiated, minimiz­
ing gas penetration effects in the initial phases of 
the plasma. In the second case, the valve was 
turned on at 12 ms and off at 17 ms, which in­
troduces the impurity during steady-state plasma 
conditions. This should allow a determination of 
the impurity penetration rates and a measure of 
radial transport in the central cell. 

Neon was initially chosen for injection 
because it is not an intrinsic impurity in TMX. O x ­
ygen was used because it is much more readily 
pumped by the cold liner surfaces and gettered 
walls than neon; this provides a different source 
and presumably different edge plasma conditions. 
Finally, deuterium was injected because it is the 
plasma working gas. (In passing, it should be noted 
that neutral oxygen and deuterium are also similar 
in that their ionization potentials are equal.) When 
oxygen and deuterium were injected, the contribu­
tion due to the intrinsic levels of these species was 
subtracted. 

T h e 22-channel monochromator with a spatial 
imaging detector system (SIDS) mounted on the 
central cell was the main diagnostic used during the 
impurity injection experiments. Time-resolved 
radial p;ofi!es o f several ionization states of neon, 
oxygen, and deuterium were monitored. In addi­
tion, the monochromators on the plugs were also 
used to measure the amount of the impurity which 
penetrated into the plugs from the central cell. 

Experimental Results and Discussion. When 
oxygen was puffed into the central cell before the 
s h o t the emission from the ionization states 

decreased throughout the entire discharge. Oxygen 
injection increased the brightness by a factor of ap­
proximately 3 over the intrinsic level. Because 
recycling most certainly influences these results, it 
is difficult to ascertain estimates of impurity con­
finement times until a more detailed analysis is 
completed. 

The radial profiles of singly-ionized neon and 
oxygen at 25 ms are shown in Fig. 13-14. Note that 
the Oi l density is less than that of Ne II by a factor 
of 5 while the amount of oxygen injected was 
greater by a factor of 2; this suggests that the ox­
ygen recycling was smaller due to the titanium get-
tering. Figure 13-15 shows the radial profile of the 
total puffed oxygen density vs time, and the 
profiles for neon are similar. T h e large density at 
the edge suggests that the oxygen does not 
penetrate efficiently into the core of the discharge. 

Another general observation was that the 
emission in the plug was influenced very little by 
the injected species. This supports the theory that 
the central-cell ions are confined axially by the elec­
trostatic potential between the plugs and the central 
cell and that the ions do not penetrate into the plug. 
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FIC. 13-14. The radial profiles of Ne II and Oil 
at 25 ms. 
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FIG. 13-15. Radial profiles versus time for the in­
fected oxygen density. 

Finally, these results are currently undergoing 
compar i sons with a s imple compute r model 
Further analysis should yield information on the 
confinement time* and recycling rates of impurities 
in TMX. 

13.5 COMPUTER MODELING OF 
RESULTS 

Several computer models have been developed 
to predict the radial impurity brightness profiles 
using the observed electron density and tem­
perature profiles. Impurity transport has been in­
cluded (albeit in a somewhat crude sense) by a. in­
cluding a radially dependent confinement time for 
each ionization state, and b assuming a constant 
impurity velocity in the diffusion equation While 
both models are quite simple and are steady statr. 
they do allow qualitative observations to be made 

13.5.1 Steady-Stale Confinement Time Model 

The sources and tosses of a particular ioniza­
tion state are expressed in this model as: 

O = rjt = n i - n i I •'i I + n r n i + t f , l 

n, 
- n (. n. S t - n (, n, (', i T 

where 
n t. = electron density (a function of radiusl 
n ( = density of the i l 1 ' ionization state of a 

particular element (a function of radiusj 
S, = ionization rate out of the i state fa 

function of electron temperature) 

a, = recombination rale to the i , h state (a 
function of electron temperature} 

rt - confinement time of the i"1 state (a func­
tion of radius) 

In addition, when i = 1. there is an additional 
source term of neutrals which is also a function of 
radius. (Note that 5, and «, are also functions of 
radius as T p is a function of radius ) T h e coef­
ficients for ionization (S) use the generalized form 
due to L o t z 2 0 and the recombination coefficients 
are a general ized form which includes both 
radiative and dielectronic terms; the values have 
been matched to those of Ref 21 . The electron den­
sity and temperaiure profiles used were a Gaussian 
shape, the width and maximum value were consis­
tent with the experimentally measured values. 

An example of the radial ion density profile* 
from the code for oxygen are shown in Fig 13- lo 
In the code they arc multiplied by the (radially 
dependent) electron density and the excitation r^te 
(discussed earlier) to obtain the synthetic volume 
emission rate profile Finally, the chord lengths of 
the cylindrical source are taken into a c c o u n t -
essentially the inverse of the Abel transform—to 
obtain the radial brightness profile which is ac­
tually measured in the experiment (Fig 13-17) 

There is fairly good qualitative agreement be­
tween the synthetic profiles and the experimental 
profiles Variations in the code—such as ditfereni 
neutral oxygen-density profiles—are being in­
vestigated to understand their affects on these 

FIG. 13-16. Oxygen density as a function of 
radius from the steady-state code. 
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I K . I 3-1 ~ I hi' volume emission N " re imcr tod" 
lo obtain the brightness profile, which is the actual 
.(u.inht\ thjt is measured in the experiment. 

('!.•! .I< - If. .i J vi . :,.>!'i . .1J1 u in - h.n e been per 
N'rinrJ :.• J« tcrniiri' tin M-n-itiv. in of these profile*. 
a- •. itriitiion- ,n - M I iron temperature ,inJ density 
.I'.'inu pi'V-u-. r.iii*- .inJ m n h n e m e n t tinif*. 

13 5.2 Constant \clocit> Steady-State Model 

I m- model i- JNn an e\ alualion of the sources 
,inj io*-*.e- with a one dimensional constant 
w l o c i u approximation to the impurity transport 
I h ^ model i- -miliar to a model used to charac­
terize impuiitv radiation on the TFR tokamak (Ret 
22j l'ht MUiui' and losses i. an in this case be writ* 
ten 

i Ji * .i 
lr ~ r di l n ' ' " ", n S n, n u i t 

n 
+ *-i , n. ri j -*• <. n_. n , -

I he i term is again a general confinement 
iime (loss term) and <• and S have the same defini­
tions as above A flux oi neutral impurities is mc i-
dent at the edge of the plasma so this system or 
equation*- is. subject to the boundary conditions 

I 2jra = lvj> n l a ) v 

and 

n,(a) = 0 

where 

I ( 1 = neutral impurity flux 
n o = neutral impurity density 
a = plasma radius 

The system of equations is solved numerically 
on a computer A set of radial points is established 
and then the impurity density of each ionization 
••late is calculated by starting at the boundary and 
working inward That is the boundary value i*-
specified and the equations enable .. calculation of 
the derivative By knowing the slope the value at 
the next linner) radial point t an be determined 
I his procedure is continued until th> :adial profiles 
are computed 

In.ti.il re-ult*. from tins md'- have shown that 
n a quaiitativi si-nsr the results ,iie sinr'.ir to those 

d..iiis-*t'd tor bee 13 5 1 Vanatmn of input 
parameters *uc h as the veloc ttv i* being in 
\«-s*ig.iti\l ti> trv tn attain i loser .lgteem it with the 
i vjvrimenlal radial profiles , n tht *;.!*- h<» i asc 

13.6 DISCUSSION OF 
CONCLUSIONS 

The results presented here are the first m m 
prehensive impurity study of a tandem mirror 
machine The impurity measurements in the TMX 
plug show that &. emission from the ions ,s 
significantly Doppler broadened with an effective 
energy on the order of 10-15 keV. this indicates 
[hat oxygen is injected by the neutral beams 
I urthermore the source of oxygen Oador of 2l is 
similar on 2X11B and TMX 

The majoi toe us of this study -vas impurity 
behavior in the ventral-cell plasma Time resolved 
radial emission prof.ies were used to calculate the 
density of light impurities (factor ot 2 uncertainty! 
0 4''.' oxygen 0 1% nitrogen, and 0 08% carbon 
The total radialed power from the impurities was 
estimated to be 20 to 30 kVY which is appi >x-
imate'y 10% of the input povw In general the 
ceniral-cell impurity concentration was found lo be 
influenced significantly by vacuum vessel condi­
tions such as gettenng and in some cases use ot 
cold liners 

Finally oxygen and neon gases were in­
troduced into the plasma to study the details of im­
purity behavior While the analyses of these results 
are incomplete, the spatial profiles iv the density as 
a function of time show that impurity does not 
penetrate into the core of the plasma. 
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14. Passive Solid-State 
Probe Measurements in TMX 

14.1 INTRODUCTION 
Passive solid-state probes have been utilized 

on several lokamaks 1 " 4 to measure plasma 
parameters ;n the edge region. The basis of ihe 
technique is that energetic atoms and ions incident 
on a probe inserted into a plasma -ire trapped and 
later analyzed to obtain information about the 
plasma. We describe here the first such work on a 
tandem mirror machine and present data on 
energies and fluxes of deuterium and impurity ions 
JS functions of probe positions and orientations. 

The measured energy of the central-cell 
deuterium (D) incident on a grounded probe .it r = 
30 cm varied markedly with probe orientation 
Peuter ium incident un sample** tilling ladiaily in 
ward had an energy ot 50 ± 15 eV intn tin- •-iitt.ue 
while the analogous energv tor I 1 incident on a 
sample lacing the east end was - 150 e \ ' We also 
observed variations ol I luxes with orientation The 
measured flux to an inward facing sample in the 
central cell decreased with i nn easing radial posi 
lion so that the flux at i = 30 cm w.is - 4 X I0 1 

I) -cm : • s ' arid at r = 10 cm it was M 5 x i o " 

Impurities were observed with a piobe in the 
central tell at r = 30 cm O Ti re and sometimes 
C u impurities were present on samples bu* no N 
was seen 

Uthei measurements showed tli.it under cei 
lain conditions eaM end-cell losses were ^25'" ' ol 
total east axial losses ai.d a significant portion ol 
the trapped east neutral beam current wa- lost ax-
lally rather than radially 

The remainder or this introductory section is 
concerned with the trapping characteristics ol 
suitable pinne materials and appropriate analytical 
techniques following this Introduction there is a 
more spec i lie discussion ol t hi experimental 
procedures ustd for TMX A detailed compilation 
ol results with discussion concludes this pan ol Un­
report 

The experience gained m this initial effort has 
aided planning for future experiments on TMX-
Upgiade The adaptation ol sur ta ie probe tech­
niques to the different geometry of a tandem mirror 

device has opened several new areas for further ex­
ploration. 

14.1.1 Trapping Characteristics ot 
Carbon and Silicon 

Carbon and silicon are Mmil.i! in tin :r 
deuterium trapping characteristics Foi .1 gi\ en 
energy and angular incidence the nun-letleciid 
portion ol the P flux is retained in the material up 
to a saturation trapping level At that point no in 
crease in the retained P level is observed i e !m 
each new incident P retained one is released 1 in 
saturation level increases as the inc ident eneigv in 
creases (see f ig I 4 1 > I or .1 spread ot incident 
energies and angles the approach toward smn. i 
MOP. I~ more gradual d i g 11 2l 

f'henonienologica! models !" have been de\ei 
oped to characterize this behavior providing ,u 
c urate predic tions ol 1.5 retention under a vane t\ ot 
conditions J"he models are gent-rally based i>n the 
concept ot a satuiatiori P concentration Once the 
saturation level is reached within the material the 
t o t a l re 11 n I ion b e g i n s l e v e l i n g o i l I M C 
1 ig I 4 - 3 j ; ' The greatei the rangt ol tin incident P 
the higher the total letcrvhon 

Tlie saturation .urves oi Figs u I and 14 1 
can be used to determine the energv or P incident 
.m carbon 1 his is doiw by exposing separate MIH 
pies to specified n u m b e r ut identical plasma -hots 
and measuring the P letention lm e n li s.impu 
Ihe tlux and energx arc then determined bv tilting 
the measured data to the P retention behavior 
curves Once the P energv and angular incidence 
have been established the I) it-tenlion measuit 
men! is ail ti at is neiessaiy to d e n \ e the incident 
I lux i e it i i .lot necessarx to reproduce the wholt 
curve tor each flux determination 

.Another way lo establish incident P energy is 
to measure the depth distribution o* retained P 
I his d is t r ibut ion may then be compared •. 
measured and 'or calculated profiles lor known in 
cidenl P energies and angles 

lnc idenl impurities may also be retained on the 
material surface and later be analyzed 
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alphas and or protons produced per incident He 
ion the total amount of D near the carbon surface 
may be measured 

ERD works by bar te r ing hydrogen isotopes 
from a sample using a 'Me analyzing beam ^ The 
'He beam strikes the sample surface at a grazing 
angle dislodging H and I) irom the sample The H 
atid O are lollected and energy analv/ed tor m . i ^ 
separatum The yields are established using i alibi .1 
turn standards The low incident and < vit angle- u> 
the surface require a smooth sample toi aciiwate 
nu-asurements 

Flic -ami 1 'Hr beam work- Im Rulhertoul 
Hai ksial lermg Spectronieti v iRBSt ' 1 l l u noimailv 
nuident 'Hi- ions siattet v'tt o! i m p u n t u - on the 
-ample --uiLKf art- mile*, ltd at a -* altering anglt o: 
![>> and energy analyzed I In mas- ot tin :m 
p u n l \ i.in be determined !ioni tht t nerg\ ot trie 
-wittered 'He the-amount nt iht- in pi;- ", ;-Jei< : 
m.nid l ium tin- Yield ai thai f in : . : . 

S-wmdaiv Ion Ma--- S p V l c , imr t i \ I S I M S J 
pro\ ide*. a miM-.irement 01 tin- dt pre t to* ile nr O 
implantid m - l i u . - n 1 , r hi -i.ape 01 this piohle 
m.i\ in turn I T [elated to the i rmdrnt I") energy 
Enough ,'imp1in>.,iii with -. ik ulation- or -ampit". 
implanted at a known energ\ I.«: SIMS the -am 
pit ,- -puttered w-.r.f; a I k e \ At* beam Spullered 
ion- ate 11 a— .jn.tlv/t-d and tin- P -igna! :-
moniioied ,>- .1 tun. rion ot drptl- into the -ur l . io 
I his depth I- , ahh takd a- a turut ion or the -[mi 
leiitig beam I lui tu • bv nu-.1*111 ins -pultei depths 
on standards s | M s relies on a ..on-tanr -putte!.n>; 
rate s,> ,1 -mootl^ uniform -ampli ;- nen-ssaiv 

H C 14-3. Representation 1 
carbon for 500 eV incident D. 

>t O saturation in 

14.1.2 Analysis Techniques 

Nuclear Reaction Analysis (NRA » and Elastic 
Keioil Detection (LRD) measure (he absolute 
amount ot D trapped in carbon samples For NRA 
a 750-keV 3 H e beam normally incident on the car­
bon sample produces protons and alphas via the 
d(*He. <i|p nuclear reaction ' At a scattering angle 
ut lo5°. the alphas and/or protons are counted 
with a silicon surface barrier detector and 
associated electronics The yield of alphas and/or 
protons can be calibrated for a given amount of D 
present in the sample. By counting the number of 

14.2 EXPERIMENTAL PROCEDURE 

14.2.1 Samples 

Three different types ot samples weie used in 
the T M \ passive probe measurements One-half-
mm thick polished high purity silicon discs were 
LUI into o-mm-square samples to be used for SIMS 
analysis These bi samples were annealed at o 5 0 e C 
for several hours in vacuum l < 5 X 10 s lorr) prior 
to their exposure in 1 M X Papvev a flexible, com­
pressed llaked carbon t ape 1 " was cut into 1-cm 
diameter samples and used for all NRA and RBS 
measurements. Seventy-five- / ig/crrr carbon films, 
vapor deposited on glass slides, 1 - 1 were used for 
ERD analysis. The glass slides were broken into 
^ 1 -cm squares for exposure. These films were used 



(rather than the Papyex) since surface roughness 
could adversely affect ERD measurements. 

14.2.2 Probes 

A probe was designed to sequentially expose 
mixed pairs of C (Papvexl and Si samples to the 
I M \ central-cell plasma and to then protect the 
samples while Ti was deposited on the TMX in-
i. i inr fur net wring The probe was a demountable 
Miupii ' holder lunnetted tu the end of a support 
ILIIH' A Wilson vacuum seal allowed the probe to 
b<- poMiiiuied at different depths (TMX radial posi-
TX'MS-) nr withdrawn completely to reload samples 
A rutatablc- shutter served the dual purpose of 
•.electing which samples were exposed and cover1 rig 
thi' samples during gettering c yc les The shutter 
allowed sequential exposure ot uric. two. or three 
pan* ot •• ample-* simultaneously An alternate sfiul-
iei exposed one paii at a time The shutter rotated 
i'V means of a shaft concentric to the support tube 
which passed thtough .1 second Wilson seal and 
i-cis connected to a Geneva mechanism which 
diove the shutter in oOc im rements. Four 
nm roswitch u i n assemblies sensed the four shut­
ter positions of interest, and a f i f th assembly sensed 
when the gear motor-driven input of the Geneva 
mechanism completed a cycle A shutter control 
system was in the TMX control room. 

Another version I probe 2) included the 
capability of mounting the additional pairs of sam­
ples at ^0° intervals around the outside edge of the 
probe Thus sample pairs facing five different 
directions could be exposed to the plasma 
simultaneously 

Each of these two probes could be mounted on 
TMX port *W l l t > near the center of the machine 
<wWl20 on the top of TMX prior to ft/80). The 
probe entered the vacuum vessel at 45° from ver­
tical on the north side of the machine. If inserted all 
the way. the center of the probe would coincide 
with the centerline of TMX. However, the probe 
fate was not parallel to the centerltne, but tilted 5° 
so that samples mounted on the probe face faced 
slightly toward the east end of TMX. When rf an­
tennas and a limiter at r = 38 cm were installed in 
TMX, the probes fit through the "-21-cm space be­
tween them. Using probe 2, the five sample orienta­
tions were labeled: radial (facing the TMX cen­
terline), east, west, up (the sample actually faced 
45° above horizontal toward the south), and down 
145° below horizontal, toward the north). 

A third sample mounting system was located 
at the TMX east-end wall. Two sets of two C films 
were mounted directly to blank flanges on ports. 
Their positions mapped along magnetic field lines 
to r = 0 and r = 10 cm. 

Preliminary measurements (Dec. 1979) were 
made using a simple stainless steel block for direct 
mounting of samples facing the radial direction 
There was no shutter, so the probe had to be 
removed and reinserted for gettering cycles and 
sample selection. 

14.2.3 Energy Measurements 

The energy ni impinging D was determined 
using both NRA of the saturation trapping 
behavior of C (Papyex) samples and SIMS 
measurements o( D profiles in Si exposed in T M X 
F01 the saturation measurements. 3 carbon samples 
were exposed at r = 30 cm in the central cell to a 
series of identical TMX shots We chose the num­
ber of shots for each sample so that, following 
NRA, the data would be fit to established satura­
tion curves (as described in Section 14.1 1) to deter­
mine the incident D energy Simultaneously with 
ihe C, Si samples were exposed to the plasma 
SIMS was used to measure the D depth distribu­
tion in Si to determine incident D energy from 
calculated and previously measured stopping 
powers and trapping behavior. The SIMS energy 
measurement was also conducted as a function of 
orientation (using probe 2). 

14.2.4 Flux Measurements 

During the course of this work, D flux 
measurements were made as a function of position, 
orientation, and fueling conditions. The bases for 
these measurements were the established D trap­
ping behavior characteristics of C and Si. The 
retained D was measured using NRA or ERD on C 
samples. Prior to saturation, the amount of D 
retained in a sample is directly proportional to the 
incident fluence. However, information about the 
incident D energy and angular distribution is 
necessary to unambiguously establish fluxes. In 
most cases this information was inferred from 
SIMS measurements and observed saturation 
behavior; also, estimates derived from other 
sources were used to determine the necessary 
reflection coefficients. 
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14.2.5 End Loss Analysis 

O n e use for these flux measurements was 
analyzing losses to the east-end wall. We conducted 
a three-part series of TMX shots with varying fuel­
ing modes. The first set was five shots with normal 
D gas box and neutral beam fueling. The second set 
consisted of five shots, using new samples, with H 
from the gas box and D neutral beams. Thus , in 
this set. the tentral cell was primarily fueled with H 
while the end cells were D fueled. By measuring the 
D retained in C and Si samples located on the ea^t-
end wall at positions that mapped to r = 0 and r = 
10 cm in the end leil, and by comparing these two 
five-shot sets, we get information as to the origin of 
end losses (i.e., central tell or end cell). A third «.et 
of samples exposed to five shots with no gas box 
fueling was used to establish a background level for 
these measurements 

14.2.6 Impuri ty Analysis 

RBS determined the quantity of heavy |Z > o | 
impurities deposited on carbon samples exposed in 
TMX. This analyi is showed which impurities were 
present in the plasma and verified that the samples 
had not been exposed to gettering c y d e v 

14.3 RESULTS AND DISCUSSION 

14.3.1 Data Compilation 

A chronological summary ol all passive solid 
state probe D measurements in TMX is in Table 
14-1 The first three columns provide information 
about the particular shots, plasma conditions, and 
probe position for each measurement. Column 4 
gives the amount of D retained in Papyex carbon 
samples measured using NRA or ERD. 

The retained D fluence per shot can be 
measured directly but the reflection coefficient and 
therefore the required incident fluence depends on 
the incident D energy distribution. In many cases 
the incident D energy could be estim .^ed. In 
general, for radial-facing samples in the central cell, 
the data have been consis tent with ^-50-eV 
Maxwell-Boltzmann plasma energy distributions 
incident on the probes with a cosine angular depen­
dence. These conditions were assumed in cases 
where actual measurements were not available for 
confirmation. 

14.3.2 Radial Eneigy Measurements 

Measurements , in the central cell, of the 
energy of D incident on radial-facing samples at 
r = 30 cm using the C saturation technique were 
conducted on 7 /11 , 7/18, and 8/23/80. As may be 
seen in Fig. 14-4, the NRA data are consistent with 
a Maxwell-Boltzmann energy distribution of kT = 
30 eV incident on the probes with a cosine angular 
dependence. The data tend to exhibit the more 
gradual saturation behavior of polyenergetk D in­
cidence. However, at these low energies, it is hard 
to distinguish these conditions from the case of 
100-eV-monoenergetic. normally incident D. as 
shown in Fig 14-5. Thus , the actual distribution of 
incident, energetic D could be made up of compo­
nents of both. For example, a plasma sheath sur­
rounding the grounded probe could add to the 
plasma's thermal energy to produce the observed 
data. 

Si samples exposed simultaneously with the C 
saturation samples yield similar results when 
analyzed using SIMS. These data correlate well 
with a 25-eV to 50-eV Maxwelltan energy with a 
cosine angular distribution as seen in Fig. I4-o- In 
this figure the SIMS data are compared v " 
TRIM calculations for both Maxwellian ai... 
monoenergetic distributions. The shape of the D 
profile appears to be Maxwellian rather than 
monoenergetic. The T R I M calculat ion 1 4 is the 
product of a Monte Carlo computer code which 
takes into account nuclear and electronic stopping 
powers to determine the initial depth dijtribution 
of atoms implanted into solids. The NRA and 
SIMS results could also be accounted for by 
postulating somewhat higher energy D incident at 
a larger angle to the normal. Diamagnetic loop 
studies imply ion temperatures comparable to those 
indicated by these measurements. 

14.3.3 Radial Flux Measurements 

Each C sample exposed to the TMX plasma 
was analyzed using N R A to determine the total 
amount of D retained. Assuming a kT = 50-eV 
Maxwellian energy distribution with a cosine 
angular incidence, the flux to the sample may be 
reported. In particular, for radial facing samples, 
the data, including flux vs radius scans on 9/24/80 
and 10/4/80, are summarized in Fig. 14-7. Since 
TMX operating conditions were varied depending 
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TABLE 14-1. Summary of deuterium measurements with a passive solid state probe. 

Dak- Plasma Radius 
urn (litmus k m | 

D-rctention via 
nuclear reaction 
anaKsiWNRAI (tux 1 

I) c m " 2 <- shoKI IJ cm 

Incident 

Incident eneig\ \ c \ t 
"NRA SIMS 

i-k(. pulfoi 

«: -10-4: 

«: 4 0 - - : 

• no t 
11 M M 

5 |.13» 

13-is 
13-25 

13-el 

l - k (> ^ab h o t 

1.83 •" I O l t > U ) 

3.35 x | 0 | E , ( I O ) 

4.o2 * 1 0 l t , ( 3 _ l 

12-Jo 
37-39 

I-kCi pas biii 

Lim K R H 

HIRK ICRH 

1.10 x i o ' ° l 5 ) 

1.1b x i o , b U ) 

53-55 

47-50 

38-45 

1-k.ti gas puFler 
n " , 1.34 X 1 0 " ( 3 | 

1.17 X I 0 I 5 < 3 1 

1.34 X 1 0 I S | 6 ) 

3.1 X 10' 

2.7 X tO1 

1.0 X 10' 
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TABLE 14-1. (Continued). 

Dale 
shol number* 

Plasma 
conditions 

Radius 
|cm) J 

D-rctention \ ia 
nuclear reaction 
analysis (NRA) 
D-c i rT 2 U shot:.) 

Incident 

f l ux b 

I ) c m - 2 V 1 

Incident energ> (cV( 
NRA SIMS 

O-25-80 1-kCi RJS box 30 
RjduJ l.r x iol*t2} 5 . * * i e i r 

Last 2.0 x JO 1 ' ' ) ! ) - 150 

UOSl 

I P 
Down 

2.1 > I 0 l o ( 2 ) 

O.o •• I 0 l o l 2 l 

2.*> l o ' ^ i j 

150 

10-J-BO l-lv(, |>jv box 

&4-8f .'(* 1.4 > 1 0 U | . M 1.5 • i o 1 4 

~9-fl.l 40 0.*» - 1 0 1 4 (3) 2« , J 0 I ? 

-.»-T* .10 J.» - I 0 1 4 (0) J.t> > JO1-"" 

IO-4-BOd 1-kt. «as box J ast-end 

wall 

"4-7H I) central cell 1 0 o.O • 1 0 M I M 
Q|.<is M central cell 1 0 2.0 - 10 , 4 |5 I 

100-104 Stream^uns and 
neutral beams 
l ink 

' ° 14 • I 0 U I 5 ) 

"4- " f I ) 1rnlr.1t cell r - 10 P.C x 10 I 3 I5( 
ui-05 H ciTHr.il cell r 10 4.0 > lo'- ' l?) 

100-104 Strcam^um and 
neutral beams 
unK 

r 10 2 - IP'-VS 

JAII samples faced radialK inward m the central cell unless otherwise noted. 
' 'Assumes .1 5P-e\ Maxwellijn cnere,\ distribution with a cosine angular distribution. All shots 

"-«<> nn 10 4 80 which were 0.017 s 
* \ o saturation in \ 'RA ur peak in SIMS (Secondar\ Ion Mass Speclrometrx |. 
"r - 0 and r = 10 cm map to the end plue, which was lueled with I) lor all ot these shots. 

c 0.024 s long except 1111 slui 

on circumstances, mil all data are direitly com­
parable a limiter at r = 38 cm was installed at the 
vnd uf 7 '80, the central-cell plasma was fueled by 
eilher the gas box or by a gas puffer near the probe, 
the plasma densi ty was altered on 10/4 /80 . 
However, the general trend of decreasing flux with 
increasing radius is evident, with a flux ^4 X I 0 1 ' 
D-i-m : - s ' at 30-cm radius and - 1 . 5 X 1 0 1 7 

D-cm 2 - s ' at 40-cm radius These values are con­
sistent with other central-cell fueling studies. 

14.3.4 Orientation Experiment 

On 9/15/80, probe 2 was used at r = 30 cm in 
the central cell to simultaneously expose five pairs 
of Papyex C and Si samples to two TMX plasma 
shots. The D retention for the five carbon samples, 
as measured using NRA, is listed in Table 14-1, A 
definite orientation dependence of the retained D 
flux is observed. The SIMS data (shown in Fig. 
14-8) indicate that a high energy D component 
{^150 eV) was incident on samples which were 
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10 

1 1 m i l l ! 1 1 1 1 Mll| i I I M I I I ] - I p r i i m - r~i i 11 
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/ kT-3200eV 

l i p 

IB 

; 
A 7/17/80 
D 7/18/80 
O 8/23/80 
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"~400 

- "—"^jo[l__ 
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__: 
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16 
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1 kG field 
gas box fueling 

1 U" 

10 , ! 10" 10' 10" 
Incident (D/cm^) 

10 2 ° 

IK . . U-4. "I MX data plotted on the saturation curves for D incident on C with a Maxwellian velocity dis­
tribution and cosine angular dependence. The data are consistent with a 40-cV to 60-eV incident energy. 

Incidf-nt (D cmN 

FIG. 14-5. TMX data plotted on the saturation curves For monoenergetic D normally incident on C. Note 
that the calculated curves tend to bend over more sharply than any of the three data sets. 
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E„ = 50 eV 

kT = 50 eV 

kT = 25 eV 

«^T 

10 
Depth Inm) 

15 20 

FIG. 14-6. Comparison of 51Mb data with TRIM calculations. The SIMS data show the D profile from a 
Si probe exposed to 26 discharges at 30-cm radius. TRIM calculations are shown for D distributions in Si 
resulting from (a) monoenergctic 50-eV D at normal incidence, (b) Maxwellian 25-eV D with a cosine 
angular distribution, and (c| Maxwellian 50-eV D with a cosine angular distribution. The data correlate well 
with a 25-eV to 50-eV Maxwellian D flux having a cosine angular distribution. 

oriented toward the east-end plug and -15° belnw 
hoti/ontal ( down ) Evidenti* of this component 
was absent in the radially oriented sample and was 
noi clearly seen tn ihe other two samples I west 
and up ) 

The interpretation ol these data is complex 
Any complete description of the plasma parameters 
responsible for these results must account for tht 
combination of tht* plasma potential, probe sheath 
potential E X B drift, ion cyclotron motion, radial 
plasma density variation, shadowing effects, and 
local plasma perturbation by the probe with the 
possibility of sloshing ions and plasma waves. 
Most of these factors have not been measured, and 
thus must be treated from a theoretical viewpoint. 
These studies will be pursued further >n TMX-
Upgrade 

14.3.5 End Loss Experiment 

Table 14 2 shows the data obtained in the end 
loss experiment on 10 4 HO described in Section 
14 2 o Because of the low magnetic field at the end 
wall, the incident D was primarily normally inci­
dent, with an energy of at least several hundred eV 
(Section 3) Under these circumstances the reflec­
tion coefficient is about 10%. Thus , the incident 
fluence is about 1 I times the absolute D retention, 
as measured using ERD 

In the first series of shots, we used D fueling 
throughout TMX (normal operating condition) In 
the second series, we used D beams, but the central 
cell was fueled with hydrogen. The third series was 
a set of background shots, with no central-cell gas 
box fueling. Thim. with 10'V reflection, the average 
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TrVX Central ci-ll 
1 kG field 

f I C . 14-7. I) tlu\ to C probes exposed to T M X 
lacing radidllv inward. Al l data ..re anal>/ed 
assuming; a 50- iA M a x w e l l i a n energ> flux wi th a 
cosine angular incidcnl distr ibution, a: G d * box 
fuel ing, normal plasma densi t \ , various dates, b: 
(.as puMer fuel ing, 9 24 80 and 12 4 , ? 9 . c: Gas 
box fuel ing, lem plasma densitv, 10 4 / 8 0 . T h e 
lines are linear repression ti ls to the three data 
sets. 

H C . 14-8. S I M S depth profiles of D retained in 
three Si probes exposed to the same two dis­
charges at different orientations in the central cell. 
la I Probe aligned in a radial direction, (b) Probe 
facing eMt-end pJug. IcJ Probe fdcing down. I n 
prof ihs (b) and U ) a peak is observed at 4 - 5 n m 
depth, which corresponds to a D energx, for nor-
m a l k incident and monot-nergetic particles, of 
about 150 eV. 

T A B U 14-2. r n d loss experiment. ' 

D J I J II) t m - l Hj(Wgr«iund -uHir .<ied 

J) cud |>Iu^ jn t l 
I) ivnti.il .i>ll 

2 () t-ntl plu>; and 
ft t<-ntfjNcfr 

1 \ V U U J I hvjmi 
and plj>mj Run* 

shtils per sjinplr. NRA jnd elastic ret ml jrulxsis on C 
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flux to tht- iTid w.ill after tilt- stream guns were shut 

off (i.e during the final 17 ms of each shot J *s 

given by flux = (f bg) X 1 1 (5 shots X 17 

nis shot) Thf retained fluentc\ f the background, 

bg and die hackground-subtrut ted value (f - bg) 

are given in Table 1-1-2 tor eai b series At r = 0 the 

11uv. !•. then o X I0 1 " P-cin : - ' tor series 1 and 

2 X lO' -Ml ' im : s ' tor series 2 

rile laradav iup - and the end-loss analv/er 

measure the ion i urrent to the vnd wall The 

currents measured bv the end -loss analyzer and the 

wirbon pro be to: series I art about 70'.' ol the 

i i irrenl measured bv the I aiada\ i up at the ap-

piopriale iadi.il position I here an three possible 

explanations h>r tins 

1 E rrors in averaging The averaging inter­

vals to: tht litee diugnosiu - are different 

: Calibration errois Hie laradav tups 

should K accurate to within 10'-- The 

surface ptobfs were anulv/ed in two in 

di'pendeni iatihui-s and absolult calibra 

turns wei • performed simultaneously 

3 P current ^ ion o i n r n t It eiihei 

hvdrogen or impurities or both iiuount 

for 30' to 50' ol tht laradav-.up signal 

•ht'se nit-asijien.f nts a: •.• t onsis'ent 

I K-drogen might be preseni by isotope e\ 

change j s o b s e i w d . n n m A U ATOK 

M^ PI I T M \ wa- toward the end ot 

cleanup during these shots and wuuum 

•.otidituins were pout 

In the analysis ot series 2 the surlate probe 

rt-uh will be assumed to be correct but the ini 

plualioris ot a 30'.'• larger I) lUirent will also be 

assessed Bit ore series 2 some test shots weie 

taken but there was no long series ot shots M t lean 

the walls of P The P (.urgent measured by the 

probe decreased by u lac tor of 3 the ion end-loss 

•. uneni rough I v doubled Thus with hydrogen 

fueling the central tell the P current was about 

10". of the total end kisses at r - 0 (15'V it the 

piobe \ alue is 50% low) One purpose or the second 

series was to directly measure the end-plug losses 

and compare them to takulatums for these five 
shots the east plug had beam t urrent l[ = ] 20 ± 

13 A and line density . nd«f = 3 2 ± 03 X 1 0 N 

t in J It the probe measurement is compared to 

results from the radial htkket Planck code bv 

Arthei hitch the I) end loss current measured bv 

the probe is about twice the end-loss current from 

the plug predicted by the code The distrepancy 

may be due to isotope-exchange or other ex­

perimental and modeling factors 

The results of series 2 tan also be applied to 

series 1 The sources and losses m the end-phig 

stale approximately as beam current iimes line den­

sity In series I I|, = 122 A and • ndt = 2 c x I 0 ! 4 

cm " Thus using the measured end kisses to 

calculate that the 10 kC, flux was 0 044 A-mi : in 

series 2 the losses from the end plug in series I 

should be 

»H ndf, 
0 044 x x = 0 03c A • an -

h . -ndr. 

I his is i5'V at the los- current inJ.t-"**d bv the 

Faraday cups and 23''.' ot the loss current indaated 

bv the probe tO 13 A •c in - at 10 kCo W< condudt 

that in ordinary f M \ operation (P beams P gas 

box) the end-plug lo*-es art- U-- :hu:i :; t .•. r.::ai 

cell loss hut niav not , i !na\- v* "tg^.c.r.-

14.3.o Impuritx Analxsis 

1 he result* ot impur.v, - : . . . : . • - , • : " . - ••• —.:-.•: 

samples art reported ::: Tabu \A } Kr^ : : t j - ; ; n -

riH'.;*s mduaiid thai O I . K . : ; i i -.-m-:.me- (, ;; 

were present on the ta :U" i *a:npie- :.».lowing ex 

posurt io T M \ piu-ma- I :n pn-r :\« ,•: T. and I e 

was not surpns-.ng -in-1 I M \ v\,h T. gev.tted and 

the probe- were m.uii ot ^ J : : I H - - -tec. topper 

wire- wen prt sent in ..\i getter -true tun and otnei 

parts o I"M\ t)xvgen was ob*tr\ed in tin plasma 

bv extreme ultrawolet l I L 'Y l spectroscopy N 

would also be expected on that basis hut none 

K 0 2X l O ' N - c m : ) was observed on the tarbon 

Rt ia'mg impurity letention to plasma impuntv 

level* is dit luult most useiul may be tompaiative 

analyses and the basic observation that O Ti Fe 

and sometimes (. u seem to be present 
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TABLE 14-3. Impurity analysis. 

Radius (cm) 
l>atc Plasma orientation Impurities (X 10 -cm ) 

shot numbers conditions (• shots) O Ti Fe Cu N 

r - i r - B 0 J | - kC gas ton r = JO 

.12,40-42 (3) - 0.7 - - -

.12.40-40 (10) 7.5 2.25 0.27 0.26 

.12.40-72 (26) 15.4 6.0 0.29 0.97 0 

9-25-80 1-kC RJS box r = 30 

3f.A7 Radial (2) 5.5 0.52 0.07 

Bottom (2) 12.3 1.72 0.63 

West (2) 7.0 1.19 0.24 

U i t (2) 24 5.7 0.56 

Lslimatcd lower limit of detection 0.2 0.02 0.02 0.02 0.2 

"SlMS measurements indicale that the O extends into the silicon samples studied. 
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15. EndWall Plasma Characteristics of TMX 

15.1 INTRODUCTION 

An array of emitting and collecting probes 
(described in Appendix B) measured the charac­
teristics of the plasma at the end wall of TMX. This 
was the first experimental measurement of the local 
plasma potential and the local distribution of elec­
trons, both cold (from cold-gas ionization) and hot 
(energetic plug electronsl. It was also the first ex­
perimental observation of secondary electron 
production; although, secondary electrons have 
been of primary interest in several theoretical 
studies concerning scaling to f u c i on reactors . I _ 3 

The emitting probes indicated a plasma p jten-
tial with a characteristic value of approximately 
8 V measured at 2 and 10 cm from the wall. The 
wall was at zero volts and the potential in the plug 
varied from 300 to 1000 V. The emitting probes 
could serve as a general indicator of the main TMX 
plasma characteristics, as the sheaf h potential 
thanged when stream guns , neutral beams, or ther 
parameters changed. 

The collecting probes indicated that there 
were two cold-electron species; one due in part to 
ionization of gas and in part to a truncated species 
of electrons able to escape from the mirror, and the 
other due to emission from the end wall of sec­
o n d l y electrons with a density of about 5 X 10^ 
' i n *1 and a temperature of about 7 eV. The cold-
electron species in the sheath was between 1 and 10 
'imes as dense as the hot ion species, but it was still 
4 orders of magnitude less den^e than the electrons 
in the plug. The tempera 'ure of the cold electron 
species was decoupled from the temperature oi the 
electrons in the plug. 

A sheath was established . '*->» wall to balance 
the current densities of the electrons and ions. The 
ion current was domii.ated by the hot ions escaping 
the confinement volume. A cold-ion species is 
postulated to balance the total density arid thus 
maintain charge neutrality outside the plasma-wall 
sheath Comparison with a theoretical rrodel 1 in­
dicates that a consistent model may be achieved if 
the species of cold ions was indeed cold, with an 
energy of about 0.2 times the cold-electron tem­
perature at the onset of the sheath. 

Plasma est aping from the two end plugs was 
lost to a large surface area at the end wall, which 

was approximately 400 cm from the center of the 
mirror. The magnetic field at the wall was 70 C, 
down from 10 kG at the center of the mirror and 
20 kC at the mirror pofnt. The density of escaping 
ions at the wall was o X 10"H cm 3 . down from 2 X 
1 0 1 3 cm 3 in the plugs. The ambipolar potential 
through which ions fall from the plug to the wall 
(i.e., the minimum energy of such ions) was as high 
as 1 kY. The spread in energy for ions escaping to 
the wall was found to be of the order of I keV (see 
Sec. 12). 

Consider first the simple model in which there 
is no cold-gas recycling off of the end wall and. 
hence, no cr*. stion of a cold plasma awav from the 
wall. The end-wall sheath characteristic* are then 
determined by the hot electrons and hot ions that 
leave the machine. At the wall the net turrent is 
zero (if there is only ambipolar radial difiusion). 
and outf ide the plasma-wall sheath the densities oi 
the two species arc equal. If the electrons in the 
sheath have a Maxwellian velocity distribution, one 
would expect the electron temperature to be ui the 
order of one-tenth the ion energy. Hence the e l y ­
tron thermal velocity is approximately 10 to 20 
times greater than the directed veloi ity of the ions. 
The density or electrons must be P.duced by the 
sheath at the wall by about e 2 3 , and a sheath poten­
tial of 2.3 times the local electron temperature, or 
about -100 V. would be expected. 

Data presented in this paper indicates that the 
potential of the plasma measured 2 and 10 cm from 
the wall was only of the order of 10 V and that 
there was a local distribution of cold electrons with 
a density of about 5 X 10° cm"' 1 and a temperature 
of about 10 eV. The cold electron density measured 
here was consistent with previous measurements . 4 

In addition, the initial measurements also indicated 
a species of secondary electrons, which were 
produced by plasma wall interactions, with a den­
sity of about 5 X 10 s cm" 3 and an energy spread of 
no mori than 7 eV. 

In a computational s tudy oi large mirror ex­
periments and fusion reactors , 1 Porter has 
proposed that the additional power drain due to 
mechanisms such as secondary electron production 
and cold gas recycling increases by as much as 50% 
but not the factors of 2 or more that have been 
reported previously. 3 The experimental data is 
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compared with the computational model for end 
losses in Sec. 15.3. The comparison shows that 
there exists a self-consistent (though not unique) 
solution to the measurements. 

15.2 RESULTS 

The emitting probes located at 2 cm and 10 cm 
from the wall were used to monitor the plasma 
potential during each shot, using the floating-
potential method. Figure 15-1 shows traces ob­
tained during a typic.il shot. Note that the potential 
m':rea^e from 0 V (the potential of the wall and the 
sheath) to 4 V at 3 ms, the time at which the stream 
guns were turned on. At 8 ms, another increase in 
potential, from 4 to ft V, occurred. The potential 
difference between the two probes was approx­
imately 1 V during the shot, with the 10-cm probe 
the more positive. (Note that the traces in Fig. 15-1 
have been arbitrarily displaced lor clarity.) This 
small potential difference strongly suggests that the 
plasma-w..i!i i:!ir,ith, when- the potential ch-.mged 
lioni ft to 0 V, and where charge neutrality was 
violated occurred within 2 cm of the wall. The 
legion between 1 and 10 cm can then tentatively be 
identified as being part of a presheath. The east 
neutral beams were turned off at 24 ms, and the 
sheath potential increased from 8 to 12 V. Finally, 
the west neutral beams were turned off at 28 ms, 
and the whole plasma, as well as the potential, 
decayed. It appears that the potential at the 2-cm 
probe decayed mure slowly than the potential at the 
10-cm probe; in fact the potential measured at 
10 cm became more negative tha.i thai at 2 cm dur­
ing the decay. Such a local minimum, if it is not an 
instrumental error, could be associated with locally 
trapped ccld ions and cold electrons. Figure 15-1 
dearly demonstrates that the potential near the 
wall, really the plasma-wall sheath potential, was 
quite sensitive to the entire machine operation. 
Hecause of this sensitivity, the emissive probes can 
indicate when the stream guns and neutral beams 
ar<* actuated or other parameters change. 

It is also apparent that the potential fluctuated 
during a shot. The absolute potential was about 
+ 8 V, with about a 3\' fluctuation about that 
potential. Figure 15-2 gives an expanded view of a 
shot from 15 to 17 ms. The noise has a frequency 
of about a 10 kHz and appears to be associated 
with plasma bursts coming out of the plug. Related 

Time (ms) 

FIG. 15-1. Potentials measured by the 2- and 
10-cm probes with getter shields grounded. The 
two traces have been displaced vertically by an ar­
bitrary amount for clarity. 

oscil lations are observed in the ion current 
measured by the end-loss analyzers and are also ob­
served on the collecting probes. 

Since the potential was uniform in the region 
between 2 and 10 cm, collecting probes can give in­
formation about the local electron distribution. 
Sample collecting-probe traces made with cylin­
drical probes, button probes, dftd coated disk 
probes are presented in Figs. 15-3, 15-4, and 15-5 
respectively. For the trace in Fig. 15-3. the voltage 
applied lo the cylindrical probe at 10 cm went from 
-15 to + 1 5 V during a time sweep from 15 to 
20 m-j We can determine two "knees " on this 
trace: one associated with the local plasma potential 
at + o V and o;"-e at 0 V, characteristic of secondary 
electrons (or a beam of electrons with a directed 
energy of o eV). If the electron distribution is Max-
wellian. then the electron density is about 2.9 X l o " 
cm * and the cold electron temperature is about 
7 eV. The species of secondaries for this trace has a 
density of about 2.7 X 10'4 cm J and an energy 
spread of about 5 cV. Evidence of the told electron 

_ 12 > 

Time (ms) 

FIG. 15-2. An expanded view of the potential 
measured by the 10-cm emitting probe between 15 
and 17 ms, showing the oscillations that appear to 
be associated with plasma bursts. ~ 
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Applied voltage (VI 

FIG. 15-3. Current-voltage characteristics mea­
sured by a cylindrical probe located at 10 cm. 

H C 15-4. Current-voltage characteristics mea­
sured by a button probe located at the wall. 

speiies was lir^t noted when the em it ting-probe 
filament was Debye-shielded irom its getter shield 
during plasma shots in which a voltage bias had 
been placed on the getter shield. 

The electron saturation current density. j t , , 
multiplied by the Rollzmann factor, exp(-e</\/T t) 
where (j>> is the potential of the sheath (e> V), e is the 
electron charge, and T c is the temperature of the 
cold electrons, agrees with the ion current density 
measured by the probe, jj. This measured current 
density, which included both hot and cold ions, is 

FIG. 15-5. Current-vohage characteristics mea­
sured by a 0.95-cm-diam disk probe located at 2 cm 
(a) and 10 cm (b). The vertical scale for (b) is 2' 2 
limes the vertical scale for (a). 

also within a factor of 2 of the ion current density 
measured by the end-loss analvzers situated at the 
wall at zero radius For Fig. 15-3. j = 10 2 A/cm2 

and j t , expl-c/v'Tj = Sc x 10 J AArr r . Note that 
the floating potential measured by the probe is 
always within 2 V of ground These results suggest 
that the sheath at the wall, with a potential of about 
D V, was established to balance the ion-beam l'lu\ 
and the cold-electron flux to the wall; i.e.. the 
plasma floated so that the wall drew only a small 
net current. Other diagnostic measurements in­
dicate a small excess electron current near the 
magnetic avis (see Sec. a ) . 

The lower knee '.n Fig. 15-3 is situated at 0 V. 
Unlike the upper knee (or plasma potential), which 
changes by as much as 10 V from shot to shot, the 
lower knee remains at 0 V. This trait, as well as the 
energy spread of less than 7 eV, indicates the 
presence of secondary electrons. 5 Large density 
fluctuations are apparent at about 8 kHz. The large 
noise fluctuation and the small size of the cylin­
drical collecting probe led to the use of the button 
and disk probes to provide better details, such as 
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sharper breaks nt the collected current at the 
plasma putcnti.il ami a separate identification of 
i let irons that may be emitted at the wall. 

I igure 15 I is ,1 typiLdl current-voltage trace 
gt nerated wilh a topper button probe located in the 
plant- ot ihe wall This probe monitureJ charac­
ter is t ic nt plasma far fiorn the plasma-wall 
-heath ' Secondary elet Irons produted bv ion-wall 
hombaidnieni are not readily apparent on the 
signal ttoin the button probe. I lowever, there was a 
0 . l i in wide sp j i f around the button probe, with a 
sort ate icce-sed O.oini deeper than the wall, that 
niighl have been responsible lot supplying some 
-ei undaiv I'k'i irons The knei' at the plasma poten­
tial is more readily apparent on data from the but­
ton probi-s than on data horn the cylindrical 
probe- tu\<\ the energy spread ol the elei irons is 
.•.i-K i to as t i«i lain l-oi I he t rat e shown in I- ig 1 5-A 
tlii i old elet lion temperature is about f- eY 

1 \ t n better t urrent it llage charai lensliis 
wen ath:eM'd b \ inserting loaled disk probes at 2 
.IIIL! !Oirn I lie-e probes were toaled tin oiw side 
with an insulator allowing us to preferentially ob-
- n \ r pla-ma emitted trom the wall or ihe plug A 
ivpu al i in ten. vol I age t urve is shown in fig. 15-5. 
I t i euppe i trat i- is . i ! in- 3 ! - \ ' - w e e p of the 2-cm 
proh- wlm h i- i o.i wd to look at par lit k-s emerging 
1 loin tin plug -\ -.harp knee is apparent at +t> V. 
\ o t t again thi iarge density t luc tuation •. There is 
no -.<.. ond knee at 0 V on this d a t e or on any trate 
i-.i-m rated bv the 2-itn disk probe 

flu lonei Hate in I ig 1 5-5, I rum the probe .it 
10 i in i \hul i looks loward the wall, shows a knee 
a! 0 \ I Ins ha t e was recorded al the same time as 
:iit upper trate However, when the data was 
taken tin bias on the 2-m, piobe was swept from 
• 17 to [7 V while the bias on the 10-cm probe 
wa- swept I rom 17 V to + 17 V. We have reversed 
the hou/ontal avis of the 2-cm-probe data to im­
prove i lanty tor the comparisons made here. Note 
that tlieie is no visible ion current on the signal 
lumi the lu-tin probe. Furthermore, for small 
negative-bias vo l tage , the electron current, which 
is the difference between the current collected by 
the probe and the ion-saturation current, is larger 
on the signal from the 10-cm probe than on the 
signal from the 2-cm probe. This indicates that the 
electrons collected by the probe at 10 cm are not 
toming from the plug. This is expected because the 
10-cm piobc is coated to collect electrons coming 
from the wall. 

Because the cylindrical and disk probes oc­
cupied the same position and used the same sup­
port structure, the two kinds of probes were nol 
used simultaneously. The cylindrical probes were 
used to measure the fraction of secondaries as com­
pared to primaries (incident plasma electrons!; the 
disk probes were used to measure in better detail 
the distribution of electrons from the plug and to 
distinguish the separate species of electrons coming 
trom the wall. 

The plasma density in the shadow of the disk 
probe at 10 cm should be less than in the sur­
rounding region since only hot ions can pass freely 
into this region. Electrons, other than the secon­
daries emanating from the wall in the shadow 
region, must diffuse into Ihe region occulted by the 
probe. The radius of the disk probe is 0.47 cm, 
whereas the hot-ion gyroradius is 1.7 cm and the 
cold-electron gyroradius is 0.09 cm, thus only hoi 
ions and secondary electrons can pass freely inlo 
the shadow region. A density gradient occurs at the 
interface of the plasma-shadow region, and h e m e 
the actual sheath s i rui ture around the probe 
(which determines the collecting area of the probe) 
may be altered. The energy spread of the elet Irons 
collected by the probe at 10 cm should be accurate, 
but the absolute density may be off. Secondary 
electron density obtained from 10-tm-probe data, 
is plotted against hot-ion density in Fig 15-o The 
density ol the secondary electrons appears lo be 
proportional to the density of the ions with the 

Hot-ion density (10 8 cm '•*) 

FIG. 15-6. The density of secondary electrons as 
a function of the hot-ion density. A strong correla­
tion between the secondaries and the incident ions 
is apparent. 
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electron density somewhat less than the ion den­
sity. 

In general , secondary electrons ca.i be 
produced by both ions and electrons. Although 
wall bombardment by electrons with temperatures 
like those in the TMX plug could rertainly produce 
secondary electrons, no relation between secondary 
vields and the measured primary-electron distribu­
tion near the wall was expected or found, because 
the local electron temperature is too low. There 
does seem to be a correlation between secondary 
yields and incident hot-ion energy, as is shown in 
Fig. 15-7, a plot of 7 versus weighted ion energy, 
where y is the ra'io of secondary electron current to 
incident-ion current. tThe weighted ion energy is 
used because the ions enter with a minimum e r - r g y 
corresponding to the potential in the plug and a 
large energy spread equal to or greater than the 
minimum directed energy.) The curve on Fig. 15-7, 
for *y versus ion energy of monuenergetic ions inci­
dent on a clean surface, is from Ha l l . 2 Th end wall 
of TMX is gettered with titanium before the shot 
and hence is clean. 

For all the data recorded with the probe array, 
the values for secondary electron density, n h, 
plasma electron density, n , plasma electron tem­
perature, T ( , and the sheath plasma potential, <l>y 

(measured at 10 cm) are in the following ranges: 
* 5 X 1 0 7 < n, ,< 2 X 10 q cm 3 

• 1 X 10" < n„ < 4 X I 0 1 0 c m 3 

• 1 < T t . < 15 eV 
• 2 < 0 S < 15 V 
Figure 15-8 shows the electron temperature at 

the wall versus the temperature in the plug for 
various shots. The temperature of electrons in the 
plug was determined by Thomson scattering, as 
described in Appendix B. Note that although the 
plug electron temperature varied between 25 and 
250 eV, the electron temperature at the wall 
remained close to 5 eV. Attempt*; were made tc find 
hot electrons at the wall by sweeping the collecting 
probes from - 4 0 to - 5 V. Because most of the cold 
electrons were already repelled, the observed 
change in current to the probe can be assumed to be 
caused either by the change in sheath size (increas­
ing ion sheath with increasing negative voltage) or 
perhaps by part of a hot electron species being 
repelled. The hot electron density, n e [ l l ) t , can be 
overestimated if the increased current due to sheath 
effects is neglected. This density can be determined 
from the local plasma potential and the change in 
the measured current: 

M 
e x p l - e ( 0 p + 5 ) / T J - exp[-e(r/>p + 40)/T,] 

where n c h o t is the hot electron density (in cm ), 
T t , | l o | is the hot electron temperature |in eV). AI is 
the net change in collected current between -40 and 

1.4 T 1 " 1 ~ ' " 
1.2 

1.0 

0.8 
• • • 

• 

0.6 

0.4 
• 

0.2 X 1 i 

Weighted ion energy, ft + - j - (keVI 

FIG. 15-7. Plot of Y versus weighted ion energy, 
where y is the ratio of the secondary electron 
current to the incident-ion current. Wj is the energy 
spread of the ions. The data points are experimental 
data, the curve is for monoenergetic ions (from 
Ref. 3). 

50 100 150 200 
Plug electron tnmperature, T {eVl 

250 

FIG. 15-8. The cold-electron temperature near 
the wall (determined from the collecting probe 
current-voltage trace, assuming a Maxwellian dis­
tribution) versus the electron temperature in the 
plug as determined with Thomson scattering. 
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-5 V (in mA), </> is the plasma potential (in V), and 
T ( . is the electron temperature (in eV). For shots 42, 
•14, 45, 48, and 50 on September 26, 1980, an upper 
limit to the hot-electron density was found to be 
2 X 10 7 cm"-\ 

A qualitative picture of th . electron distribu­
tion functions, obtained by combining all the infor­
mation gathered with the end-probe arrav, '• 
presented in Figs. 15-9 and 15-10, which slu ' " 
versus E and f(Vn) versus .' j ( at 10 cm from t1 

The distribution of secondary elections ' - » ^ 
Fig. 15-9 is inferred from : small bum - or knee in ? 
Langrnuir trace (see Fig. \5-3 and 15-4). N o t . ' » 
the secondaries have accelerated through the 
plasma-wall sheath. The distributions presented in 
Fig. 15-10 are not measured directly with the 
probes, since the probes measure total energy and 
not velocity or direction, h°nce the cutoff of the 
curve for the distribution of hot electron? is 
assumed. However, the fact that the total distribu­
tion goes to zero just below v f | = 2 ( T t , / m e ) 1 ' 2 is 
measured, and can readily be seen in Figs. 15-3 and 
15-4, and particularly in the upper trace in 
Fig. 15-5. 

15.3 COMPARISON WITH A 
COMPUTATIONAL MODEL 

The emitting and collecting probes provide an 
accurate measure of the plaf.ma potential and the 

— \ 

a \ / ^ ^ 

Energy 
F1C. 15-9. Qualitative graph of the electron dis­
tribution function f(E) versus E for electrons found 
10 cm from the wall: (a) measured distribution 
function.for cold electrons, (b) measured distribu­
tion function for secondary electrons, and (c) upper 
limit for the distribution function for hot electrons. 

Velocity, v [ t / |T e /m e l 1 / 2 

FIG. 15-10. Qualitative graph of the electron dis­
tribution function f(v|j> versus V|| for electrons 
measured 10 cm from the wall. An electron with a 
positive velocity is moving toward the wall, one 
with a negative velocity is moving toward the plug. 
The bump in the curve for negative velocities is 
caused by secondary electrons. The dotted line is 
the upper limit for the hot electron distribution. 
Note that there exist few electrons with a velocity 
greater than 2 ( T e / m e ) 1 / 2 . 

electron dynamics near the end wall, however, they 
provide little information about the ion distribu­
tion. A net ion current is measured, and, as 
previously mentioned, the ion-saturation current 
measured Ly the collecting probes agrees to within 
a factor of 2 with the ion-saturation current 
mea^ ,ed by the end-loss analyzer. A cold species 
must also be present if we are to believe the probe 
data, which indicate a flat potential structure and a 
cold-electron species denser than the hot-ion 
species. No current of cold ions is evident on the 
end-loss analyzers. The existence of oscillations in 
the analyzer signals introduces uncertainty in that 
measurement, so that we infer an upper limit of the 
current density of the cold ion species to be j c £ 0.2 
j h , where j c and j h are the current densities of the 
cold and hot ion species, respectively. The end-loss 
analyzers do provide a measure of the hot-ion flux, 
energy, and energy spread. 

The information on the ion and electron 
dynamics provided by the probe array can be used 
as input parameters for the model of gas recycling 
off of the end wall of mirror machines described in 
Ref. 1. This model integrates Poisson's equation in 
the presence of four particle species: (1) a beam of 
monoenergetic ions from the plug, (2) cold ions, 
produced predominantly by cold-gas ionization, (3) 
cold electrons, comprised of plug electrons that 
have enough energy to reach the wall and electrons 
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produced by cold-gas ionization (one Maxwellian 
distribution is assumed for both electron compo­
nents), and (4) a species of secondary electrons 
emitted from the wall. Poisson's equation is solved 
to generate a series of self-consistent solutions for 
the case where the plasma charge is neutral outside 
the plasma-wall sheath and the net current to the 
wall is zero. 

Using experimental data from shot 36 on Sep­
tember 26, 1980, a set of solutions was generated 
which indicated that, with a cold gas reflux of 15 to 
20% of the incident hot ions, the cold-ion current 
predicted should be less than 20% of the hot-ion 
cur rent . 1 As indicated above, such a low cold-ion 
current cannot be measured with the end-loss 
analyzers. Values of fh between 15 and 20% (where 
fh is the ratio of the cold-gas current emerging from 
the wall to the hot-ion current incident) seem 
plausible for a freshly gettered Ti surface. A sum­
mary of the data and the corresponding agreement 
with the mode! fo l low 

Figure 15-11 shows the experimental depen­
dence of the sheath potential (normalized to the 
cold-electron temperature near the wall) on the 
secondary electron current (normalized to the cold-
electron current). The data are separated on the 
basis of the ratio of the cold-ion density to the hot-
ion density. This ratio is inferred experimentally by 
measuring the total plasma density and the hot-ion 
density. The hot ions are those escaping the con­
finement volume, and the cold ions are those 
created by gas ionization in the fan. These data are 
compared with a family of curves calculated using 
the model of Ref. 1. Several points can be interred 
from this figure. First, the data appears to be con­
sistent with the model. The measured secondary 
electron currents do not appear to be limited by 
space-charge effects. This can be seen in Fig. 15-11, 
where all data points lie to the left of the space-
charge limit, labeled A = A b t ] . Finally, to achieve the 
agreement between the model and the experiment, 
it ib necessary to assume that the mean energy of 
the cold ions entering the 'hea th is only about 20% 
of the local electron temperature and that the mean 
energy of the hot ions is about 100 times the elec­
tron temperature. The implied hot-ion energy is 
consistent with energies measured by the end-loss 
analyzers (see Sec. 12). Since cold ions arrive at thi 
sheath with an energy equal to the potential dif­
ferential between the point of origin and the 
sheath, a low cold-ion energy implies that the 

i 1 1 1 1 i I i I 
0 0.2 0.4 0.6 0.8 

, Secondary electron current 
' ' Primary electron current 

FIG. 15-11. The normalized sheath potential 
U'> s/T c) versus the normalized secondary electron 
current (A). The data shown were obtained on Sept. 
26, 1980. The curves for the calculated results were 
obtained assuming that the cold-ion energy is 20'". 
of the electron temperature and the hot ion energy 
\ iOO times the electron temperature. The limita­
tion to the secondary electron current by space-
charge effects is indicated by the space-charge-.imit 
curve, A s c | . The parameter n c / n h is the ratio of the 
cold-ion density to the hot-ion density. 

potential difference between the mirror peak and 
the onset of the end-wall sheath is small. 
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Appendix A. Description of the TMX Facility 

Al. INTRODUCTION 

The goal of the Tandem Mirror Experiment 
(TMX) was to provide an early test of the tandem 
mirror confinement concept with a device of 
significant size. To meet this goal, maximum use 
had to be made of the existing facilities, technology, 
and hardware of the LLNL mirror program. 1 , 2 Con­
struction of TMX, a major device fabrication, 
began on April 1, 1977, and was completed on 
schedule October 1, 1978. A checkout period 
followed. The first significant results were obtained 
in July 2979, when the principles of the tandem 
mirror were successfully demonstrated. TMX ex­
periments continued until October 1980, when the 
facility was shut down for modification into TMX 
upgrade. Figure A-1 shows the major components 
oi the IMA device. 

This appendix describes the various TMX 
subsystems: the physical facility, the magnet 

system, the neutral beam and plasma startup 
system, and the vacuum system. It also summarizes 
the methods used to evaluate magnet-system align­
ment and vacuum-system performance. While no 
correlation between magnet alignment and *̂ =«;. 
parameters has been identified, we did fi 
better static and dynamic vacuum conditions are 
correlated with higher end-plug electron tem­
peratures. 

A2. PHYSICAL FACILITY 

(]. C. Davis) 

The TMX facility is described in Ref. 3. The 
vacuum vessel of the TMX experiment was located 
in a two-level pit, 10 m X 17 m, as shown in Fig. 
A-z. Vacuum-system components, utility and 
diagnostic trunk lines, and some diagnostic devices 
occupied the lower level of the pit beneath the 

FIG. A-1. Artist's drawing of TMX showing beam sources on the sides of the vessel. The plug magnets are 
visible in the cutaway portion of the vessel. 
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FIG. A-2. Photograph of TMX, looking west. 
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vessel. The magnet system was at ground level and 
had neutral-beam injectors clustered on the sides of 
the vessel. Diagnostic systems were mounted above 
and alongpide. Neutron shielding was provided by 
a 60-cm-thick concrete shield that surrounded the 
experimental area. The control room and main 
diagnostics room were at the east end of the experi­
ment. A second diagnostics room, containing the 
data acquisition computers, was located on the 
second floor to the southeast. 

Power suppl ies , modula to rs , and energy 
storage were in several different locations. Magnet 
power supplies and capacitor banks for neutral-
beam accel power were in adjacent buildings, while 
all the high-voltage modulators for the beams were 
on two levels above the control room. Battery 
banks for neutral-beam arc and filament power 
were installed in two tiers on either side of the TMX 
machine. Neutral-beam sources and power supplies 
were interlocked in groups of six to allow con-

A3. MAGNET SYSTEM 

(]. C. Davis) 

The TMX magnet system is described in Refs. 
4-7. A major criterion in the design of the TMX 

magnet set was to ensure that end-plug perfor­
mance would correspond closely to that of the suc­
cessful 2XIIB experiment. This constraint, together 
with considerations of overall experiment size, 
power available, neutral-beam footprint at the 
plasma, and M H D stability, led to construction of 
water- ooled copper magnets in the configuration 
shown in Fig. A-3. 

Magnet parameters are listed in Table A - 1 . 
The size of the plug magnets was determined by the 
access required for the twelve neutral beams to be 
installed on each plug. Elevation and plan views of 
this access are shown in Fig. A-4. The plug central 
field was 1.0 T. 

Although the minimum-B .-.nd plugs had 
strongly MHD-stable field shapes, and the central-
cell region had neutral stability, the transition 
rein'on between plug and central-cell had a field-

curvature that was inherently unstable. A 
-magnet transition set was designed to in-

•..casf iht? s:-hi!iry oi the ju-ishi-jn 'eyicr:. Th.iL lis-.-
resul t ing magnet ic conf igura t ion was indeed 
MHD-stablf was demonstrated in TMX experi 
ments. 

The variation of the magnetic field on axis is 
shown in Fig. A-5 fcr a 0.1 T central-cell r ' e ld. A 
field-hie plot is si., wn in Fig. A-6. 

The magnet system was controlled by a 
microprocessor system*"1 that set all coil currents 

/ 
Baseball 

Inner plug C 
86° transition C 

-180°transition C 

Octupoles 

Outer 
p l u g C 

Y(Up) 

-X (South) 

"Z (West) 

Lxi 

transition' 'Inner C 'Outer C 

FIG. A-3. Computer-generated drawing of the TMX magnets. 
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TABLE A-J. TMX magnet parameters. 

Magnet type 

- P l u g Baseball plus C-coil pair 

- Transition 2 C -coils plus octupole 

- C entral Cell Solenoids 

Distance between inner m rrois 5.3 m 

Distance between [ lug mi rurs 1.1 m 

Plug central field 1.0 T 

Central-cell field 0.05 to 0.2 T 

Maximum plasma radiut* 
- In plug 0.15 m 

- In central cell 0.37 m 

and magnet on-and-oll timi"- and nv nitored coil 
current^ and voltages, g round cur rente;, and 
i.onum'-wiiU'r li'mp'Tfitii'-f.'v Magnet p'-wer sup­
plies were ri-giil.itI'd by silicon-ainlroiled re 'dr iers 
(SCR s). and were <u r anged in scries where 
nece^ary to provide adequate power. T h e supplies 
were sequenced on and off at different times to 
minimi/0 line transients at the st.irt and finish of 
I he 3-s magnet pulse. The 25-ms, neutral-beam 
pulse was fired near the end of the magnet pulse 
when coil currer ' 1 - had come to 00,11 ilibrium. When 
the solenoid field was 0.1 T. power to the coils was 
about 13 M W . 

The TMX magnet set, which comprised 18 
coils in 12 individually movable units, was well 
enough aligned that there were no evident 
deleteri IUS effects on t! ie plasma traceable to 
magnet geometry. During the initial assembly of 

TMX, cross hairs were used for alignment. This 
initial magnet alignment was judged to be accurate 
within 0.45 cm of translation a r d 1.5° of rotation. 
After several intermediate aligrrr .As, the magnetic 
axes of the east and west plug ma, nets were deter­
mined by means of an electron beum from a 500-V 
electron gun enclosed in an evacuated glass tube. 
At low energies the electrons followed field lines 
well. The beam trajectory was visible, because the 
electrons caused the residual gas in the tube to 
fluoresce. 

TMX magnetic fields were calculated by using 
the coil locations measured with the electron beam. 
The coil displacements and angular rotations from 
alignment are summarized in Ref. 8. The most 
dramatic effect occurs from the rotation of the east 
plug about the z-axis by 1°. The calculated effects 
are small and appear unlikely to affect plasma con­
finement seriously. 

A4. NEUTRAL-BEAM AND STARTUP 
SYSTEMS 

(]. C. Davis) 

High-temperature in plasma in the end plugs 
of TMX was produced by trapping neutrals {from a 
neutral beam) in a target plasma produced by 
plasma guns. The neutral-beam system 9 ~ n had 
sixteen 20-kV beams and eight 40-kV beams rated 
at nominal accel power supply drains of 75 A for 
25-ms pulse lengths. The neutral beams were 
located as shown in Figs. A - l and A-4. The ion 
sources and accelerator-grid structures were up­
graded versions of the 20-kV sources used on 

Plug coils Plan view 
Neutral-beam 
source modules 

"A r" 

Elevation view 

FIC. A-4. Neutral-beam access in plug magnets. 

-600 -400 -200 0 200 400 600 
Axial distance from midplane of central cell, z 1cm) 

FIC. A-S. Magnetic field strength along the a. . j 
of TMX for a 0.10-T central-cell field at z = 0. 
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FIG. A-6. Y-projection of end-plug 7-cm field line for the 0.05-T central-cell configuration. 

2XI1B. I m p r o v e m e n t s 1 2 incorporated in the re­
design of these beams included changes in the arc 
chamber to ease both fabrication and maintenance, 
and spherical grid curvature on the accelerator sec­
tions to provide improved focusing. Each neutral-
beam source was mounted on an isolation valve to 
allow removal and replacement of the source while 
TMX remained under vacuum. Neutral beams were 
aimed and optimized by means of calorimeters that 
were raised to the center of each plug. 

Filament and arc p o w e r 1 3 were supplied by 
banks of 12-V lead-acid batteries. Accel and decel 
voltages came from electrolytic capacitor banks and 
were regulated by hard- tube modu la to r s 1 4 " 1 7 . 
Details of the power supplies are described in Refs. 
13-17. 

The TMX startup plasma-gun system con­
sisted of four titanium-washer stack guns loaded 
with deuterium. There were two on each end, 
located at 0.3 T field strength. The guns produced 
plasma for 5 ms. The resulting plasma stream 

flowed along the magnetic field into &.<• plug 
region. 

The guns were composed of a 0.5-cm stack of 
titanium washers with 1.27-cm-diam holes and a 
stack of insulating rings alternating with copper 
rings. A trigger electrode provided the initial 
breakdown in the stack. 

Each gun was powered by a pulse-forming 
network with a time constant of 5.0 ms. The 637J-
jiF capacitance of the lin^ was typically charged to 
600 V. A small capacitor was discharged by an 
ignitor through a seven-to-one s tep-up transformer 
to supply the trigger pulse. In typical operation all 
four guns were fired; however, it was possible to 
build up a plasma with only one gun. 

The guns were located on the edge of the 
plasma and mapped into a location of 7-cm radius 
in the end plug, as shown in Fig. A-7. The reason 
for the location on the edge was to avoid cooling 
the plasma core. Figure A-7 shows that the guns 
provided an adequate target plasma for the east end 
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Start plasma from 
far end 

Stan plasma from 
near end 

FIG. A-7. Map of the TMX startup plasma on the 
midplane of the end plugs, showing intersection 
with a neutral beam. 

plug. For the west end, the beams were also 
horizontal, but the target-plasma-gun footprints 
were rotated by 90°. We were able to start the west 
end in spite of the nor-optimal target. Once the 
plasma was started and sustained by end-plug 
neutral beams and central-cell gas feed, details of 
the startup guns were unimportant. 

AS. GAS FEED SYSTEM 

(A. L. Hunt) 

A 5.1 Gas Box 
The gas boxes had limited gas conductance 

(see Fig. A-8), thus providing for the supply of 
relatively high-pressure neutral gas near selected 
mirrors while preserving vacuum conditions in the 
plasma regions. The gas was admitted to each gas 
box through four piezoelectric-crystal-con trolled 
valves connected to a gas-supply manifold. The 
quantity of gas introduced was the product of the 
change in manifold pressure, AF, and the manifold 
volume, V. Tht change in manifold pressure was 
measured as the difference between recorded 
manifold pressure before and after the shot. The 
crystal-con trolled valves were opened for a time 
less than the total shot time by a high-voltage 
pulse. The derived rate of gas introduction was 
assumed constant over the time interval At in 
which the valves were open, so the rate of gas in­
troduction was AP-V/At Each valve was calibrated 
with respect to opening time, because we have 
found that the time required to fully open the 
piezoelectric valve depends on the mechanical 

Vacuum 
tank 

Outer annulus 

Inner annulus 

FIG. A-8. Schematic drawing of TMX, showing the plasmas, gas sources, and differential-pumping system. 
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spring constant as well as on tht magnitude of the 
potential difference across the piezoelectric crystal. 
The initial opening time was determined by 
plotting the change in manifold pressure as a func­
tion of the duration of the high-voltage pulse for a 
fixed manifold pressure and pulse magnitude. The 
result was generally a straight line intercepting 
AP = 0 at an abscissa of At = tR, where t g was the 
pulse duration required to just open the valve. Each 
valve trigger was then initiated so that the desired 
gas-input rates for all valves in a given gas box 
were attained simultaneously. During later opera­
tion it was found that such adjustments were not 
necessary for opening pulses of 200 V if the valves 
were thermostatically controlled to room tem­
perature. 

It has become common to refer to the rate of 
gas introduction in terms of " a m p e r e s " at the gas 
box or at any valve such as the "puffer" valve on 
the boundary of the TMX central cell. The average 
number of atoms introduced per unit time interval, 
in seconds multiplied by the electronic charge in 
coulombs, 1.60 X 1 0 " 1 9 C, gives the "ampere 
equivalent." 

A5.2 Puffer Valves 

The puffer valves were magne tic-sole noid-
operated gas valves directed radially inward in the 
Lentral plane of the central-cell. Although there 
were two such valves, one on the north side and 
one on the top of the central cell, the usual experi­

ment required on ly one . These valves were 
calibrated by measuring the pressure increase in the 
T M X volume (after saturation of the getters) for 
pulse periods of 10 ms to 40 ms. 

A6. TMX VACUUM SYSTEM 

A6.1 Vacuum System Description 

(]. C. Davis) 

The T M X vacuum system 1 8 _ 2 ° consisted of 
two large tanks, each containing a plug magnet and 
transition magnet set, and a smaller central-cell 
tank with the solenoid magnets outside the vacuum 
system. These tanks can be seen in Fig. A-8. Beam 
particles as well as residual gas were guttered by 
high-surface-area titanium films that were vapor-
deposited on all interior tank surfaces and on the 
liquid-nitrogen (LN)-cooled liners. The plug tanks 
tvere divided into mobile and fixed sections; the 
mobile sections could be rolled back 70 cm, without 
moving any of the magnets, to provide access to the 
plug regions for getter replacement, component 
repair, or diagnostics installation. The plug tanks 
were divided into three regions by LN-cooled liners 
to provide differential pumping, which was le-
quired to isolate plug plasma from neutral-beam 
gas loads and to separate the central-cell region 
from the plugs. The central cell itself was gettered 

TABLE A-2. Characteristics of TMX pumping regions. 3 

Region 

LN-cooled 
gctleted area. Warn, gettered 

Between outer liner and 
vacuum tank 

Outer annulus 
Inner annulus 
Plaima chamber, inside the 

baseball coil, including 
the hole* through magnet 

End-fan chamber 
Ca» box 

Fixed dome between the 
water-kooied liner and 
the central-cell lank 

Central-cell tank 

3.0 X 10 J 0 
18.2 X 10 3 6.07 X 10' 
12.1 X 10 3 3.47 X 10" 

0.92 X 10 3 0 
16 X 10 3 2.6 X 10 5 

13 0 

8.5 X 10 3 0 
6.5 X 10 3 0 

1.53 X 10" 
1.95 X 1 0 5 

4.21 X ]<T 

6.6 X 1 0 4 

0 

*See Fig. A-ft for configuration of these regions. 
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but contained no LN liners. The volumes and sur­
face areas of these regions are given in Table A-2. 
A schematic diagram of the vacuum sysiem is 
shown in Fig. A-8. The performance of the TMX 
vacuum system is described below and in Refs. 21 
and 22. 

Rough pumping for the TMX vacuum system 
was provided by pairs of mercury-vapor diffusion 
pumps backed by blowers and mechanical 
forepumps. Base pressure of the uncooled, unget-
tered system was about 1 X 10" 6Torr. After getter-
ing on cooled liners, the base pressure dropped to 
1 X 10~8Torr. The TMX vacuum system had many 
similarities to the 2XHB system. 2 3 

The volume of each TMX end-fan chamber 
war. 16,000 liters. The LN-cooIed surface area in 
each TMX end-fan chamber was 26 m 2, and all the 
walls were coated with titanium by vapor deposi­
tion. The end-wall field in TMX was 70 G. The 
TMX chambers were designed to reduce the plasma 
density at the end wall, the buildup of gas and cold 
plasma in the end-fan chamber, and the transport 
of energy to the end wall by the electrons.2 4 These 
objectives have been met as described in the follow­
ing section. 

The D 2 gas introduced into the TMX end 
tanks had to be prevented from reaching the end-
plug plasma. To satisfy this requirement, the D 2 

pressure in the plasma chamber could not exceed a 
few times 10" s Torr. Somewhat more gas can strike 
the plasma if a "plasma shield" is present 2 5 We 
used baffles, gettering, and LN-cooled surfaces to 
maintain a low D 2 pressure in the end plug. 1 9 

The pumping surfaces in the end tank were 
covered with a few monolayers of titanium before 
every one to three plasma shots. The titanium was 
deposited by sublimation from 0.32-cm-diam 
titanium-alloy wire (85 wt.% Ti, 15 wt.% Ta). There 
were 88 such wires distributed throughout TMX. 

A6:2 Vacuum System Performance 

(R. P. Drake, G. Deis, and M. J. Richardson) 

The results of computer modeling of the gas 
flow are shown in Fig. A-9. Gas was injected into 
the TMX vacuum chamber through a neutral-beam 
module. Before gettering, the D 2 pressure rose 
highest in the outer annulus and slowly reached an 
equilibrium as the gas flowed into other parts of the 
machine. The code reproduces the qualitative 
behav'or of the data. The quantitative differences 

shown in the figure are believed to have resulted 
from uncertainties in the conductances and 
volumes used in the code. The effect of gettering is 
illustrated in Fig. A-9. After a pumpdown and 
before gettering, the upper trace was observed in 
the end-fan chamber. After gettering, the pressure 
remained lower and reached equilibrium faster than 
it did before gettering. The computer code 
reproduces these results as shown, using a sticking 
coefficient of 0.03. 

When the panels were cooled by LN, the 
pumping speed of the system increased. The 
decrease in maximum pressure and increased 
response time for the same gas input are shown in 
Fig. A-10. With the use of LN cooling, the gas in­
troduced by the neutral-beam system was pi:mped 
and the gas impinging on the plasma from this 
source became acceptably small. 

Gas can also be desorbed from the surfaces 
bombarded by the neutral beams, by charge-
exchange products from the plasmas, and by UV 

(a) 
t 1 1 ! 1 1 

— — Measured 

_ 
Outer annulus 

\ r - Plasma chamber 

Model -

- _ -
!// ^ ^ * * ^ - E n d - f a n chamber 

(b) 

— Model 

Before gettering 

- i _ 
-100 0 100 200 J00 

Time (ms) 
FIG. A-9. Measured and computer-modeled gas 
flows in TMX. The solid lines show the measured 
pressure change during and after a 55-ms injection 
of D 2 gas through a pulsed valve in one neutial-
beam module. After pumpdown but before getter­
ing, the effect of the baffles is shown in (a). Getter­
ing significant ry change* the system response, as 
illustrated by data obtained in the end-fan chamber 
(b). Dashed lines show the results of computer 
modeling. 
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radiation. When TMX had been vented to air for 
maintenance, substantial gettering and neutral-
beam operation was needed to obtain plasmas that 
did not decay prematurely. Figure A-l l shows a 
characteristic progression from a plasma duration 
of 5 ms to one of 20 ms. The plasma duration was 
quite sensitive to the energetic neutral-beam 
current during this run; in shots with lower beam 
currents, the plasmas decayed more quickly. Gas 
desorption is believed to be responsible for these 
observations and for similar trends observed in 
2XIIB. Once full-duration plasmas had been at­
tained, the operating characteristics of the end-plug 
plasmas did not change significantly until TMX 
was again vented to air. Gettering alone did not 
enable us to produce full-duration plasmas, but in 
one case, after gettering and continual neutral-
beam operation, the end-plug plasma did not re­
quire the conditioning shots described above. 

The central-cell vacuum chamber was 
separated from the end-plug chambers by disk-
shaped baffles to prevent the flow of gas between 
the two regions. The central-cell walls were at room 
temperature and were covered with titanium sub­
limed from getter wires in order to provide a 
reproducible surface that did not evolve gas. When 
the central-cell plasma was fueled by the gas boxes 
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(b) End-fan chamber 
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FIG. A-10. The effect of the LN-cooled panels on 
pumping in TMX. The upper traces show the 
measured pressure change during and after a 60-ms 
pulse of gas from eight neutral-beam modules with 
gettered, room-temperature walls. After the panels 
are cooled by LN, the pressure rise is less and the 
gas is pumped more quickly. 

1 1 1 
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FIG. A-l l . The duration of the TMX plasma is 
shown as a function of the number of plasma shots 
after a vent. 

{see below), the pressure remained below 5.0 X 
10~6 Torr. At this pressure the flux of D 2 gas im­
pinging on the plasma was negligible by com­
parison with the gas feed. 

The central cell may be fueled either by gas 
boxes or by a pulsed valve {gas puffer). The two 
gas boxes were located where the plasma cross-
section was very elliptical. Each box was essentially 
two plasma limiters with gas valves between them. 
Gas introduced into the gas boxes was very likely 
to be ionized before it could escape from the gas 
box. The gas puffer injected gas near the midplane 
of the central-cell vacuum chamber. Most of the 
gas was pumped by the plasma, as illustrated in 
Fig. A-12. The pressure declined slowly while the 
plasma was present and increased once the plasma 
had decayed. If no plasma had been produced, the 
pressure would have risen monotonically. 

A6.3 Effect of Vacuum Conditions on Electron 
Temperature 

(D. I. Correll, R. K. Goodman, and W. L Pickles) 

It was observed that poor vacuum conditions 
reduced the electron temperature. The highest plug 
electron temperature in TMX (measured by 
Thomson-scattering techniques) was 260 eV, and it 
was higher than 200 eV on several occasions during 
both 1979 and 1980. However, the daily average 
was lower in 1980 than it was in 1979. 2 6 Better 
static and dynamic vacuum conditions have been 
shown to correlate with the higher plug electron 
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FIG. A 12. The effect of a plasma on the D 2 

pressure in the central-cell chamber as a function of 
time. The gas flow into the chamber was 270 Torr 
liters per second, and the gas puffer was fired at -5 

teirperature. During the last three months of TMX 
operation, July-September 1980, we were able to 
show effects on electron temperature from excur­
sions in the machine pressure preceding an ex­
perimental shot (static vacuum) and from increases 
in neutral-gas densities during the experimental 
shot (dynamic vacuum). 

We recorded the plug electron temperature 
and static vacuum conditions versus experimental 
shot number for several weeks. If two conditions 
were met. the subsequent experimental run would 
begin with lower-than-avtrage electron tem­
peratures and would require more than the usual 
number of clean-up shots to return to average elec­
tron confinement. The two conditions were: (1) the 
magnet cases of the baseball coils, which are the 
"first wall", had become the coolest surface in the 
experiment, and (2) the static vacuum had been 
seriously degraded since the previous day's run­
ning. Condition (1) was easily met because the coil 
case temperature was determined by radiation 
losses and therefore had a long thermal constant. 
Condition (2) occurred because of vacuum system 
failures. 

To help quantify this effect between the elec­
tron temperature and vacuum conditions, we used 
the signal from the secondary-electron-emission 
detectors to monitor the dynamic gas conditions 
during the shot. Secondary-emission detectors 
(SED), which were located at the midplane of each 
end plug, were used to estimate neutral density sur-
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FIG. A-13. Plug electron temperature vs neutial-
gas densities: (a) changes in vacuum conditions af­
ter the experiment of August 19, 1980, with de­
creased Te for run of August 21, 1980; (b) a gas 
feed change from 600 to 6000 A equivelent of D° 
reduces T e; \c) vacuum system damages of Septem­
ber 29,1980, reduced T e. 
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rounding the plasma. Charge-exchange atoms, 
which strike the detector cone, release secondary 
electrons. Ultraviolet light also releases secondary 
electrons, but tests on 2XIIB indicated that the 
charge-exchange component dominated. The 
charge-exchange current incident on the detector 
was proportional to the product of neutral-atom 
density, ion density, and angular distribution func­
tion in the direction of the detector. These detectors 
viewed 90° to the magnetic axis and had a large ac­
ceptance angle. During neutral-beam injection the 
neutral density was primarily due to the energetic 
neutral-beam atoms. In this case the 5ED signal 
was proportional to the product of neutral-beam 
current and ion density. When the neutral beams 
were turned off, the neutral density was due to 
background gas impinging on the plasma surface. 
In this case the signal was proportional to the 
background gas density. We determined the 
amount of charge exchange current due to 
background gas by normalizing the SED signal to 
the value during beam injection. 

We have analyzed measurements of plug elec­
tron temperature T e versus n„ a s under three dif­
ferent vacuum conditions. Figure A-13a shows 
data from August 19 and 21, 1980, where condi­
tions (1) and (2), which can drastically alter T e , oc­
curred after the experimental run of the 19th. 
Figure A-13b shows data from September 17,1979, 
where the gas feed to the central cell was varied 
from 600 to 6000 A equivalent of neutral atomic 
deuterium. Finally, Fig. A-13c shows data for Sep­
tember 29, 1980, when relatively good electron 
temperatures were observed at the beginning of the 
day, but during the run a vacuum feedthrough was 
damaged, then repaired, and later the coil case of 
the west inner C-magnet developed a leak. What is 
common to all three examples is that the value of T e 

declines as n increases. In fact, the general 
dependency of T e on n g a s seems to be independent 
of whether the source of gas is from known leaks 
{Fig. A-13c), variations in central cell (Fig. A-13b), 
or poor "first wall" preparation and conditioning 
(Fig. A-13a). Figure A-13a shows the plug electron 
temperature ranging from over 200 eV down to SO 
eV as the indirect measurement of the neutral gas 
impinging on the plasma n increases by a relative 
factor of 2. These data span almost the full 
operational period of TMX. Its consistency gives 
strong credence to the hypothesis that the main 
variation in plug electron confinement was due to 
background pressure effects. 

A-

The specific mechanism by which the 
background gas lowers the electron temperature is 
under study. We are presently modeling charge-
exchange losses in the fan regions of the plasma, 
where neutrals can more readily be deposited 
within the plasma core, as a possible way T e can be 
affected by n „ s . Secondary emission coefficients of 
cold electrons at the machine walls are also sen­
sitive to neutral pressure levels through the 
production of cold plasma at the end walls. Recent 
measurements of the electron temperature in the 
central cell indicate the possibility of a thermal 
barrier between the plugs and the central cell, 
which in turn could also be sensitive to neutral-gas-
generated cold plasma. 
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Appendix B. 
TMX Diagnostics Instrumentation 

Bl. INTRODUCTION 

This appendix describes the various diagnostic 
systems that were employed on TMX. Table B-l 
lists these diagnostic systems and Fig. B-l shows 
the locations of most of them. The fabrication, in­
stallation, and improvement of diagnostics has con­
tinued throughout the life of TMX. A total of 377 
diagnostic channels was used; however, because of 
various limitations and experimental requirements, 
not all of these channels were used on a given ex­
periment. The data from as many as 297 channels 
of these instruments was read directly by the TMX 
computer system. 

B2. DIAGNOSTICS SYSTEMS 

B2.1 Thomson Scattering (R. K. Goodman) 

T h o m s o n sca t te r ing of ruby- laser light 
(6943 A) was used on TMX to measure the electron 
temperature and density in a small volume (about 
30 mm 3 ) of the plasma. In Thomson scattering the 
laser light is scattered by the plasma electrons and 
also shifted in wavelength by the electron velocity 
(Doppler effect). T h e electron temperature is deter­
mined from the width of the scattered wavelength 
spectrum, and the electron density.from the total 
amount of scattered light. A calibration for ab­
solute density was done b / filling TMX to a known 
density of N 2 and measuring the total scattered 
light. In general, both the electron temperature and 
density measurements have an accuracy of ±20%. 

There were two independent Thomson scat­
tering systems on TMX, one located on the mid-
plane of the east plug and the second on the mid-
plane of the central cell {Fig. B-2). Each system 
used a 10-J ruby laser which was focused at the 
center of the plasma. The system viewing the east-
plug imaged 1-cm segments of the laser path in the 
plasma, at the radial positions (r) of 0, 5, 10, and 
15 cm. This system also had two polychromators, 
which allowed simultaneous measurements on any 
two of these radial positions, usually r at 0 and 
5 cm radius. The central-cell system imaged only 
the zero radius position and had one polychro-
mator. 

Each polychromator contained a diffraction 
grating to separate the scattered plasma light into 
10 wavelength channels which were coupled by 
fiber optics to 10 photomultiplier tubes. These 
tubes were gated to prevent their saturation by 
background plasma light. A tungsten l ight-
calibration source could be introduced through the 
polychromator input optics to normalize the gains 
of the photoniultiplier tubes and amplifiers of the 
various channels. The outputs of the 10 channels, 
which give the Doppler profile, were read by the 
TMX computer, which reduced the profile and 
total signal to electron temperature and density. 
The statistical variation of each photomultiplier 
channel signal was determined, after each shot, us­
ing the tungsten calibration source. These "s tan­
dard deviat ions" were used by the computer to 
calculate the error bars for the electron temperature 
and density for that shot. 

B2.2 Beam Attenuation (]. H. Foote) 

Spatial profiles of line-integral densities were 
obtained for each plug and the central cell of TMX 
by measuring the attenuation of neutral beams 
traversing the plasma. 1 "' 1 The neutral beam sam­
pled in each plug was one of those used to fuel the 
plasma; the beam sampled in the central cell was a 
special one i. stalled for that purpose. Fifty-four 
detectors of the secondary-electron-emission type 
were mounted near the vacuum-chamber walls, 
where thty intercepted a portion of the associated 
neutral beam passing through the plasma. The 
beam intensity at each detector was measured with 
and without the plasma present. The line integral 
of the density along the detector line-of-sight 
through the plasma could be calculated from the 
fraction of the neutral-beam particles attenuated by 
the plasma, using 

T = exp(- r r e f f J'ndl) , 

where T is the particle fraction transmitted (1 -
fraction attenuated) and aeff is the average cross 
section for the loss of neutral pat t ides from the 
beam because of interactions with the plasma. 
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TABLE B-1. TMX diagnostic instrumentation. 

No. of diagnostic channels 

Plasma parameters Diagnostic systems 
East 
plug 

Central 
cell 

West 
plug 

Electron temperature and density 

Plasma density profiles 

Electron tine density 

Plasma energy and p? 

Axial loss current, energy and <£„ 

Central-cell plasma potential 

End-loss current profile 

Exterior density and temperature 

Potential fluctuations 

Density fluctuations 

Charge-exchange flux 

Neutron production rate 

Neutral-gas pressure 

Impurity concentration 

Ion energy 

Visible light 

Electron energy 

Fowet losses 

Power losses 

Wall interaction 

Ncutral-bcam power and focus 

Magnetic field strength 

Neutral-beam power 

Plasma-gun output 

Gas-feed current 

Thomson scattering 

Beam attenuation detector 

Microwave interferometers 

Diamagnetic loops 

End-loss analyzer (ELA) 

Heavy-ion beam probe {HIBF} 

Faraday cups, button probes 

Emitting and collecting probes 

rf probes 

Microwave scattering 

Secondary emission detector (5ED) 

Neutron detectors 

Fast vacuum gauges 

EUV spectrometers 

UV and visible spectrometers 

Light monitor 

X-iays 

Calorimeters 

Pyroelectric probe 

Surface probes 

Neutral-beam calorimeters 

Magnet currents 

Beam voltage and current 

Gun current 

Gas-valve timing and output 

calculated for the existing plasma conditions. The 
value of rr p, f typically used for the east plug with 
deuterium was 1.54 X 10~ 1 5 cm 2 . 

We measured radial and axial profiles in the 
east and west plugs with arrays of up to 24 detec­
tors in the shape of a cross. These detectors sam­
pled at 4-cm intervals along the magnetic axis, and 
at 2-cm intervals alon^ chords through the plasma 
in the direction normal to the axis, each with a 
field-of-view full width at half maximum (FVVHM) 
of I cm at the plasma. Figure B-3 shows these sam­
pling intervals and direct ions. W e regularly 
measured radial (or vertical) plasma profiles ex­
tending 12 cm above and below the magnetic axis. 
T h e measured axial profile in the east plug covered 
the axial range of 19 cm from the plug midplane 

toward the central cell to 12 cm toward the end 
wall. In the west plug, the measured axial range 
was 12 cm toward the central cell and 23 cm toward 
the end wall. The axial detector array in the west 
plug thus measured plasma densities up to 11 cm 
farther toward the end wall than did the east array, 
while the east-plug array measured 7 cm farther 
toward the central cell. 

The central-cell vertical array had seven detec­
tors to give a radial plasma profile near the central-
cell midplane extending from 11 cm below the 
magnetic axis to 37 cm above. 

T h e output from the various detectors was 
read and stored by the TMX computer system, 
which fitted the radial profiles of Jndl data with a 
Gaussian curve at selected times during a shot and 

B-2 



Thomson -scattering 
ruby laser 

Secondary-emission detector 

Neutron detector 

Grazing-incidenee 
spectrometer 

- - Beam-attenuation detectors 

— Wall calorimeters 

on probe 

Microwave probe 

Beam-attenuation detectors 

FIC. B-l . Locations of most of the diagnostics on TMX. 

plotted the data and fitting curve. Figure B-4 is an 
example of these results for the west plug. Values 
of peak density and 1/e radius for the Gaussian fit 
were printed out on each plot. From the Gaussian 
fitting of the radial data, plots of peak density and 
1/e radius versus time could be conveniently ob­
tained for the plugs and central cell. Axial Indl 
results for the plugs, at selected times, werr? also 
plotted. In addition, there was a computer program 
that calculated Gaussian and quadratic fits to the 
axial-profile data. 

Plots such as thoSw described above were 
usually obtained during the between-fhot process­
ing, so they were quickly available during a run for 
determining plasma conditions. 

B2.3 Microwave Diagnostics (A. H. Futch) 

B2.3.1 Microwave Interferometers. The 
TMX microwave diagnostics are shown in Fig. B-5. 
The interferometers include three 2-mm inter­
ferometers, two 4-mm interferometers, and two x-
band interferometers. The locations and several 

characteristics of these interferometers are given in 
Table B-2. Superheterodyne detection circuits were 
used for the 2- and 4-mm interferometers, and sim­
ple homodyne detection circuits were used for the 
x-band interferometers. Figure B-b shows the sin 0 
and cos It ou tpu t for the central-celi interferometer 
and compares beam-attenuation line density with 
microwave line density. 

T o exper imental ly invest igate the radial 
transport of Yushmanov-trapped pr.rticles and 
other plasma effects in the magnetic field fans, the 
4-mm (1 fringe = 5 X TO 1 3 c m - 2 ) microwave inter­
ferometer was installed in the east transition region. 
Horns were piaced in the fan on the central-cell side 
of the east plug, at the peak field of the inner east 
mirror, and in the fan region of the east plug. The 
locations and plasma parameters are summarized in 
Table B-2. The microwave equipment could be 
u*ed on any one of the horns at any time. 

B2.3.2 Microwave Scattering. T h e per­
turbed plasma density may be calculated by a 
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TIWX-Thomson scattering systems 
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FIG. B-2. Locations of the Thomson-scattering systems on TMX. 

procedure dc "loped by Powers and Simonen.5The 
procedure is to mix the intermediate frequency (i.f.) 
signal of the plasma with the i.f. reference signal. 
After mixing, the signal is split; half of the power is 
sent through a low-pass filter to produce low-
fTequency fringes while the other half is amplified 
before passng through a band-pass filter. The per­
turbed density is then calculated as in Ref. 5. Using 
the appropriate terms from the dispersion relation 
for the DCLC instability gives 

/ W* u;2 k \ 
I Pe pf \ 

K c 2 + «"«Ry 
(3-1) 

Here « , u)ce, and w refer to the plasma frequency, 
electron-cyclotron frequency, and wave frequency 
(due to the plasma instability) respectively, and R is 
the plasma radius. Substituting and solving for the 
perturbed potential <£, one obtains 

n/n 
2.0 X 10" 1 1 n/B* + 220/B B c 

(3-2) 

The first term of Eq. (B-l) was neglected in the 
analysis in Ref. 5, but is much larger for the central 
cell of TMX and cannot be neglected. The per­
turbed potentials measured by this method are 
several times larger than those measured by probes 
at the plasma boundary, but generally show similar 
time dependencies. 

B2.4 Diamagnetic Loop Measurements 
(W. E. Nexsen, Jr.) 

An array of diamagnetic loops is used to 
measure the plasma diamagnetism of the end plugs 
and central cell of TMX At first, two loops were 
located in each plug and one was located 28 cm 
west of the center plane of the central cell. In 
December 1979, an additional five loops were 
added to the central cell: one in a symmetric posi­
tion 28 cm east of center line, one in each transition 
region, and two at intermediate values of the 
magnetic field. 

The plug plasma dimensions are s.nall com­
pared to the plug loop dimensions; consequently, 
the flux, caused by plasma currents, thai links the 
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Vertical array 

FIG. B-3. Sampling intervals and directions for the array of beam-attenaation detectors in the plugs. 
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FIG. B-4- Example of west-plug radial profile 
data fitted with a Gaussian curve (peak line density 
= 3.89 X 1 0 " cm" 2 , 1/e radJus = 9.14 cm). The 
negative values are below the centerline, the 
positive values above it. 

loop can be approximated by the flux from a dipole 
of magnetic moment m. The plug loops were 
calibrated in situ with a small pulse coil of known 
magnetic moment located in the plasma position. 

The assumptions made to calibrate the plug 
loops cannot be used for the central-cell loop 
because the central-cell plasma is long compared to 
the diameter of the loop; therefore for this case a 
so lenoid a 1 a p p r o x i m a t i o n to the p l a s m a ' s 
diamagnetic currents was used to calculate the 
response of the loop to the plasma and to currents 
induced in the walls by the plasma. 

Fo l lowing the s h u t d o w n of T.vIX, the 
response of the central-cell loops to a small coil of 
known magnetic moment was measured as a func­
tion of the z position of the coil. When the 
measured response function of one of the loop= 
near the center plane was convoluted with the axial 
distribution of the plasma magnetic moment m(z), 
assuming a Maxweilian central-cell plasma for 

r - 4 -mm interferometer 
at max. [B| 

East x-band 
interferometer 

West x-band 
interferometer 

2-mm east-plug 
interferometer 2-mm west-plug 

interferometer 

FIG. B-5. The location of the microwave diagnostics in TMX. 
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FIG. B-6. Sin ti and cos 0 outputs for the central-
cell interferometer and a comparison of the line 
densities measured by microwave interferometers 
and by beam attenuation detectors. 

which m(zj a 1/B 2(z), the agreement with tru 
calculated loop response was within 10%. 

The magnetic moment measurements can be 
combined with measurements of the plasma dimen­
sions and densities to obtain values of plasma fi ( = 
STrnWj^/B2) and the average energy of an electron-
ion pair. For the plug plasmas, which are quite 
similar to those of 2XI1B, we assume that the 
diarr.-.gnetic signal is due to ions only and that, as 
in 2XIIB, the ion energy is independent of radius 
and z. Then, for low rf (<50%) and assuming that 

both radial and axial density profiles are Gaussian, 
we find 

LnR„i 
(B-3) 

where L and rr, are the 1/e halt-length and the 
radius of the plasma, B is the plug field at its cen­
ter (in gauss), and m is the measured magnetic mo­
ment in A / c m 2 . The average perpendicular ion 
energy W ± , is given by 

2 X 1 0 1 0 mB„ 

Vr n I 
" (eVj (B-4) 

where nl is the line density through the p\vg 
diameter in units of cm ' - . 

For the central cell, further assumptions are 
required to reduce the data. If we assume that the 
ions and electrons both have C a u ^ i a n profiles with 
temperature scale length i n and dent- ty scale length 
r , we calculate 

X J O 1 0 mB 

nl r ' [ I + <'AJ 2I • <B"5> 

>i_ = 
0.8 11 + < y r w ) - ] 

B, r ; iB-b) 

Because we have neither .* measured value or a 
good mo '•. for r u at present, we have a*--_>umed that 
TW = r t for the purposes of data reduction. 

B2.5 End-Loss Analyzers (D. P. Cntbb) 

In a tandem mirror machine, the cn t ra l -ce l l 
ions are confined as they scatter in pitch angle and 
energy until they enter the loss region of phase 
space, and are then lost axially along field lines 
(through the plugs) to the end walls. Analysis of 
the ion energy at the end wa'I thus provides infor­
mation about the plug poteniial and the central-cell 
ion t e m p e r a t u r e . E lec t ros ta t i c e n d - l o s s ion 
analyzers (ELA's), shown in Fig. B-7, can be used to 
de te rmine these pa ramete r s . In addi t ion , the 
current density measured by ELA's can be used in 
particle and power-balance calculations, and can be 
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TABLE B-2. Location and several characteristics of TMX microwave interferometers. 

Name Location Frequency 

/ndl for 
&4> = 2w 

Distance 
between horns 

(cm) 

Ip* plasma 
path length 

(cm) 

East x-band 147 cm from wall 10 GHz 7.4 X I 0 1 2 35 32 

Wesl x-band 142 cm from wall 10 GHz 7.4 X I 0 1 2 J5 32 

East plug, 2 mm Midplane of east plug 140 GHz 1,04 X 1 0 1 4 71 14 

Yushmanov Between east mirror and 
east plug 

center of 
70 GHz 5.02 X I 0 1 3 12 3.5 

East-plug mirror At mirror between east plug and 

," 

cenliil cell 70 GHz 5.02 X 1 0 1 3 

Central cell, resonance point At 1-T point between east plug and 

central-cell midplane 70 GHz 5.02 X 10 

Central cell, 2 mm Midplane of central cell, through 
center 140 GHz 1.04 X l o 1 

West plug, 2 mm Midplane of west pluji MO GHz 1.04 X 10 1 

3.5 

44 

NOTE: Plug Ip's are scaled for lp(cenlral) = 44 cm. 

-TMX end flange 

Insulating ring 
-lon-repeller grid 

-Collector 
Electrostatic shield 

FIG. B-7. An eleclostatic end-loss analyzer (ELA). 
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compared with the result of quasi-linear calcula­
tions of the stream requirements of the drift-
cyclotron Joss-cone (DCLC) mode. The ELA's used 
on TMX were essentially the same as the ore used 
on 2XIIB, but the types and numbers of grids used 
in the analyzers had to be changed because of the 
major differences between the two experiments. 
Table B-3 summarizes some of the differences be­
tween the end-loss ions in TMX and those in 2XIIB. 

There were four ELA's installed en TMX, two 
on each end wall. Those on the east end were 
located at positions, in the direction of the long axis 
of the fan, that mapped to x = -1.5 and x — 
+ 4.5 cm in the midplane of the plug. Measure­
ments have indicated that the center of the plasma 
fan, in the direction of the thin axis, was not on the 
geometrical axis of the machine. Thus, in the thin 
axis, the locations of both of these analyzers map to 
radii of 3.1 and 5.2 cm from the axis at the mid-
plane of the plug. On the west end, a movable ELA, 
which could traverse the fan through its thin sec­
tion, was located on the vertical midplane of the 
fan. The second ELA was fixed at a position on the 
long axis of the fan that mapped to y = -1.5 cm 
from center in the midplane of the plug. Because of 
the displacement of the plasma fan, the position of 
this analyzer mapped to a radius of 3.8 cm from 
center, in the orthogonal direction, at the midplane 
of the plug. 

In one mode of ELA operation, the ion-repeller 
grid is set at a zero bias so that all of the incident 
ions are collected. In this mode, the total end-loss 

TABLE B-3. Comparison of TMX and 2XIIB end-
loss analysis. 

TMX 2X11 B a 

Major source of 
end-loss ions 

Central cell Ionized neutral-beam 
current and stream-gun 
current 

Average current 
density at center 
of mirror 

0.5 A / c m 2 0.1 A / c m 2 

Current density 
at analyzer 

3 mA/cm 30 mA/cm 

Pitch angle of 
end-loss ions 

3° 22° 

B at analyzer 65 G 2 k G 

current as a function of time can be measured. In a 
second mode of operation, the ion-repeller grid is 
biased positively with respect to machine ground 
and thereby repells ions with energies lower than 
the ion-repeller grid voltage. In order to avoid 
problems with shot-to-shot variations, a ramping 
circuit was used together with a programmable, 
high-voltage power supply to ramp the ion-repeller 
voltage over a specified range. Figure B-5 shows 
the ELA current (I) as a function of the :on-repeller 
voltage (V) for the ideal case of a perfectly quies­
cent plasma. Since all of :he ions from the central 
cell must pass through the plug to reach the 
analyzer, they will arrive at the wall with energy 
greater than or equal to •£ (the potential drop from 
the plug to the wall). Therefore, the flux of the end-
loss ions will not be attenuated until thp ion-
repeller voltage is greater than </> . For higher 
voltages, the current versus voltage curve is a 
measure of the energy distribution of the end-loss 
ions. The exact relationship between the slope of 
the curve and the assigned ion energy, W i f depends 
upon the assumed distribution function of the 
central-cell ions. At present, the central-.;ell ions 
are assumed to have a Maxweliiun distribution, and 

a Data is f>r piosmas during stream-gun and neutral-beam 
operation on'.y. 

Ion repeller voltage (V) 

FIG. B-8. End-loss current-voltage charac­
teristics. The break point is a measure of the plug 
plasma potential 4>p the fall-off rate is an indica­
tion of the ion temperature. 
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the analysis of the curves is based on this assump­
tion. 

A complication is caused by the presence of 
fluctuations at the plug ion-cyclotron frequency. 
Since fhe central-cell ions must pass through the 
plug to reach the analyzer, they pass through 
resonance points. Sufficiently strong fluctuations 
can heat the escaping central-cell ions and alter the 
observed end-loss spectrum. The presence of fluc­
tuations in the end-loss current gives rise to an un­
certainty in the values of </• and W; measured by 
the ELA V The plug potential can usually be deter­
mined within ±50 to 75 V. Typical values of (fi 
have been in ihe range of 300 to 800 V after the 

plasma has reached equilibrium. T h e same data 
yields values of Wj in the range 100 to 1200 eV. 

The ou tpu t from the ELA's was reduced by a 
computer code. This code determined the end-loss 
current density j , in A / c m 2 , the plug potential <f> , 
in V, and the mean energy of the end-loss ior.s Wj, 
in eV. Some typical end-loss current results are 
shown in Fig. B-9. The quality of the fit to the data 
depended on the fluctuations in the end-loss 
current . In Fig. B-9, the fluctuation of the current 
around the fit line is due to fluctuations that occur 
on a shorter time scale than the voltage-ram ping 
time. 

1.0 — I 1 1 1 1 
At (us) 10360-10750 

_J 1 I I L-

1.0 

— i — i — T — i — i — i — r 
At iiis) 10750-11250 

_j i i i i u 

— i — i — i — i — i — i — r 
At(jus) 12250-12640 

I , I I 1 L 1 L_ 

— i — i — i — i — i — : — r 
At (us) 12640-13160 

' i ' ' ' 

1600 0 
lon-repeller voltage 

FIG. B-9. West end-loss spectra at four different times. 
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B2.6 Heavy-Ion-Beam Probe 
(G. A. HaUock,*R. L Hick,' *andR. S. Hornady) 

The TMX central-cell space potential was 
measured by actively probing the plasma wiih a 
heavy-ion-beam probe (HIBP) developed by 
Rensselaer Polytechnic Institute. Measurements 
were made within a small sample volume, about 
1 cm3. The depth of the confining-potential well in 
the central cell was obtained by comparing these 
data to the plug potential obtained from the energy 
spectra of end-loss ions. The ion-beam probe 
technique uses the change in the charge state of in­
jected ions that is caused by electron-impact ioniza­
tion. No significant momentum change occurs dur­
ing the collision. Ions leaving the plasma in the new 
charge state have an increased energy equal to the 
potential at the collision point times the change in 
charge. 

Figure B-10 shows the HIBP used on TMX. 
Varying the voltages applied to the ion gun and the 
fV-sweep plates allows the observation point to scan 
ihe plasma cross section (Fig. B-ll). Diameter scans 
of the plasma could be made during a single shot by 
sweeping the ^-deflection voltage. The injection 
parameters could also be held fixed to provide con­
tinuous temporal profiles. Beam chopping with the 
z-sweep plates allowed noise reduction. The 
diagnostic system included a monitor to locate the 
primary beam and its current. 

The HIBP control system was based on stan­
dard CAMAC modules, commercial high-voltage 
power supplies, and a microcomputer. The system 
stood alone, with the microcomputer handling 
setup, data acquisition, status monitoring, and data 
storage on floppy disk. This system also processed 
raw data through interactive graphics and high-
level programming. Speed limitations, however, re­
quired off-line processing; advanced data reduc­
tion was facilitated by a larger computer. 

The beam probe consisted of a beam line, 
which injected singly ionized alkali-metal atoms 
(the primary beam), and an energy analyzer to 
monitor the particles leaving the plasma. The parti­
cle trajectories were determined from their mass, 
charge, and injection parameters and the magnetic 
field. The measurement was based on monitoring 
the 1+ to 2+ reaction products of primary beam 
ionization by the impact of plasma electrons. 

Energy 
analyzer 

Primary 
beam detector - ^ ^ 
Straight J* 
through 
detector —v 

TMX 
central 

cell 

Optics 
tank 

FIG. B-10. The heavy-ion-beam probe (hlBP) 
used on TMX. 
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R + + e~ - R + + + 2e~ . (B-7) 

The 2+ ions (secondaries) left the plasma with an 
increase in energy proportional to the space poten­
tial at the reaction point, 

E = E 0 + e0 . (B-8) 

The imposed magnetic field separated the second­
aries from the primary beam. Spatial resolution was 
determined by the primary-beam diameter and the 
energy-analyzer aperture. Fluctuations to 40 kHz 
(1 M H z for short intervals) could be followed with 
a resolution of approximately 2 V. Calibration of 
the system probe allowed space-potential measure­
ment with an absolute accuracy (with respect to the 
vacuum wall) of approximately 25 V. Spatial 
resolution was about 0.8 cm. 

Temperature measurements were inferred 
from the secondary current level. The ratio of the 
secondary current to the primary current is propor­
tional to the plasma density times an effective cross 
section, 

I 
" f " a n , " < T e ) • (B-9) 

D e n s i t y p r o f i l e s f rom the n e u t r a l - b e a m -
attenuation detectors were used in evaluating this 
expression. Information on the temporal behavior 
of the electron temperature was also obtained by 
monitoring higher order transitions 1+ to 3 + , and 
1+ to 4 + . This measurement was based on the 
significant difference in cross section for these 
cases. 

A ariety of profile measurements has been 
obtained. The observation point (sample-volume 
location) could be held fixed during the shot, 
providing a continuous temporal profile, or it could 
be scanned through the plasma, yielding multiple 
radial profiles. Scan times of 100 /is to 10 ms were 
typically used, yielding several to dozens of 
diameter scans per shot. 

A typical profile of the center-line (r = 0) 
space potential in the central cell of TMX is shown 
in Fig. B-12(a). Machine conditions for this shot, 
number 39 on September 26, 1980, are represen­
tative > normal tandem mirror operation. The 

secondary ion current level for i'-.e same shot, a 
function of plasma density and electron tem­
perature [see Eq. (B-9)], is shown in Fig. B-12(b). 

Correlation between the plasma space poten­
tial, secondary-ion-current level, and machine 
operation is quite strong. A quast-equilibrium is 
reached at about 5 ms, shortly after the stream guns 
and neutral beams begin plasma buildup. At 6 ms 
the gas box (the dominant source of particle input) 
is switched on, and the potential begins to increase 
shortly thereafter. A peak in the space potential oc­
curs at 8 ms, which is the time the stream guns are 
turned off. Fluctuations in the secondary-current 
level rapidly increase at about this time. Buildup 
continues, with the main equilibrium level reached 
about 10 ms into the shot. Equilibrium lasts until 
22 ms, one ms after the west plug is turned off. The 
potential then decays, with a time constant of about 
1 ms, to about two-thirds of the main equilibrium 
level. This new equilibrium is maintained until just 
after the 28-ms east plug turnoff, at which time the 
potential rapidly decays. 

The equilibrium central-cell potential (r = 0) 
varies from about 300 V u p to a maximum of about 
500 V, with even lower values during machine 
cleanup. The potential is a function of fueling 
method (gas box or puffer), fueling rate, neutral-
beam current, and other machine conditions. 

Profiles for a typical T M X shot where multiple 
radial scans of the plasma were obtained are shown 
in Fig. B-13. These results are for shot 88 on Sep­
tember 26, 1980, and represent typical profiles ob­
tained with gas-box fueling of normal gas feed 
rates [about 1200 A (atom equivalent)]. A blowup 
of one of the radial scans during the equilibrium in­
terval is shown in Fig. B-14. A full radial scan is ob­
tained in one direction, but scrapeoff of the injected 
beam on a vacuum valve limits the radial scan to 
about 18 cm n the opposite direction (measure­
ment coordinates are describtd in Fig. B - l l ) . 

T h e plot of plasma potential versus radius is 
parabolic to about 20 cm, as indicated in Fig. B-14. 
This yields an electric field that increases linearly 
with radius, as is shown in the lower diagram of the 
figure, and rigid-body E X B motion of the plasma. 
With a 1-kG central-cell magnetic field, the E X B 
frequency is typically 12 kHz. Plasma fluctuations 
at this frequency have been observed by the HIBP 
and other diagnostics. 

Beyond a radius of 20 cm, the plasma potential 
tends to flatten out. However, radial variations in 
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FIG. B-12. Typical HIBP temporal profiles of the central cell at r = 0: (a) space potential, (u) secondary ion 
current. 

calibration parameters, not yet included in the data 
processing, could introduce an error as hrge as 
100 V at large radii. Separating the spatial and/or 
temporal behavior of radial oscillations is not possi­
ble with the sweep rate used in this shot (about 3.6 
cm/100 fis). Data from faster and slower scans as 
well as the effect of a lower signal-to-noise ratio at 
the plasma edge is being investigated. 

Fluctuations in the central-cell space potential 
and secondary ion-current level [= nf(Te)] are ex­

panded in Fig. B-15. The data'are from shot 43 on 
September 26, 1980; the centerline (r = 0) values 
were monitored as a function of time. Well-defined 
oscillations are evident, occurring in bursts with a 
time scale of about 1 ms. Spectral analysis indicates 
a large 12-kHz component, as well as other fre­
quencies, with strong coherency within a burst. 
Fluctuations with similar-frequency components 
are observed at all radial locations. 
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FIG. B-13. HIBP central-cell space potential (a) 
and secondary ion current (b) for multiple radial 
scans during a typical TMX shot. 
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FIG. B-14. A typical HIBP radial profile of the 
central-cell space potential and electric field at an 
average time of 19 ms. 

Thf amplitude of potential fluctuations is 
about 30 V, yielding &/tl> - 10% but e0/kT L , ~ 1. 
The nf(T (.) fluctuation amplitude is about 50% of 
the total nf(T t.) signal and is probably dominated by 
density fluctuations. 

B2.7 End-Wall Flux Diagnostics 
(C. V. Karmendy, Jr.,* and E. B. Hooper, Jr.) 

Diagnostics were mounted on the end walls to 
measure the magnitudes and profiles of the ion flux 
from the machine, the net current reaching the end 
walk, and the power density reaching the end 
walls. The net electron flux to the end walls is ob­
tained by subtracting the net current per unit area 
from the ion flux. The fluxes are used in determin­
ing particle and power balance and in calculating 
radial transport fluxes. 

The diagnostics were mounted in arrays across 
the narrow part of the end fans. The inner three {of 
thirteen) Faraday cups (with suppressors) are 
shown in Fig. B-16. Mounted between the cups are 
thin copper disks that were used as net-current 
co l l ec to rs (disk at g r o u n d vol tage) and as 
calorimeters. In Sections 7 and 9, the outputs of 
these detectors are presented as functions of the 
radii and areas projected along field lines from the 
plug centers. 

An additional Faraday cup and disk could be 
mounted on any desired end port to obtain data at 
other azimuths. 

Comparison of the current density measured 
by a Faraday cup (FC) and by the east ELA yielded 
JFC/JELA = 0-^* ^ 0.15. The uncertainty includes 
0.14 standard deviation, and a possible systematic 
error of 10% (5% from hole diameter and 5% from 
load resistor and scope calibration). The statistical 
and systematic errors are combined as rms. 

B2.8 End-Wall Emitting 
and Collecting Probe Array 
(P. Coakley* and C. D. Porter) 

T h e end-wall plasma-diagnostics array {Fig. 
B-17) consisted of two emitting probes, one 2 cm 
and the other 10 cm from the east end wall; two 
collecting probes, also at 2 and 10 cm from the 
wall; and seven but ton collecting probes in the 
plane of the wall. T h e probe array was recessed ap­
proximately 15 cm from the main-chamber end 
wall and could be valved off from tht- .nachine with 
a gate valve. The probes were positioned in the 
midplane of the mirror fan and mapped into a poL.t 
4.5 cm from the axis at the plug midplane. The 
emitting probes, which were designed at the Un­
iversity of Iowa, 6 were used to measure the local 
plasma potential and the collecting probes were 
used to measure the electron d is t r ibu t ion (a 
localized measurement if the potential of the sur­
rounding plasma is relatively uniform). T h e 
magnetic field at the wall where the probes were 
located wa? 70 G. 

'University of Iowa, Iowa City, Iowa. 
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FIG. B-15. Temporal fluctuations of the central-cell (a) space potential and (b) secondary ion current, 
n f ( T ^ at r = 0 measured by HIBP. A dc offset is present in both of these plots. The strongest frequency 
component is 12 kHz. 

The emitting probes consisted of 0.0025-cm-
diameter tungsten filaments, approximately 2 cm 
long, that were heated white hot (to a wire tem­
perature, T w , of about 0.3 eV) to boil off electrons. 
Each emitting probe had a getter shield, with the 
filament extended 0.4 cm beyond it. The shields 
were biased at various negative and positive 
voltages within ± 2 0 V of ground. In general, when 
the probe is negative with respect to the local 
plasma potential, it emits electrons into the plasma; 
when the probe is positive with respect to the local 
plasma potential, it does not emit electrons. The 
current-voltage characteristics of a swept emitting 
probe provide a definitive way to determine the 
local plasma potential. If the floating potential (the 
potential at which a probe draws no net current) of 
a cold probe is more negative than the local plasma 
potential, then a floating hot probe will provide a 
measure of the plasma potential to within several 
wire temperatures, about 5 T ^ e , where e is the 
electron charge. The emitting probes were heated 
and allowed to float, and the potentials at which 
they floated were monitored. 

T w o types of collecting probes were j sed at 
the positions 2 and 10 cm from the wall: 2-cm-

long, 0.09-cm-diameter cylindrical probes (shown 
in Fig. B-17) and 0.95-cni-diameter disk (button) 
probes, with the plane of the disk oriented normal 
to the local magnetic field lines. The collecting 
probes also had getter shields. 

The cylindrical probes' small size (the cylin­
der 's radius was less than the local Debye length) 
allowed relatively nonperturbing measurements of 
the local plasma characteristics, but it also resulted 
in large uncertainties in plasma parameters. The 
disk probes provided better current-voltage charac­
teristics because they were larger, but had the dis­
advantage that they shadowed the wall. The dis'< 
probe radius was 0.47 cm; the cold-electron and 
hot-ion gyroradii were 0.09 and 1.7 cm, respec­
tively. T h u s the region between the disk probe and 
the wall is filled with hot ions and, perhaps, sec­
ondary electrons with approximately the same den­
sity. The disk probes therefore permitted more 
detailed measurements of the plasma flowing from 
the plug, but provided poorer information about 
the plasma coming from the wall. 

To simplify the interpretation of data collected 
by the disk probes, each of them was coated with 
ceramic on one side. The disk probe at 2 cm was 
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FIG. B-16. An array of end-wall-flux diagnostics showing the center three (of thirteen) Faraday cups and 
the center two (of twelve) disks used for net current collection and power collectors. The Faraday cups are 
oriented along the magnetic field lines. The entire array is enclosed within a metal shield to exclude currents 
leaking from the plasma and to protect against gettering. 

coated on the side that faces the wall so that it 
detected only the plasma that flowed from the 
plug; the disk probe at 10 cm was coated so that it 
detected only plasma coming from the vwl! 

The emitting probes indicated a plasma poten­
tial with a characteristic value of approximately 
8 V, measured at 2 and 10 cm from the wall. The 

wall was at zero volts and the potential in the plug 
varied from 300 to 1000 V. The collecting probes 
indicated a cold plasma present near the wall, with 
an electron temperature of about 5 eV and a cold-
electron density of about 2 X 109 cm - 3 , while the 
hot-ion density al the wall was about 6 X 10 e cm"3. 
The density of electrons in the plug was about 2 X 
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FIG. B-17. The end-wall emitting and collecting 
probe array. 

1 0 I J c m - 3 . The electron temperature measured at 
the wall was decoupled from the temperature of 
electrons in f he plug and the central cell. The 
plasma wall sheath was established to balance the 
flux of hot ions and cold electrons. An additional 
species of electrons, secondary electrons produced 
at the end wall, was also identified. These second­
ary electrons had a directed energy comparable to 
the local plasrra totential , an energy spread of less 
than 7 eV, and c d"nsity of about 4 X 10 f t cm \ 

B2.9 Radio-Frequency (rf) Probes 
(T. A. Casper, D. P. Grubb, ami V Paulsen) 

The TMX diagnostics for rf studies are shown 
in Fig B-18 This complex diagnostics array 
leflects the diversity oi frequency, wave number, 
and location of the plasma instabilities that might 
exist in TMX 

The weM end-cell probe was a 5-tip array of 
high-impedance probes identical to the east-plug 
array except that the separation between the fourth 
and fifth tips (4 cm) was greater than that between 
the first four tips (1 cm). This gave a maximum 
spacing of 7 cm (lip 1 to 5) for resolution of | k | 
due to long wavelength perturbations. This probe s 
location was approximately equivalent to that of 
the east probe, which allowed for a direct com­
parison of the relative stability of the end-cell 
plasmas. The two central-cell probes consisted of 
eight t 'ps each—six high-impedance probes to ob­
serve electrostatic fluctuations and provide perpen­
dicular wave number measurements, and two 
magnetic p ickup loops oriented to be sensitive to B f l 

and Bf. These probes were located at z = ±150 cm 

and could move radially along the ft = 45° 
azimuthal line on the upper north side of the cen­
tral cell. The central-cell probes observed fluctua­
tions near the plug cyclotron frequency, and were 
intended to provide perpendicular wave number 
measurements, k l t , for comparison with plug 
values. Their axial locations were intended to give 
rudimentary information concerning the mode 
structure of parallel waves in the central cell. A 
magnetic pickup probe consisting of three loops, 
B r , B f l, and B ? , was installed to investigate the elec­
tromagnetic character of modes observed in the east 
end-cell. 

If every detector shown in Fig. B-18 was 
monitored, a minimum of 57 data records on every 
shot (about 225K. words of data per shot) would be 
generated. However, because of limitations in elec -
tronic equipment, we were able to monitor only a 
few selected channels for most of the experiments. 
Table B-4 lists the probes normally monitored. The 
signals from these diagnostics were amplified (from 
bandwidth 3 kHz to 3'JO MHz) before they were 
analyzed. Each signal /as fed into a peak-envelope 
detector so that the fluctuations in power could be 
measured as a function of time. This signal was 
sampled every 0.01 ms for the duration of the 
plasma. A shorter record of eat h of the signals was 
also stored in faster transient re^urdprs. thi-. 
allowed us to analyze the frequency of the recorded 
signals from 3 kHz to 25 MHz. 

B2.10 Secondary Emission Detectors 
(T. C. Shnoneri) 

Secondary-emission detectors (SED's) were 
located at the midplane of each end plug. These 
simple and reliable detectors were used to guide 
machine operation, monitor system timing, es­
timate plug density, and estimate neutral density 
surrounding (he plasma. 

The SED design is shown in Fig. B-19. 
Charge-exchange atoms that strike the detector 
cone release secondary electrons. Ultraviolet light 
also releases secondary electrons, but tests on 2X1IB 
indicated that the charge-exchange component 
dominated. The charge-exchange current incident 
on the detector was proportional to the product of 
neutral-atom density, ion density, and angular dis­
tribution function in the direction of the detector. 
These detectors . iewed a cone that is perpendicular 
to the magnetic axis. Dur ing neutral-beam injec­
tion, most of the neutral particles present were the 
atoms of the beam. !n this case the SED signal was 
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FIG. B-18. Location of the rf probes. 

TABLE B-4. Radio-frequency diagnostics usually monitored. 

Diagnostic 
Parameter 
measured Information gained 

2 lips of east 5-tip probe 

1 channels of tast-end-ian piobe an ay 

2 channels of central-cell probe array 

1 central-cell mid plane, pick-up disk probe 
3 channels of central-cell pickup disks 

4 channels of ballooning pickup disks 
I tip of west 5-tip probe 

2 channels of west-end-fan probe array 

(1) rf envelope at u--c|p, ^ c j p / and broadband for 41 ros 
(2) frequency spectra for 41 us 
(3) wavelength estimate 
Broadband rf envelope for 41 ms at two selected radial positions and 
frequency spectra it these positions for 41 us 
Frequency spectra for 41 ^s. and low frequency ( < I MHz) '.pectra 
for 512 M» 

Broadband rf envelope for 41 ms and frequency spectra for 41 jis 
Low frequency (f < 30 kHz) oscillations in central cell near mid-
plane for 41 ms 
Low frequency (f < 30 kHz) oscillations in these regions 

(1) rf envelope at u.'cip. ^cip- a m * broad band for 4 ms 
(2) frequency spectra for 41 jis 
Same as east-end-fan array 
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FIG. B-19. Secondary-emission detector (SED). 

propor t iona l to the p roduc t of neu t ra l -beam 
t.urrent and ion density. When the neutral beams 
were turned off, most ,,.r ihe neutrals present came 
from background gas impinging on the plasma sur­
face. In this case the signal was proportional to the 
background gas density. By turning the neutral-
beams off rapidly, we could determine the amount 
of charge-exchange current due to background gas 
by normalizing the SED signal to the value ob­
tained during beam injection, when the charge-
exchange current could be calculated fairly well. 

B 2 . l l Neutron-Yield Measurements 
(D. R. Slaughter) 

T w o time-resolved neutron-yield monitors 
were installed on TMX, one on each end plug (Fig. 
B-20J. The design and calibration of these detectors 
{Fig. B-21) are described in Ref. 7. Each recoil 
proton detector consists of a l iquid-hydrocarbon 
scintil lator (NE213). T h e difference in their 
fluorescence decay time was used to discriminate 
neutron- and photon-induced scintillations. T h e 
light ou tpu t was also pulse-height analyzed during 
some runs to obtain the energy spectrum of recoil 
protons. These data were then unfolded to obtain 
the neutron-energy spectrum at the detector loca­
tion. Tha t allowed us to determine the contribution 
of scattered neutrons at the monitor location and 
thus determine the background under plasma-
source conditions. As a result, absolute neutron 
yield could be measured on each end plug with es­
timated errors of ±15%. 

Each monitor was calibrated absolutely by us­
ing a 2.45-MeV neutron source at the RTNS-I 
facility at Livermore, and the change in calibration 
introduced by scattered neutrons in the T M X en­
vironment was determined by a neutron-energy 
spectrum measurement on TMX. In addition, the 
background radiation (due to nearby neutral-beam-

ion dumps) and the charge-exchanged neutrals that 
s t r i ke the v a c u u m wal l s h a v e been f o u n d 
equivalent to less than 5 X i O 9 neutrons per second 
produced at plasma center. 

Absolute neutron-yield measurements have 
been used in conjunction with line-density and 
plasma-length data to determine ov in the end-
plug plasmas. Since <rv is a rapidly rising function 
of the ion energies (at least 3rd order), W ( m a y be 
determined from (rv with only slight dependence 
on the model assumed for the ion-energy distribu­
tion. This calculation w.is carried out for selected 
s^r ts on both end plugs. 

Figure B-22 shows neutron spectra measured 
on July 17, 1980, at the east and went plug:,. Spec­
tral intensify in these data shews that scattered 
neutrons contribute approximate!,• 40% of the 
neutron intensity above 1.0 MeV. The energy 
threshold established for counting was normally 
1.0 MeV, in order to part ial ly suppress the 
monitor 's response to scattered neutrons. 

The dispersion in the peak of a fusion-neutron 
spectrum is due to the Doppler effect resulting 
from center-of-masr motion of the reac "ng ions. 
For D - D fusion, the spectral width due to Max-
wellian motion is E n (FWHM) = 82.7 y/T, (keV), 
where Tj is the ion temperature in keV. Since the 
instrument line shape has a width F W H M of ap­
proximately 200 keV in these data, the broadening 
due to W ; i n the range 4 to 7 keV is not sufficient to 
provide an unambiguous measurement of W s di­
rectly. However, the observed sptctral width is 
consistent with W ; inferred from the } ield. 

B2.12 Vacuum Gauges 

B2.12.1 Fast Ion Gauges. (A. L Hunt) T h e 
fast ion gauges were of the now-conventional 
Bayard-Alpert, nude-ion gauge design. The term 
"fas t" refers to the speed or frequency response of 
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FIG. B-20. Location of the neutron diagnostics in TMX and some typical results of neutron yield measure­
ments. 

the collected ion-current amplifiers. The high­
speed or during-shot-time resolution resulted in a 
low pressure sensitivity, so measurements were not 
possible at pressures much less than Iu"^ Torr. 
These gauges were installed in the central-cell 
region, at locations depending on the central-cell 
c >r.nguration. The gauges were operated with the 
central-cell fields nominally at 5 X 10" 2,10" 1, «md 2 

X 10"1 T. The gaugis were very sensitive to the 2 X 
10"1 T field but the results were usable at the lower 
central fields of 5 X l(T 2and 10" 1 T. 

B2.12.2 Penning Discharge Gauge. (C W. 
Leppdmeier and G. E. Davis) A Penning dis­
charge gauge was installed on the west end of 
TMX. The basic gauge consists of a cylinder with 
two plates slightly separated from the ends of the 
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FIG. B-21. A T M X neutron monitor. The neutron detectors are enclosed within a copper rf shield and a 
soft iron magnetic shield so that the stray 0.01-to-0.02-T magnetic field and the transient rf fields do not af­
fect the enclosed photomultiplier tube (PMT). 

cylinder. The cylinder is held at a positive voltage 
(about 3700 V) with respect to the end plates. A 
plasma discharge is created (by stray electrons) 
along the axis of the cylinder. The plasma density is 
proportional to the gas density in the discharge 
region. Diffusion across the magnetic field lines, 
which are parallel to the axis of the cylinder, sup­
plies a current flow between the end plates and the 
cylinder. The current measured at an instrument 
some distance away will include this ion-drift 
current. There are a number of spurious effect* 
that can also contribute to the measured current. 

Once formed, the plasma may oscillate in a 
number of modes that may have discrete or con­
tinuous frequency distributions. Any change in 
modes can cause a change in ionization efficiency 
because of changes in the spatial distribution of 
current density. In the present gauge design, the in-
hi>.nogen.eous magnetic field of the C magnet em­
ployed appears to have eliminated the pressure-
dependent mode effects that are present in uniform 
fields. 

The gauge was constructed bv modifying a 2-
l/s ion pump (Fig. B-23). The pumps come sup­

plied with titanium structures that arc sputtered by 
the discharge onto the interior surfaces of the 
pumps. These free, active titanium atoms 
chemically pump active gases. To use these pumps 
35 gauges, it was necessary to remove the titanium, 
hence reducing the pumping action that would af­
fect the measured ion currents. The modification 
consisted of removing the magnetron cathode 
assembly and remachining the endplates to 
preserve the original geometry. This conversion 
resulted in a stainless-steel Penning discharge 
gauge suitable for ultra-high vacuum applications. 
Tests have shown the current of this gauge to be 
linear, with pressure in the range 10" 5 to 10" 7Torr. 
A typical plot is shown in Fig'. B-24. 

B2.13 Ultraviolet-Spectroscopy 

B2.13.1 Normal-Incidence Survey Spectro­
graph. (R. Fortner, D. Dietrich, and T. Nash) 
Survey spectrographs were used to identify the 
most important impurities in the plasma. The 
normal-incidence spectrograph was a commercial 
vacuum spectrograph equipped with a 35-mm film 
cassette (see Fig. B-25). It haJ a 1.0-m focal length 
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FIG. B-22. Neutron-energ} spectra measured at 
TMX end plugs. The data were accumulated during 
30 shots on July 17, 1980. 

iind an f/50 (horizontal) by f / l l (vertical) field of 
view; external baffles and a vacuum beam line per­
mitted a i l 2-cm vertical view (along the radius) of 
the plasma and a ±12-cm horizontal view (along z). 
This spectrograph was located on the north side of 
the TMX central cell at z = 0. 

Two gratings were used in the survey instru­
ment to cover different wavelength regions. A 1200 
gr /mm grating, blazed at approximately 1500 A 
(the peak of the efficiency curve is at the blaze 
wavelength in f.rst order) gave a useful spectral 
range of 250 A 10 3000 A with a 0.1 A resolution; a 
600 g r /mm g a t i n g , blazed at 5000 A, covered from 
250 A to 0000 A with 0.2 A resolution. UV sen­
sitive film in 35-mm cassettes was used to record 
the spectrum; typically 800 A would fit on the film 

1: Feed through 
2: Cathode 
3: Anode 
4: End plate 
5: Mini flange 

FIG. B-23. T h e 2-l/s ion p u m p thai was modified 
for use as a Penning gauge. 

for each exposure. A movable baffle was used to 
select various sections of the film so that several ex 
posures could be made on a single piece of film 

A hollow-cathode, platinum-lamp sou rce 8 was 
mounted on the beamline of the instrument; a 45°-
mirror could be inserted into the beamlinc so that 
the well-known platinum spectrum could be re­
corded. By moving the baffle, a platinum spectrum 
could be recorded on the same piece of film as the 
spectrum from the plasma, thus allowing accurate 
determination of wavelength and instrumental 
resolution. (See Table B-5 for a summary of the in­
strument 's parameters.) 
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FIG. B-24. Typical data from the Penning discharge gauge during a TMX shot. 

B2.13.2 Grazing-Incidence Survey Spectro­
graph. (R. Fortner, D. Dietrich, and T. Nash) A 
commercial grazing-incidence spectrograph was 
used to survey the wavelength region from 50 to 
2000 A. with special emphasis on the short 
wavelength (50 to 250 A) region not covered by the 
normal-incidence instrument. A 300 gr/mm grating 
mounted at an 82° angle of incidence and blazed at 
400 A was used in the 2.0-m-focal-length spec­
trograph; the f-number was f/50, which provided a 
2-cm field of view. The instrument's resolution was 

Moveable 
mirror 

Slits 

-TMX 

H 
-Grating 

(Not to scale) 

{-Film 

Platinum 
calibration 
lamp 

FIG. B-25. Diagram of the normal-incidence UV 
survey spectrograph. 

approximately 1.0 A. UV-sensitive plates were 
used to record the spectrum. This instrument was 
also located on the central cell (although not at the 
same time as the normal-incidence survey instru­
ment). 

B2.13.3 Absolutely Calibrated Single-
Channel Monochromator. (O. T. Strand* and S. L. 
Allen) An absolutely calibrated, single-channel 
monochromator was used for initial measu.cments 
on the central cell and, later, the west plug. This 
same instrument was used for impurity studies on 
the Alcator A Tokamak 9 ' 1 0 and 2XIIB.1 1 It was 
developed by Johns Hopkins University, and its 
operation is discussed thoroughly elsewhere.1 2 In 
summary, it is a 0.4-m-focal length, normal-
incidence monochromator that has been absolutely 
calibrated in both wavelength and flux. The ab­
solute calibration was performed at Johns Hopkins 
University and is traceable to the National Bureau 
of S t anda rds . The 510-W, windowless 
photomultiplier is used in the analog mode, with a 
practical time resolution of 70 us. The instrument's 
resolution is approximately 0.2 A, but most ex­
perimental conditions required only l i o l A 
resolution. The system was equipped with 

"Johns Hopkins University 
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TABLE B-5. Diagnostic instruments for measuring plasma UV in TMX. 

Normal-incidence Grazing-incidence 
survey survey Single channel 22 Channel (two) 

Spectral region [A) 250-3000*' 50-2000 300-1700 300-1700*-
250-6000 3OO-1200 d 

Spectral resolution U ) 0-15 1.0 0.15* 0 . 2 e 

l S I f 

Time resolution — — 70 jis 125 /is 

Spatial scanning — — Shot-by-shot Single-shot 

Spatial resolution (radial) — — — 1.6 cm c . 

0.7 a n " 

Calibration (g) (g) Absolutely calibrated Absolutely calibrated 

Detector Film Film Photomultiplier MicroChannel plate 

Location Central cell Central cell West plug Central cell/east plug 

a 1200 gr/mm grating-

6 0 k gr/mm grating. 
cCentral-cell instrument. 

East plug instrument. 
e Maximum instrumental resolution. 

Typical resolution used in experiment. 

^Estimated by cross calibration with calibrated instruments. 

magnetic, electric, and radiation shielding and has 
its own pumping system capable of maintaining a 
pressure of less than 10" 5 Torr. A remote-control 
tilting mechanism allows shot-by-shot spatial scan­
ning of a single spectral line. 

B2.13.4 Absolutely Calibrated 22-Channel 
Monochrome tor. (O. T. Strand* and S. L. Allen) 
A 0.4-m monochromator similar to that discussed 
in the previous section was modified, and a spatial 
imaging detector system 1 3 (5IDS) developed by 
Johns Hopkins University was added, so that 
22 chords of the plasma could be observed 
simultaneously (see Fig. B-26). The 5IDS allows 
acquisition of a UV image of the plasma every 
125 us. \\ should be noted that other imaging 
systems used on pulsed-plasma machines have 
used a rotating mirror, which requires about 5 ms 
for a spatial scan. Because the total duration of the 
TMX plasma is approximately 25 to 30 ms, only a 
few spatial scans could be performed with this 
technique. In addition, these chords are not 
measured simultaneously, so this method is useful 
only in steady-state situations. 

"Johns Hopkins Univ?: Kiry 

Because the SIDS system has been thoroughly 
described elsewhere, 1 3 , 1 4 only a short general 
description will be presented here. Imaging is ac­
complished by using the entrance slit as a one-
dimensional analog of a pinhole camera; each 
position A in the plasma has a corresponding point 

FIG. B-26. Diagram of the 22-channeL grazing-
incidence, UV spectrograph. 
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A' on the detector. The desired wavelength is se­
lected by rotating the grating (using a remote-
control grating drive), directing a monochromatic 
image of the plasma onto the detector. 

The SIDS detector system consists of a pair of 
microchannel plates (MCP's) in a chevron con­
figuration. The MCP's are in essence millions of 
photomultipliers. Twenty-two discrete anodes are 
placed behind the MCP's to collect the charge. Each 
anode has a pulse-amplifier discriminator (PAD) 
and a counter. The data are stored by transferring 
them from the counters to a computer via direct 
memory access. Two such instruments were used 
on TMX, and a system was developed so that both 
instruments could be controlled from a single com­
puter. Data from both instruments were displayed 
and recorded on magnetic tape between shots. In 
addition, Abel or matrix inversions of the radial 
brightness profiles could be performed. 

Table B-5 summarizes the major charac­
teristics of the instruments. 

H2.13.5 Location of the UV-Spectroscopy 
Instruments on TMX. (O. 1. Strand* and 5. L. 
Allen) Figure B-27 shows the location of spec­
troscopic instruments on TMX. Each survey spec­
trograph was located on the north side of TMX at z 
= 0 in the central cell and viewed a horizontal 
chord. 

The single-channel monochromator was used 
from July 1979 to January 1980 to measure the 
central-chord brightness of impurity emissions in 
the central cell. In January of 1980, a 22-channel 
monochromator was mounted on the east plug. In 
March of 1980, this instrument was moved to the 
central cell, where it viewed the plasma from above. 
(At the same time, the single-channel instrument 
was moved to the west plug.) Approximately 37 cm 
of the plasma were imaged on a single shot with 
1.65-cm spatial resolution; two shots were required 
to obtain a complete radjal scan of both halves of 
the plasma. Typically, more shots (3 to 4) were 
used with overlap between the radial scans to in­
sure reliable data and to detect any shot-to-shot 
variations. Both halves of the plasma were 
measured to determine if asymmetries in the emis­
sion were present. 

In April of 1980, a second 22-channel instru­
ment was supplied by Johns Hopkins University. 

•Johns Hopkins University 

This instrument was similar to that owned by 
LLNL but was designed for the high counting rates 
encountered in tokamaks, hence it was suited for 
use on the plug where the brightnesses are usually 
greater. Figure B-27 shows the placement of the 
four instruments in the final configuration of the 
experiment: (1) a 22-channel (high count rate) in­
strument on the east plug, capable of imaging the 
plug plasma in one shot; (2) a 22-channel instru­
ment on the central cell, capable of imaging half of 
the plasma; (3) a single-channel instrument on the 
west plug, capable of shot-to-shot scanning and 
(4) a survey instrument on the central cell, which 
integrates several shots. 

B2.14 Visible-Light Spectroscopy 

B2.14.1 Spectral ^jrvey of the Central-Cell 
Plasma. (A. M. Frank, C. A. Anderson, and M. P. 
Paul*) An electronic spectrograph covering the 
range 370 to 690 nm was used to survey the visible-
light spectra of the TMX central cell. The plasma 
was viewed through a 6-in.-diam achromatic lens 
directed up through the central cell one pitch west 
of center The spectrometer used a modified half-
meter monochromator, and the signal was detected 
with a microchannel-plate (S-20 photo cathode) 
coupled through a phosphor to a linear array of 
1024 silicon diodes. The array was read in S ms by 
a microprocessor with a 10-bit A/D converter. 
Ba kground levels were subtracted by the 
nlieroprocessor and data were sent 10 a video dis­
play. Data could also be sent to an x-y plotter or to 
punched tape. Punched-tape data were smoothed 
and plotted by another computer system. 

Using a 600-gr/mm grating in the first order, 
the system covered 500 A with a resolution 
(intensifier-limited) of 30 A. Wavelength calibra­
tion with a mercury source and known deuterium 
lines allowed snectral calibration to better than 
±5 A. 

Figure B-28 shows a composite of 10 spectra 
covering the spectral range of the instrument. In­
tegration time was 25 ms when the data were taken. 
Note that the double peaks of Da at 464 nm are 
fluctuations from the computer smoothing of the 
saturated detector. Also note that the individual 
spectra used in the composite were taken over two 

'Alcorn State University, Lorman, MS. 
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FIG. B-27. Location of UV diagnostics on TMX. 

days running of TMX with varying machine condi­
tions. Consequently the intensities of lines in the 
composite can only be compared when they occur 
in the same individual spectrum. 

The results of the survey indicate the presence 
of molecular N 2 bands at A = 646.8 and 678.8 nm. 
The brightness of these lines was correlated with 
the N 2 level of the residual-gas analyzer (RGA). 
The band at 646.8 nra was the strongest, u p to 10% 
of h.>- Da emission. T h e D a and total light emis­
sions from the eas t -p lug plasma were also 
monitored through the optics of the Thomson-
scattering system. 

B2.14.2 Doppler Broadening of Visible 
Light. (A M. Frank) The instrument for measur­
ing Doppler broadening of visible light sampled the 
central cell 60 cm west of center. A 300-mm-diam 
lens focused the plasma light through a spectral 
line filter onto a 1-mm field s top. A second lens 

collimated the light before it passed through the 
Fabrey-Perot etalon into the photomultipiici tube 
as shown in Fig. B-29. The etalon was scanned 
piezoelectnca'ly at a rate of 2.5 to 3 ms per free-
spectral range. The plate spacing of the etalon was 
0.2 mm, giving a free-spectral range of 5.49 A at 
4686 A. The instrument line width was determined 
by scanning the 4880 A line of an argon laser. The 
line width was dependent on aperture and scan 
rate, and degraded rapidly at sweep times less than 
2 ms. At 3 ms per free-spectral range and for a 1-
cm aperture, the finesse of the etalon was 8.25, giv­
ing an instrument line width of 0.67 A. The instru­
ment width was subtracted in quadrature from the 
measured line widths. The minimal resolvable 
Doppler temperature for the helium He II line 
width was 15 eV and for the hydrogen Hg line 
width was 7 eV. 

B-26 



~ 15 

Wavelength, A {100 A) 

FIG. B-28. Composite spectrum of visible emis­
sion from the central cell taken over two days of 
running. 

The Doppler full width between the two half-
maximum-intensity points (FWHM) of the spectral 
emission line is given by: 

.AX, = 7.16 X 1CT7 A f T ^ A ) 1 

A. 
\ - wavelength of the observed transition in 

T, = temperature of radiating species in K, 
A = atomic weight (2 for deuterium). 

The Doppler width was measured in the TMX cen­
ter cell by scanning across an emission line with the 
Fabrey-Perot etalon. Measurements of helium 
4686 A, He II (He II ionization potential. 54 eV) 
line widths gave temperatures up to 95 eV (Novem­
ber 29, 1979), whereas deuterium 4861 A, D 
(deuterium ionization potential, 13.6 eV) gave 
33 eV (December 5 and 6, 1979). These tem­
peratures are in the expected range. 

B2.15 X-Ray Instruments 
B2.15.1 Time-Integrated X-Ray Cameras. 

(C. A. Anderson) Time-integrated photon images 
were obtained with muluple-image pinhole cameras 
located on the west plug and central cell. 
Schumann-type film in these cameras rerjrded up 
to eight images per shot through different filters. 

The contour plot of the brightness of the west 
plug shown in Fig. B-30 is as expected and agrees 

with similar data from 2XIIB. The radial profile (in­
verted brightness) of the central cell also shows the 
expected hot core. These data were obtained from 
images which were recorded through A000-A to 
10,000-,-f beryllium and carbon filters. The relative 
brightness of the images through the different 
filters indicates that they were produced by 50-eV 
to 100-eV photons. Other TMX diagnostics in­
dicate that these images may be produced by line 
radiation from O v a n d O V I . These data provide in­
formation about the symmetry and uniformity of 
the hot plasma. 

B2.15.2 Time-Resolved X-Ray Camera. 
(H. A. Koehler, L. B. Oik, and C. E. Frerking) An 
imaging system that provides high sensitivity, time 
resolution with a 1-ms frame rate, and instant data 
display was used on the central cell. This system 
consisted of a camera with a 50 X 50 array of 
photodiodes, high-speed memory, and a 
microprocessor. It had a pinhole, filter fiber-optic 
(FO) coupler, microchannel plate intensifier 
(MCPI), and FO reducer (reduction was 2.5:1). The 
15-mil-diam pinhole provided 1.9-cm resolution at 
the plasma location (pinhole-limited). The camera 
(Fig. B-31) had a 55-cm-diam field of view located 
slightly west of the midplane of the central cell of 
TMX. 

The spectral region recorded could be selected 
by installing Be (0.4, 0.8 /im), Al (0.2. 0.4 )im), or 
LiF filters in the filter wheel (five locations were 
available). A light-emitting diode (LED) was used 
in dry runs to check the proper operation of the 
system; it occupied one of the openings in the filter 
wheel. A layer of sodium salicylate on the FO 
coupler converted x rays and UV photons to visible 
photons (approx 4500 A) at a relatively high and 
uniform quantum yield (10%) The MCPI, with an 
S-25 photocathode and P-46 anode, provided a 
gain of approximately 150 with no loss of spatial 
resolution. The FO reducer coupled the 18-mm-
diam MCPI to the 0.5 X O.S-cm, Si-photodiode 
array. The variable gain of the MCPI (1 to 106) 
greatly enhanced the UV/x-ray sensitivity of the 
imaging system. 

The camtra was calibrated in digital values 
(counts) versus energy per pixel or resolution ele­
ment. Also, the exact field of view of the camera 
was measured for the central cell. 

The images obtained with the camera were 
digitized (3.3 MHz) and stored in a large, high­
speed memory. Exposure time, number of ex­
posures, and the start of the first exposure could be 
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FIG. B-29- Diagram of the diagnostic for Doppler broadening of visible-light. 

varied. The minimum exposure time (temporal 
resolution) was determined by the time gate of the 
MCPI. The minimum framing time and thus the 
maximum number of frames was fixed by the 
readout time of the photodiode array, i.e., 0.9 ms. 
The memory could store 45 images. 

A local microprocessor could process and dis­
play the data instantly. Raw data and data with the 
background subL, 'ted (background frame taken at 
-5 ms) could be presented as dot plots, frequency 
plots (histograms), and intensity plots 

(row/columns). Ordinarily, the intensity was scaled 
automatically in 36 steps Any one to four frames 
could be selected from memory and stored on a 
Floppy disk for future referer .e. The data stored on 
floppy disks could then be further processed on 
another computer system. Pseudo-color plots, color 
contour plots, and three-dimensional plots could be 
obtained from the raw data, as well as from any 
desired arithmetic transformation of the data. An 
Abel inversion could also be made on the processed 
data. 
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20 cm 

FIG. B-30. Contour plot of the x-ray brightness 
of the west plug. 

Figure B-32 shows cross sections of plasma 
images obtained with and without a 4000-/J Be 
filter, which blocks off x rays with energies less 
than about 50 eV- The differences between the 
cross sections suggest strong UV emission from the 
boundaries of the plasma and a shell surrounding a 
hot central core. The l/e radii of ihese two images 
are 13 and 17 cm respectively. For comparison, the 
radius of the central-cell plasma measured by 
beam-attenuation detectors was 21 cm. These 
measurements indicate good up-down symmetry 
and that the central-cell plasma is centered about 
2 cm below the geometrical center of the machine. 

B2.1S.3 X-Ray Spectrometer. (J. P. Stoering, 
G. A. Burginyon, H. D. Snyder, A. TOOT, C. An­
derson, R. Crabb, M. E. McGee, and P. 
Poulsen) A medium-resolution (about 0.1 keV), 

reflection-refraction spectrometer,15 which allowed 
spectral diagnosis of bursts of x rays from about 
0.5 keV to 8.0 keV, was used to measure x rays 
from the east-plug plasma. 

The spectrometer is illustrated in Fig. B-33. In­
cident x-rays accepted by the collimator-stit system 
pass through a selected filter and a thin light barrier 
before being reflected at grazing incidence from a 
polished vitreous-carbon mirror to the face of a 
fluor-photomultiplier tube detector. The 
photomultiplier tube was optically bondtd to a thin 
(about 0.3 mil) NE102 fluor. A thin scintillator was 
chosen to minimize neutron background. The angle 
of the detector was kept small enough (less than 9° 
with respect to the reflected beam) to guarantee 
100% absorption of all x rays of less than 1.5 keV 
reflected by the carbon mirror. Any x rays below 
about 0.17 keV were reflected from the detector 
and undetected. The cur rent from the 
photomultiplier wa< a direct time-dependent 
measure of the contents of a selected energy band 
from the incident spectrum into the scintillator. 
The lower- and higher-energy cuts of the x-ray 
band were determined by the appropriate filter 
selection and carbon-mirror angle, respectively. 

As Fig. B-33 shows, the carbon mirror and 
detector were mounted on separate goniometers 
(rotation stages). The detector's goniometer rode on 
a translation stage to maintain the proper 6 to 20 
geometry for various settings of carbon-mirror 
angle. In addition, this translation stage could move 
the detector in and out of the x-ray beam to deter­
mine background emissions. Both goniometers, as 

Signal 
control 

A/D 
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- Video analog 

-50 X 50 Si Photodiode array chip 
1 Fiber-optic reducer 

- MicroChannel plate intensifier 

FIG. B-31. Diagram of the time-resolved x-ray camera. 
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FIG. B-32. Plasma-image cross section with a 
•1000-.-1 Be filter (a) and without a filter (b). 

well as the translation stage and filler wheel, were 
remotely ton trolled. Angular settings were accurate 
lo ± 0 . 0 1 ' . and the translation stage could be sel to 
within 0.02% of full travel (aboul 12 pm). 

ta r ly TMX experiments confirmed that our 
measured signals were indeed x rays, with no op­
tical ur UV contribution. The possibility of a UV 
contribution was eliminated by experiments using a 
LiF filter opaque to \ rays but transparent to UV 
below 10 eV. In combination with an experiment in 
which one x-ray bin was gradually closed to x rays 
by increasing the carbon-mirror angle, these ex­
periments provided final confirmation. 

All spectrometer measurements were nor­
malized to signals from a four-channel x-ray detec­
tor. Three x-ray channels incorporate filters having 

lower-edge-transmission half values at 0.65, 0.75, 
and 0.95 keV. The remaining channel, having a 
thick filter (black to x rays) was used as a shot- to-
shot neutron monitor. 

B2.16 Plasma Calorimeters (R. 5. Hornady) 

Calorimeters were used at a number of places 
in TMX to measure power loss. Each of these 
calorimeters was a l b - c m 2 copper disk, 0.025-cm 
ihick, with a precision thermistor and calibration 
resistor affixed to the back side with thermally con­
ducting epoxy (Fig. B-34). The calorimeters were all 
calibrated by discharging a capacitor storing a 
known energy. T h e resistance of the calibration 
resistor was large compared to line resistance, so 
line losses were negligible. The discharge time was 
short compared to the thermal time :onstant of the 
calorimeter, so the thermal loading was similar to 
that from ihe plasma. The reflectance of the surface 
for charge-exchange atoms and radiation was un­
known and varied, because the surface was not 
shielded from the getters, which covered the sur­
face with sublimed titanium The calorimeter 
system was calibrated frequently, since the ther­
mistors are nonlinear devices and calorimeter tem­
perature varies when getters and liquid nitrogen 
liners are usi'd nearby. The sensitivity was ade­
quate to measure appruximati ly 0.01 J/cm~ It is 
expected that the error is on the order of 30% lo 
50%. 

Cnergy ! o ^ to lh<- i .-nlral-iell walls of TMX 
wdb measured with an array of eight u lor imeters . 
Four were located 52 cm west of the midplane and 
equally spaced a/imulhally at 52-cm radius. Three 
more were kualed on the same radius hut 21 cm. 
122 cm, and W3 cm east of the midplane The last 
calorimeter was 13 cm above the centerhne and 
1^8 cm east of the nudplane. above the flat part of 
the plasma fan. 

Another series of calorimeters w<«s located on 
the jaws (facing the plugs] of the east and west gas 
boxes (Fig. B-35J. A single calorimeter viewed the 
Yushmanov region of the east plug. An array of 12 
calorimeters was located on each end wall to 
measure the radial distribution of end-loss power. 

From these calorimeters the energy-loss rate 
from the plasma to the central-cell wails, tu the gas-
box jaws, and to the end walls was determined. 
Most of the injected power was found on the end 
walls. The loss to the central-cell walls depends 
strongly upon the nature and amount of gas fueling 

B-30 



X-ray slits 

Weight 150 lbs 
Length 5 ft 

Vitreous carbon mirror 

Rotation stages 

Scintillator mirror and 
photomultiptter tuba 

Translation stage 

FIG. B-33. Double-reflection x-ray spectromeler (DREX). 

used (i.e . gas box or putfer ). In recent ga*--
box operation, approximately 20 kW wa lost to 
the walls ot the central tell, 2.5 kW to the gas-box 
jaws, and 100 kW to each end wall. The total 
trapped beam power was approximately 300 kW 

B2.I7 Pyroeleciric Detector (W L Barr) 

The pvroelei trie detector measured the ab­
sorbed fraction ol the total incident power flux 
which consisted ot photons tmd charge-exchange 
neutrals. Because of the black chrome plating on 
the detector, the absorption of photons should be 
nearly complete (about 80%). The energy absorp-

Copper 
plate 

Mount nq 
screw 

Cpramic I 
standoff - 1 

FIG. B-34. A typical TMX calorimeter. 

tion from D1 , 1 dep-nds on incident energy I For H 
T or He on C u. energy absorption vane*, tr *m o0% 
at 50 eV to SO'v at 400 cV » The pyroelec^ra has 
last response and is rugged simple and not af­
fected by magnetic field or gravity its weak point1-
are that it is very sensitive to microphonics to 
<. barge-up ot it-- surtau's and to cap<icitive cou­
pling tu its surrounding*-

The detector was mounted on the bottom ot 
the central cell about I ot> m from the axis of the 
mac bin.*, and viewed about a 30-cm length and 
width ot pLsma Calibration with a high-intensity 
lamp that produced 5 W-'cm "showed that the lead-
/irconate-Iead-titanate (PZTl ceramic detector gave 
10 nA per absorbed W. c m 2 The current-to-
voltage (1-V) converter had a gair. of 2 X 10°V7A, 
giving a hnal calibration factor of 002 V/VV cm" 2 . 

The equivalent circuit of the detecto: is a 
current source in parallel with the capacitance, C. 
ot the detec.or An I-V converter produces a 
voltage proportional to the he** f lux. The advan­
tage of the I-V converter is that its low input im­
pedance allows it to bt located far from the de­
tector. Then, a series resistor, R, at the input to the 
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FIC. B-35. Locations of the four gas-box calorimeters, showing small holes for thermal isolation and stain­
less steel shields. 

1-V converter u n provide filtering by controlling 
the response time : = R C | n On TMX. C i n was 
almost entiii'lv Jut- t 
tor the deteitor Tht 
isoiati- the I-V ton\ 

> the table , imc C = 150 pF 
series resistor also rerved to 

•iter fn;"Ti C _ which would 
tend to i <su 

I he t \ 
BNt connr 

,mio;inti 
had toh 
ot tht 
pruJik i 

nverier to osc iliate 
.. vlinJrn ,tl Jetei tors were cemented to 
'n-it..r«- *.:* siluiir. rubber, whuh gave 
i, i*-i'l.i:infi .m i also shielded the signal 

- : t .u ' . ur: I-.* Nint> the signal tur r tn t 
1 • .inK K1 n \ IV - im - the signal lead 

kvell -hielJed tfom plasma Also the sides 
]mdi;s irnded to become charged and 
it»se This tharging v%as apparently the 

work on lite end 
sides makes a 

("• mm h more 

reason that the den,, tor did no 
wall Solid sru-ld.ng or th 
met ha meal iuuphng and g 
microphonic noise 

Normally the si^n-ii was not detectable on the 
pyroelectrii dele*, lor [less lhan 04 W tm~* De­
tectable signals were usually obtained un the tir*t 
tew shots or the day or before tooling the liquid 
nitrogen (LN) liners Because the vaiuum improved 
on July 15. I°bO, we were able to observe that the 
pyroelectrk signal decreased into the noise level as 
indicated in Table B-o. This behavior indicates that 
the pyroelectric deteLtor signal is related to machine 
vacuum conditions. 

B3. TMX OPERATING 
PARAMETERS 
B3.1 Neutral-Beam Calorimeter 
(R. H. Mun%er) 

Calorimeters were raised to the center of each 
plug when needed to determine ihe delivered 

power, focus, and aim of each neutral beam Figure 
B-^o shows a face of one of these calorimeters. 

Incident neutral-beam power was indkated by 
the temperature rise of a rectangular copper plate 
110 by 40 cm) facing each ',roup of beams 
Cooling-water flow was stopped before calorimeter 
shots, and the temperature rise was measured The 
calorimeter was divided into two sections an inner 
plate and -n outer plate The r i t 'n ot incident 
power on these two plates was u d as a figure ••)'• 
merit tor beam toi us 

The distribution ot the beam over the plate 
was monitored by a last-sun beam-profile 
mon i to r 1 " that scanned the signals from 45 
seiondaty-elpi iron-emission buttons KK -ited 
behind beam-sampling holes m the copper 
calorimeter plates This sun i\as repealed at : re-
^uent intervals during t h " beam pulse Th« 
calorimeter plate was accurate^ positioned in the 
plug by means of a lead screw turned by a stepping 
motor controlled by a digital counting unit 

TABLE B-b. Pyroelectnc-detector data on July 
15, 1980. 

Imcr-. 
Central-cell pressure 

(Torr) 

Pyroelectric-
detector signal 

( W c r r r ) 

Warm 4.2 X 10" ' 

V. *rm 3.7 X 10~ 7 

Cool 1.0 X J O - 7 
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FIG. B-36. A neutral-be'm calorimeter. 

J 

B3.2 Neutral-Beam Voltage and Current 
(R H Munger) 

Two neutral-beam operating parameters were 
read by the TMX ura^.ioshi computer acceleration 
voltage {\ d l l ^ | ) and acceleration current ( I J l t P j ) 

The \ f

M , .jsignal was obtained ;rom a "000-tu-
1 voltage divider connnected to (he cathode of the 
series-regulator tube. Current from that poir-t was 
ted to the first d<celerating grid of the injector by 
way o l the leads to the ion-source filament. 

The l J L l t . | signal came from a current trans­
former through v h i t h the accel lead passed The 
transformer mr<\ <i«- used on TMX at 250 A. V was 
adequate !or the 25-ms pulse but not fur a longer 
pulse 

B_V3 Magnet Current (U A. Goeri) 

The ..ml current was measured by noncon-
tacting dc current transducfors a the power sup-
plif.-. The representative voltage signals were sent 
over foil-shielded twisted-pair cables to the conirol 
room, where they were electrically isolated from 
other control-ioom signals. The limit of the fre­
quency bandwidth V\MS set at 100 Hz at the analog-
voltage isolation stage The current signals were 
recorded by the magnet control computer and were 
monitored by the magnet safety chassis to ensure 
proper operation of the magnet system. The signals 
were then passed through another isolation chassis 
before being digitized in a data logger. 

B4. TMX COMPUTER SYSTEM 
(W F Cummins it ml }. F. Clanger) 

A distributed computer lability acquired, 
managed, and analysed the data from the T M X ex­
periment The system consisted ot three c imputer? 
(as shown in Figs B-37 and B-3SI with the follow­
ing responsibilities 

• TMX Exec processor This computer was 
the system executive or supervisor and performed 
tasks of data reduction and data-hjse management. 
C ther computers in the TMX svstt-m sent their data 
to the E M C for storage processing, and output . 

• TMX diagnostics This computer was 
responsible for acquiring and archiving diagnostic 
data. The data was sent to the Exec via a high-speed 
parallel lin!,. 

• TMX off-line development and analyses. 
This processor is used for software development 
and data analyses. T h e T M X system was also 
linked to the Beta II computer to provide both ex­
periments with a degree of equipment backup and 
U- provide extended processing capability in case 
overloads occur on one of the systems. 

B4.I Data-Base Management System 

Drawing on our experience with the 2X1 IB ex-
pei .ments. we designed a data-base management 
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FIG. B-37. Schematic of the on-line computer system for TMX. 

system foT TMX/Beta II that performed the follow­
ing tasks: 

• Retrieved data from satellite computers, 
stored it on large disk volumes, and generated a 
permanent tape archive. 

• Provided user control of the data-base 
management system. 

• Provided for access to and use of the data 
base through a system of internally linked journal, 
raw-data, and processed-data file structures, and a 
library of programs and utility subroutines (par­
ticularly graphics). 

• Provided for automatic intershot data 
analysis and display. 

• Supported a data- input rate of 1.7 X 10° 
bytes per shot. 
The principal components of this system were: 

• Data acquisition system responsible for 
acquiring and archiving all data. 

• A u t o m a t e data-processing system, re­
sponsible for automatically reducing and display­
ing data between shots. 

• Processors—individual programs that 
reduce and display data, run by the automatic 
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FIG. B-38. Schematic of the off-l ine computer system for TMX. 

protesting system or in off-l ine, interactive, or 
batch mode*. 

• Data retrieval and analysis system, for in­
teractive data retrieval, analysis, and graphics. 
User programs and subroutines are provided to 
retrieve data Irom journal, processed-data. and 
raw-data hies. Using appropriate system contmls. 
the journal and processed-data files may be 
modified. 

This data-base system was designed to be 
relatively open, with security measures applied 
only where necessary to pro tec! the prime data. 

B4.2 Configuration of the 
System's Software 

The T M X computer system was set up to 
provide for :apid data acquisition and intershot 
processing, as well as to provide convenient access 
to the data base. Through experience, we evolved a 
system for data flow to effect these features. The 
data base is composed of three types of files: raw-
data files, processed-data fiJes, and journal files. 

The data-acquisition system acquired the data 
at direct-memory'access ( D M A ) speed via a 

C A M A C parallel-bran*.ii highway (and a variety of 
other interface.-.), and wrote the raw diagnostic data 
directly onto the raw-data file, along with the 
associated diagnostic parameter The subsequent 
processing or the da'a occurred on several levels. 
First a series oi programs called pr imary 
processors read data from the raw-data files for 
each diagnostic and produced numbers in physical 
units that were representative oi a g iven 
diagnostics measurement oi the plasma. These 
results were then written to the processed-data file. 
Next, several layers oi secondary processors read 
data from the processed-data files. These results 
were accumulate i onto the processed-data file. 
Therefore, the system was ijiuduiar, >o cGiVipieX 
calculations that required data from more than one 
diagnostic and/or preceding calculation could be 
made. In this way. calculations could be performed 
to any degree of complexity, and the results could 
be available between shots. Moreover, additional 
processing could be performed later and the results 
added to the processed-data files. Once the raw and 
processed files were in some sense complete, they 
were archived on magnetic tape. 
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B4.3 Computer Graphics 

The following types of graphic* output were 
available on TMX: 

(I) A certain amount of graphics hard-copy 
output was required during intershot processing. 
Speeds of plotting hardware (video terminals and 
hard-copy units) limited the number of graphical 
outputs at any one time, so outputs were selected to 
suit the t u i r e m experiment. 

12) Both hard- and soft-copy graphics were 
available between shots upon a user 's request to the 
computers. These were displayed on different 
graphic!, terminal**, and could be used lo obtain 
graphical outputs not included in (1) above. 
Graphical outputs could be thus produced from 
rat*, or processed ddla files that were still on disk 
(typically the preceding 20 shots). 

(3) A complete set of graphical ou tpu t s and 
Jala tabulated in standard form" was available 
(usually by the day after it was acquired), bound in 
no tebooks These books are useful for quick access 
to data for any shots in the history of the machine. 
Additional "non-s tandard" graphical and tabulated 
ddla can be added to this reference library upon a 
usi'i s request. This library is essentially a comple­
tion of (I) above. 
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Appendix C. 
Predicted Central-Cell 
Confinement in TMX 

Cl . S U M M A R Y 

This appendix contains formulas used to 
evaluate TMX experimental data on central-cell 
confinement described in the main part of this 
report. 

A n expression for (n r ) c , accurate to ± 2 5 % for 
all T M X plasmas with 0 t . /T j ( . £ 1, is (in c m " J - s ) : 

<nr) ( = J7.4 X 1 0 1 0 T V 2 0 C ( y ) ' " 

2n c L c R t . 1 0 C 

in 

A more complete and accurate expression is 

(nr) i = 12.45 X 10'° T ^ ( 4 ) ' " 

X H I R ^ K ^ ) + l O - f j r ^ j e x p ^ , 

in which 

x J + 0.25 
K(x) - x + 0.5 

(2) 

(3) 

and 

IH(R C ) ]" ' = | C < R c ) | - ] 2 K (j±) exp ( - ^ 

• n a n - ( - # ] • • 

G(x) = ^— In (2x + 2) . (5) 

In the above equations. 

T i c = central-cell ion temperature (keV), 
A = central-cell ion mass (AMU), 
R t = full central-cell mirror ratio ( B m / B c ) , 
«/>t = electrostatic-well depth (keV), 
n t = centrai-cell density (cm" 3 ) , and 
L t = central-cell effective length (cm). 

Equation (5) assumes R = 2, where R is the ratio 
of the magnetic field at the mirror to that at the 
end-cell midplane ( B m / B ). The following sections 
trace 'he historical development of the confinement 
formulas. 

C2. TMX PROPOSAL 

The TMX proposal1 gives an expression for 
the Pastukhov confinement parameter: 

(nrL 10" TV 2 0C e x p y 1 (6) 

The units are keV and cm" i • s. Th i s expression 
does not include short-mean-free-path effects. It 
also .^gleets mirror-ratio effects and is inaccurate 
for </,/T g 4. 

O . THE PASTUKHOV TERM 

A complete Pas tukhov- type solution to the 
tandem mirror problem is given by Cohen, et a l . 2 

Neglecting impurities, the expression they obtain 
(in cgs units) is 

«"•)„ (nr) 0 Y G(R) — -i£) 
W c / 

(7) 
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In this expression. 

T¥' 
<•">„ ire 4lnA. ; 

(8) 

The value of In AJJ used in current Fokker-Planck 
c u c ^ i s J 

InA. = In 

(9) 

where nij is in AMU, T is in keV, and n p is in cm -. 
Tht' function 1 is" 

Kx) + T V'x «F (f )[l - erf (^ ) ] 

An adequate approximation to I is 

UM 

(10) 

(11) 

Thi*« expression should give accurate results for 
0 / T > i,: with *. % I. 

If the peak of the plasma potential occurs at a 
magnetic mirror, the mirror ratio R enters Eq. (7) 
directly. Neglecting impurities, C(R) for ions is 
given by-

(R + n 
Q R ) = R — Ln<2R + 2) . ill) 

However, in TMX the potential peak is at the end-
tell mid plant. There is no single mirror ratio that 
turifi .ponds to the Pastukhov losses. These losses 
include angular scattering (mirror ratio R,J and dif­
fusion in energy (mirror ratio R t./2 for R = 2). 
Cohen-"1 has derived a physically plausible expres­
sion for G(R) in TMX: 

|H(R)1- ' = [ Q R j r » 2 K (£A expfrTr) 

[The designation H(R) is used to avoid confusion 
wi thG(R) . ] Figure C-1 shows H(R) as a function of 
</>c/Tic for several values of R c . 

To evaluate Eq. (7), we note that In \ j ; = 18 
for T M X to within 5% [Eq. (9)] over the range of 
normal T M X parameters. Th is gives (keV, A M U . 
c m - ' - s ) 

/ A \ 1 / 2 

(n7) 0 = 2.76 X 1 0 1 0 ^— j T V 2 (14) 

By combining Eqs. (7) and ( i4) and replacing G(R) 
with H(R), we obtain 

( n r ) p = 2.45 X 1 0 1 0 T ^ 2 ( 4 ) 

X H(R t ) : = - expl-^—1 
it V it / 

1 + \w) 
2<1>C 

(15) 

This can be written more simply by defining 

x 2 + 0.25 
K(x) x + 0.5 

FIG. C-1. H(R) versus <pt/TK for R p = 2 and R c 

= 10, 20, and 40. 
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to obtain 

( n r ) p = 2.45 X 10 ' ° n 2 ( ^ - ) 

X H(R C ) K f r ) e x p (j~) • (16) 

Figure C-2 shows K {<1>JTK) versus '/' t/T- | t.. The 
product H(R) K I . / J / T ^ . ) is shown in Fig. C-3 . 

For approximate purposes, since H X K = 
3 * , / T i ( to within 25% for I < I ' ^ / T ^ < 5. we ob­
tain 

,„ , , / A \ l / 2 ^ / * , \ 
( n r ) p = 7.45 X 1 0 1 0 1\' \^) — exp \=f~) 

(17) 

This is accurate to ±25% for all relevant TMX 
data. A more precise evaluation must use Eq. (11). 

C4. COLLISIONAL EFFECTS 

As Rognlien and Cutler have shown." 
collisional effects arc also important in TMX The 
collisional confinement (in cgs units) is 

_ y ' r n c l t R^ A * c _ \ 
( n r , F " ( 2 k T i c / m i ) ^ R p

 e x P \kTj (18) 

Using keV, AMU, cm" 3 , and cm. Eq. (18) is: 

l n ,">F = 1 ( r " ( J / A ! 1 / 2 R^ e x p (t) 119) 

As also shown in Ref. o, the sum ot Eqs. ( lb) and 
(19) gives (n r ) ( in all confinement regimes. This ex­
pression is used in the summary above. 

In the presence of a potential, Eq. (19) is 
correct. However, as ^ / T ^ approaches zero, the .f-
fective mirror ratio doubles for R = 2. In Eq. (1"), 
R (./R should be replaced by an effective mirror 
ratio given approximately' by 

R (>-t) 
X exp 

\ T k iRp : »>) 

For d'l cases ol interest in TMX. we may take R.j 
R. /R., 

FIG. C-2. K(0 t yT i c ) versus (^/T,,.. 

FIG. C-3. The product H(R)K(0 c /T i c ) versus 
0 C / T i c for R p = 2 and R c = 10, 20, and 40. The 
dashed line represents HK = 3 <ftc/T l c. 
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Appendix D. 
Radial and Axial Weighting Functions 

D l . INTRODUCTION 

This appendix describes some calculations 
that were too lengthy to be included in Sec. 5: the 
radial and axial averaging needed for physical and 
diagnostic reasons; the equations used to evaluate 
the axial weight ing factors f 1 and f 3 in Eq. (1) of 
Sec. 5; and f inal ly , the neutral beam density, which 
was important for Fig. 5 -8 . T h e weight ing factor f 4 

converts a k n o w n gas f lux into a loss rate, but w i l l 
not be considered here, since it is not needed. 

T h e plasma ions have a s i gn i f i can t L a r m o r 

rad ius (T| -- 2 cm) . Jn a d d i t i o n , t hey b o u n c e back 

and f o r t h be tween the magnet i c m i r r o r s . T h e actua l 

i on c o n f i n e m e n t resul ts f r o m the in te rac t ions that 

o t c u r t h r o u g h o u t the v o l u m e t raversed by the i on . 

For th i s rt s on , one s h o u l d average the processes o f 

f u e l i n g and loss ax ia l l y over a d is tance that in t ludes 

the t u r n i n g po in t s of mos i o f the ions, and rad ia l l y 

ove r .it least one o r b i t d iameter . In a d d i t i o n , the 

p lasma-dens i t y d iagnos t i cs de te rm ine the average-

dens i t y w i t h i n the p lasma a i r e more accurate ly 

than they de te rm ine ih*» dens i t y o n cen ter l ine , and 

th is also en tou rages radia l ave rag ing I n the f o l l o w ­

i ng , we a v e r t e d ax ia l l y over the p lasma dens i t y 

(. ' • folding l e n g t h and r a d u l l y over a o -cm rad ius . 

W e assumed the radia l average was independen t of 

the ax ia l average I n a d d i t i o n , the radia l l ine-

dens i t y p ro f i l es pe rm i t the p lasma-dens i t y p r o f i l e 

w i t h i n a o - u n rad ius to be f lat s l i gh t l y peaked, or 

s l i g h t l y i nve r ted . W e assumed that the p lasma-

dens i t y p ro f i l e is f la t fo r purposes of ave rag ing 

T h e ax ia l w e i g h t i n g fac tors were c o m p u t e d b y 

i n t e g r a t i o n over the p lasma leng th . T h e app l i ca t i on 

of these factors is to evaluate the C o u l o m b dens i t y 

l im i t , w h i c h is l o g a r i t h m i c a l l y insens i t i ve to thei r 

e x a . l va lues. W e express the ax ia l p l asma-dens i t y 

p r o f i l e as n g , ( / ) ,md the neu t ra l -beam dens i t y 

p r o f i l e as n^g-,1/). W e have measured b o t h axia l 

p ro f i l es . T h e data f i l we l l i f we assume g | (z ) = exp 

(-z-/(~l in w h u h t is a p p r o x i m a t e l y 13 c m for the 

east end cell and 18 cm fo r the west end cel l . T h e 

f u n c t i o n g i l z ) is de f i ned in Eq. (7) . W i t h these 

d e f i n i t i o n s , we have 

J V i l i n nun_ - nv I i i n n^n, r i - 7 V i , m

 n h ' 

a n d 

V'P V 

X J f g j (7 ) g : { / ) dz (1) 

" V . - Y n h n , b " r 

g . l / l g,(z) d / 

' / r T J K ^ ' - I 
« ! ' • 

W e eva luated f j and f , for the data p lo t ted in 

Fig. 5-8 to o b t a i n | \ i} = 0 ~ T h e u n c e r t a i n t y in 

the C o u l o m b dens i t y l im i t r esu l t i ng f r o m the u n ­

cer ta in ty in f-, t , is sma l l compared to tne o ther u n -

te r ta in t i t ' s . 

T h e n e u h a l - h e a m dens i ty a long the rad ius and 

the axis must be eva lua ted , and the rad ia l average 

t a k e n , to o b t a i n the C o u l o m b J e n s i l v l i m i t 

descr ibed above In the absence ot p lasma, the d e n ­

s i ty ot neu t ra l - beam atoms as a l u t u t i o n ol l i e igh t 

( v i and {/) h i v /) i -

n, h ( v . / ) = 
* C7T w c | V,, 

M . ( $ ) ~ r ( - S ) «3) 

In T M X , we f o u n d w ^ 3 c m AX\3. q ^ 18 c m . T h e 

neu t ra l - beam c u r r e n t . 1^,. is in equ i va len t A . a n d the 

ve loc i t y of the beam atoms V| v is 1 I X 1 0 h e m ' s . 

T h e peak dens i t y o f neu t ra l - beam a toms is 

• = 'b 
n b eir VL, w q " 
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If a plasma is present, the local density of neutral-
beam atoms has been attenuated by the plasma 
along the linc-of-sight of the beam. It is 

h(x. y. /) = exp ( - ^ ) exp ( - ~ ) 

X exp f - J n(.(x) dxrr) (4) 

In this equation n(.(xl is the electron density along 
the beam path to the point, and n is the effective 
iro'-s section for neutral-beam attenuation. (For 
TMX. A = 1,54 X 10 I 5 . ) We have evaluated the 
radial average of the neutral-beam density at z = 0 
as 

/ Ind lA 
n t, = n h exp I - 2 J F • <5> 

T h e q u a n t i t y J n d l is t he l ine d e n s i t y a l o n g a cen t r a l 
chord through the plasma, and F is given by 

/Jndlff\ l 
F = e " P V 2 ) 7? 

fa f (a 2 -y 2 l " 2 

* l , J-^-y^i'2h|x- y- ° > d x dy • i 6 » 

In this equation, the integral is taken over a 
circle of radius a in the x-y plane. To evaluate 
Eq. (6), we approximated the line density profiles 
as parabolas (Figs. 5-3 and 5-4) and Abel-inver*ed 
to obtain the density profiles. For the TMX 
geometry we found F = 0.54 to within five percent 
for the entire range of TMX parameters and in­
cluding the uncertainties in the geometry. [If the 
beam width, w, changes, the changes in n ,̂ and F(a) 
compensate.] 

On the basis of the above discussion, we can 
write the function g,(z), which describes the axial 
variation of n^ in Eqs. ( l ) a n d (2), as 

g,(zj = exp ( - T l ) 

fl 'ndU / , , 1 
x ^ p [ — 2 ~ ( l - e ' " 7 * ) J (7) 

This equation was used to evaluate f, and f v 
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Appendix E. 
Power Balance Formulary 

El. INTRODUCTION 

In this Appendix we present the formulas, ap­
proximations, and conventions used in the analysis 
of the power balance and power flow in TMX. En 
Table E-l we list the symbols with appropriate 
units for all of '.he equations used in the power 
balance formulary. Please note that the symbols 
and units presented in Table E-l are not necessarily 
consistent with conventions used by other authors 
in other sections of this document or in other 
reports or publications. 

The formulas presented in this section are 
designed for use in a global (volume-integrated) 
power balance. The value of several of the term;, in 
'he power flow was obtained from analysis of ex­
perimental di*a using computer codes. Where sim­
ple analytic approximations to the code results ex­
ist, they are included in the text of this appendix. 
Where such expressions are not available, the 
reader is referenced to the proper code. 

• Plasma profiles 
In order to obtain the most accurate intei-

pretation of the measured radial profiles of the line 
density from the beam attenuation diagnostic, we 
have fit two different model profiles to the data: 
Gaussian and polynomial. 1 The power balance is 
then calculated using the profile which best fits the 
data. The formulas used in the power balance 
calculations depend upon the model profiles used. 
The sets of equations for both model profiles are 
summarized in Tables E-2 and E-3. For the sake of 
clarity, the text of this appendix will refer only to 
Gaussian profiles. Simply subs t i tu te the ap­
propriate formula from Table E-3 to perform a 
power bal.ince when the line density profile is best 
fit by a polynomial profile. 

E2. PLUG IONS 

• Net power input by neutral beams 
The total trapped neutral beam power is given 

by 

where 1̂  is the incident neutral beam current in 
atom-amps, E^ is the current weighted mean injec­
tion energy, and f; and fcx are the fraction of the 
beam which is trapped by ionization and by charge 
exchange, respectively. The net power input to the 
end cells, however, is less than the value calculated 
using Eq. ( la) . This occurs because charge ex­
change between an energetic beam neutral and an 
end cell ion results in the loss of the end cell ion 
which carries with it energy; W. (Reionization of 
charge exchange products has already been in­
cluded in the calculation of fj and f c x .) The net 
power input by the neutral beams is, therefore, 

P n „ = I h f, E b + I h f iy (E b - W) ( lb) 

The trapping fractions, f, and ftV, used in this 
report were calculated using a beam trapping code 
developed by Turne r . 2 This code includes effects 
such as finite plasma size, beam footprint dimen­
sions, and reionizat ion of charge exchange 
products. It has been shown by CorrelP that for 
typical TMX parameters the values calculated by 
the beam trapping code can be approximated by 

f, = 0.2S X lO" 1 * J ndf 

fiV S 2.5 f, . (2) 

For the power balances presented in Sec. 7D 
exact code results were used. 

The current weighted, mean neutral beam ac­
celerating voltage is calculated according to 

v_, - I ^ . 
i 7 . 1 , 

The values used for the :th neutral-beam current, l ;, 
are obtained from calorimetry performed just prior 
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TABLE E-la. Symbols and appropriate units for 
equations in Appendix E. 

Parameter Description Units 

I ine density 

DcnsiU 

Electron temperature 

Central cell ion temperature 

Plug ion energy 

Caussian (plug) radium 

Gaussian (plug! axial scale 
length 

Effective length of central 

cell (314) 

I.nd Loss current density 

Plasma potential 

End loss ion cnerg\ 

Man. radius of pai.ibolii 

(unction 

rquivalcnt current 

loni/aliun fraction 

I harge exchange traction 

I nerg\ 

Plug vacuum field strength at 
minimum of magnetic well 

Central tell solenoid a I 
magnetic field strength 

Maximum radial extent of 
C.aussian profile 

to or just .fter the experimental run. If this data is 
not available the current drain from the ac­
celerating power supply; I a t t ( 1 ] , is used. 

The mean injection energy is calculated ac­
cording to 

V, An el 
H) 

A/cm at 10 kG 

volts 

cV 

Atomic Amperes 

The factor 1.4 is derived from the observation that 
a TMX (LBL) neutral beam running on density at 
20 kV produces 70% atomic deuterium, 20% 
diatomic deuterium and 10% triatomic deuterium - 1 

(1 X 0.7) + (2 X 0.2) + (3 X 0.1) = 1.4. However, if 
the beam is not running exactly on density (the 
usual case) the fraction of diatomic and triatomic 
species is increased. Eq. (4), therefore, tends to over 
estimate the mean injection energy. 

The total incident neutral beam current (per 
plugj was calculated according to 

koV 

Tesla 

Gauss 

i l (5) 

TABLE E-lb. Subscript and superscript mean­
ings for the equations in Appendix E. 

M 

I v 

.i 

P 

Magnetic moment 

Axial scale length of 

magnetic field (55 cr 

Beta 

Power 

plug 
n) 

A-m" 

cm 

kW 

E 

W 

cc 

c 

East plug 

West plug 

Central cell 

Central cell 

'•'e C entral rell plasma potential 

Secondary electron 

\ol ts 
p 

- (Bar) 

Plug 

Average 

multiplication (actor - IHal> Value at, r = o 

Constant l Perpendicular to B, 

Parallel to B7 

L'scd in thermal barrier e electron 

calculations i i on 

T P EL End loss 

1 + *r* H 

rf 

Hot ions 
I ' = / M 2 

H 

rf Ion cyclotron fluctuations 

1 * w/ b Beam 

w + 1 Accel Neutral Beam accelerating voltage (current) 
i . C, - w(n w _ | D 

ex charge exchange 

** w " = ' + RZ V see Ref. 7 

R Parallel mirror ratio s secondary electron 

7 ^effective scl space charge limit 
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T h e a s s u m p t i o n in Eq . (51 .*• that the net e lectr ical T h e mean ( v o l u m e average) p l u g ion p e r p e n -

e f f i c i ency , de f i ned as the c u r r e n t de l i ve red to the d i cu la r ene rgy is i a l c u l a t e d f r o m the to ta l p lasma 

p lasma d i v i d e d b y the accel d r a i n c u r r e n t , is 50% d i a m a g n e t i s m acco rd ing to 

C a l o n m e t r y in T M X has s h o w n tha t—on the 

a v e r a g e - 50% is an acceptable n u m b e r H o w e v e r . r r m^y 

the e lect r ica l e f f i c ien t v o f i n d i v i d u a l beams ranges M p " . « ~~ J I n ' r ' ' 

f r o m 20 to 70% 

• M e a n p l u g ion energy X W (r. 7| ^ J i r d r J / 

T A B L E E-2. Gaussian radial profiles. 

• I'ltiK density4 

. ,. |" ndl -,r r I 2 - I / - L , r 
P • x " p 

• Plug ton mean perpendicular energy 

I 14 x i o , s M „ B„ 

• Plug betj 

0.45 M. 

tZ I , B» ' p >•/ I 

• Plug ion to electron drjg power 

• Plug ion to end loss ion power trjnsler (per plugl 

PIH - I I ) • JO"•' j ,-, i | W E l - r# p -> . . I T I C | | 

• I entrdl cell electron jxuil low power 

r u Ice e"l - I 0 _ J 2* le l*e * k V I 

Power loss due lu secondary electron emisston from end wjlls 

l ' U n d e"l - 10": nd 3 V " P T « l E L 

" ° e l • 10 J ' 
! 1 - A K | 

• Power transferred by rf from plug ions lo centul cell ions 

PTf -- 2 . >*> * I P " ' 7 Erf n r r* . 

• tnd Los* ion jxial power loss 

> v "r • • 

E.W 2 

*AII parameters jre Assumed lo ruve ntdUl profiles ol the form Fir) = F e~ < r ' f * • (Exceplion is plug ion energs.) 
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TABLE E-3. Polynomial r. ll profiles. 

I hi- line drnsits is jssnmed tn hjsi" the Inrm 

I nd.I,I Ind ' J | I Is K r | - h|l - l \ R l 4 | ! . 

Ihi ' ir l i irr 

m i l 2 I , .1' v/ l I. H r | J • : i h • t i h i . R>-| 

.iifi.il piotili desinhed H\ 1 HI 1-] I {I K r | II sii-puun is plug inn t*ncfKs..l 

• I'luc inn im j i i |>rr[H'nJiiuljr rnn i ; \ 

I - - ^ 1 . " . . 

N 

• * is th. Ii>l.il i .uni l f i i l l inns in the (due, 

I 1 n J Isj.l ^ I -\ - r • Bl 

• Hue he.., 

,..." "' M'' 

• l ' l „ , ,..„ t „ ele.lM.it J . J B ,,.met 

. K„ , njlr /I Is. 

I I,.in I..I.I I.' .A 
> Inli^utiiiii [H-iliirini'd numem.ills 

• Ho t ..... I., .nd >.m..-i l i. in.tei i|..-i | I U | . I 

I'lH I I . w • \ Kf, I | " , , I r • . l l u l | 

• l enl...l ..'II ele.tiun JXIJI nnvset Inss 

. \ - R P 
'• ' " ' _ 7 '•• ' •« • k l « ' 

I n 

• l'i..set liiss d..e in si'tondjrt eleilnin emissinn l it im the end i 

„.nd , „ , \ lV"_'" 

• f nd I HIS ion J M J I [i.iuer losv 

, v "Rp 
I ' l l I . I I , 10-•' _ , - I l ' \ • k T , J 

I B 
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Fur a Gaussian density profile in r and z and 
\\ ^ (r / j ~ W we i j n solve this equation lor W^ 
We find 

_ N x 101 M„ B„ 

n r." L, 1 

• A v i l Stale Length 
The length of the hot plasma was determined 

bv a least-squares best fit or the a\ial-beam at-
tetuat iun profile according to 

ndf <l\ ndi" e\p( (/ !. H 11-') 

The lulal mean inn unirj;', i* 01 t lined trom the per-
]• .'>Ju ul.ir '•n<j£\ .mj :)'*• nit-,is1,jej:ient ot the 
pl.iMna length 

vh.-i, 

I'..,. I' I 

(v) 

... & • , ' ) 

1 qs |t<)and (" tare ' torn Smith 

I cj 110) is o ' ' ; n t tor .1 small Since the beta in the 
T*vV\ end cells was t picdllv 5T;> to 10'V 11ii— is an 
acceptable approximation 

• Kadial Stale L-ngth 
A least-squares best t.t if ihr radial density 

pi of lit- a- determined bv ihe beam-a Hernial ion 
profile was pertormed to calculate n and r ac­
cording lo 

I nd/lrf = I nJf exp| lr i r ] - ' > > 

and 

nd/ 

Thf asterisk in t q l!3) mean*, tl at the measured 
value of the line de.i.itv has been multiplied bv a 
term which corret t1- fur the change in path length 
as a t u r u t u m ot / wnich is caused bv the 
quadrupole fanning or the field lines 

In a v tua l i tv the a\ial variation of the plug 
plasma t a n be more accurately des v r ihed bv two 
stale length'- one L / tor the plasma on the end tan 
side ol the plug midplane and one L* for the 
plasma on the central-cell side The reason fur this 
is i hat the told plasma from I he v entral ..ell leans 
in on the hot pla-ma This M-sult is ,i longer s u i t 
length on the tent :al- tel l side The neutral-beam 
interaction with this , old pla'-tyj ;s distinctly dit 
terent than the interaction with the hot-plug 
plasma Power input b \ interaction with ..old 
plasma is large because the term \ \ in I q 11 I is ap­
proximately equal to zero A charge exchange 
f \ent therefore inputs energy F t, S i rue t x ^ 2 .5 t 
this nit'Tat tion has ihe potenu.il to -igml anilv in-
.rease the power input to the pUigs In additior 
i harge exchange ol an energetu neutral with a cold 
ion is j source oi energetic ions Because these ions 
art born awav trorr. the tenter or the plug thev 
are in essent e -.loshing .ons which n u v aid the 
-tabihtv ol the plugs 

II should be noted that the --itvcrs ot neutral-
beam int< rac tion with the cold plasma leaning in on 
the plug plasma is a< < entuated in the west plug by 
the fann.ng of the t:eld lines and deacc entuated in 
the ea-t plug by the same michanism The ieason 
tor thi? is that the field lines entering the central-
cell fan from the west plug are in the plane of the 
neutral b . ams This increases the effective line de r -
sity o: the plasma and so increases the trapping. In 
the east plug the fanning is perpendicular to the 
plane of the beams su the oath length \* decreased 
and, therefore, so is the trapping. The combination 
of increased particle input and a possibly mo ' e 
stable distribution in the west plug may, in part, ex­
plain the observation that a higher line density is 
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usually obtained in the west plug for a given 
neutral-beam current than is obtained in the east 
plug for the same current. 

• Maximum plug plasma radius, r ^ a x 

In TMX the gas box jawt were tut so that they 
formed a radial limiter equivalent to r m d x = 15 cm 
.il thi' plug midplane. Thomson scattering measure­
ment^ a I r - 15 cm indicate low density plasmas (n ( i

 w n e r 
< 5 X 1 0 " cm *) with low electron temperature fT e 

< 10 eY). Fcr this reason r m J X = 15 cm was used in 
these calculations. 

• Drag Power and 
T h e to ta l I v o l u m e i n l e g r a t e d ) p o w e r 

transferred I mm the plug ions to the plug electrons 
by Coulomb drag is given by 

beam. We can, therefore, relate the power lost by ex 
on gas, P t x , to the power lost by ex with beam parti­
cles, P^. according to 

/ > B A D \ 

i- f •"•<- n,.lr, •/) n,(r, z) W l r , z) 
P " - K l , i W^T> 

X 2irrdrdz 

lor the assumed profiles this becomes 

2.8o X 10 - r n ' W r- L p : [ — / 
" T . ' -

x | i 

Plug-ion axial loss 

> I U4) 

In the presence of charge exchange on neutral 
beams and background gas there is no simple for­
mula for the axial-loss powei of the plug ions. This 
information is obtained from the RFP code. 

• Plug-ion charge exchange loss on 
background gas 

We are still studying the details of this loss 
mechanism using the RFP cade and a gas-fueling 
code. Values presented in the text come from these 
studies 

We can use the secondary electron detector 
(SED) siKnals to estimate the power lost by this 
median , ..m. Before neutral-beam turnoff ihe SED 
signal. V;. ^ proportional to the sum of the power 
lost by chcirge exchange between plug ions and 
energetic neutral beam particles (l^ fcx Wj and the 
power lost by cha rge e x c h a n g e (ex) wi th 
background gas (P L XJ. Soon after the beams are 
turned off the remaining SED signal, V f , is propor­
tional to the charge exchange with background gas 
and only the beam-attenuation-diagnostic (BAD) 

• RF heating of central-cell ions 
In our power balance calculations we allow 

power to be transferred from the plug ions to the 
central-cell ions by means of the plug driven ion 
cyclotron fluctuations. This term will be described 
when we consider the central-cell ion power 
balance. 

• Power transferred to the end-loss ions 
Most of the power taken to the end wj]|s is 

tarried by ions which escape the central tell These 
ions escape the central cell with then kinetic 
energy; then fall down the potential hill created by 
the electrons suuh thai ihev arrive at the end wall 
with a total kinetic energy equal to («/>> + okT I 
We have found that the ions reaching the end w.iiU 
ot TMX have energy in excessive of this \a lue 
This difference in energy is attributed to rf heating 
of the end-loss urns as they pass through thi plugs. 
For this reason we include a power drain on the 
plug ions given by 

P(H - EL) - \ J^r) [ W E , i r | - l* p (H 

+ «»kT ( r l | | - * rd r 

V\ hen detailed measurements oi these profiles are 
unavailable we may appioxiinate this term by 

PIH EL) => 10 •' - r-: J, 

X | W U - (*,, + „ k T „ ) | d o ) 
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E3. PLUG ELECTRONS 

The drag power from the plug ions to the elec­
trons was presented in the previous section. Power 
lost by impurity radiation was measured by EUV 
spectrometers. The power lost by this mechanism is 
small. Power is also lost due to the ionization of the 
background gas on the edge of the plug plasma. 
Present calculation 1- of this power loss obtained 
from the gas-fueling code indicate that il is also a 
small power loss. 

The bulk of the power lost by the plug elec­
trons is caused by the interaction between the plug 
electrons and the passing electrons from the central 
it'll. The power exchanged between these two 
classes of par titles is given by Cohen, et a l ' ' 
Cohen's formula for the time derivative of the total 
energy lontent ot the plug electrons reduces to 

3 d 21R • 
"-. r | n . ' . . ' = - p - inT) ( n i l + V 
2 d t I ' I u 

(17) 

where 

n n T 
InT) = 4.53 X 10 ~l ~ — , = F = ^ i 

T ( , tn | n p n ^ T, T p | 

i n V V t m ' P = Pj, in the TMX plug 
When the power transferred according to 

Kq (IP) exceeds the total drag power input to the 
plug electrons we can use Cohen's code to estimate 
the harrier density, n^, necessary to satisfy V ,.t = 
>'[V 

E4. CENTRAL-CELL ELECTRONS 

There is drag power exchanged between the 
elec irons and ions in the central cell. However, for 
typical TMX parameters T w ^ T u so that the drag 
power exchanged between these two classes ot par­
ticles is generally small. 

(T e - T,) 
P,j(e - i) = 3.8 X 10--*° Jrr; L( nf :—-— 

X [ l - e 3 2 ( f m ' J 2 ] 

The dominant power input to the central-cell 
electrons comes from the plug electrons as pre­
sented in the previous section The dominant 
power loss is by axial loss of the electrons: 

F W 

x [ojn + k T ^ l r i j Zsrrdr 

where the summation is performed over the east-
and west-end los-es Note that we have allowed for 
the fait that J_.tr) is not necessarily equal to J,(r). 
When detailed profiles of these parameters are not 
available we approximate this loss p v 

P M U c e l , 10 ' £ " ' • ' I, 

x {,:,, •*• k l , \ \ (\-*\ 

The power Uf*t bv the central-cell electrons 
due to ionization oi the gas wliu h is introduced to 
luel the central cell is calculated trom the gas fuel 
ing code The additional power lost m I vman alpha 
radiation associated with the lueling process (* ob­
tained trom FL'V spec lronn'tr\ 

The i-mi^inn ot secondary ek\ trons from the 
end walls also represents ,in electron p.wver Ins*. 
During some ot the T MX tunning we used 
emissive probes near the end wall to estimate rht 
magnitude ol the secondary electron current The 
power loss is given bv 

P l 2 n J e-) = 10 •' | J ir) T..JD 2jrrdr 

When measvnements ot the s.-condaiy electron 
current are not a\ailable we estimate th-s power 
loss by assuming that the emission ot secondary 
electrons is limited by s p J v t - charge limited flow 
from the end walls" 

where 
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..nJ 

\ , ,ITI = 10 15 ' n B(r| + 0 o 5 o l ' ' 

I. h i 
Km - — --,— 

•:•, i n * ••• i n + 7 l r | 

l,.t I \ 1 \ |Mt.imt-!>-i- Hm * V, -.. 

I in pn\M ; !n-- .!*-<<. . .nr j with - .rionj^rv e!ei. (run-

!>,:•• . , > 10 2 - v ' r f—" 
t;vv - l - i 

1201 

I JrtaiK-d measurements (bet 15) in i MX have 
sfmwn that tin- emission of secondaries is limited 
hv will conditions and not space charge buildup, so 
lrit- .ih.ive iquatmn is known lo overestimate the 
powcj lu-s hv sfn)ndaiy electron emission in TMX 

E5. CENTRAL-CELL IONS 
A-* noted earlier the central-cell ion and elec-

:i . . . . • nipt'.„tu.i. - t. L;^ generally equal in TMX so 
thai the power exchanged between the central-cell 
MM- and electrons by drag was. typically, small 
The pumarv power input to the ventral-cell ions, 
then-tore, appeared to be rf heating by the plug ion 
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The dominant power loss bv the central-cell 
ions t o m e s from the axial loss of the elec­
trostatically confined ions. The total power lost by 
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''fit'' = Z* I J | r ) I * * t r J + " k T * . ( r , l 2 , r r d r 

I \\ ' 

where 

| I iolliMonless los<.cs 
( 2 lollisionless looses 
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P M Ut i | ^ 10 ' 2 - ^ V J 1 ' ; ' + " k T . ] , 2 2 ' 
I V\ 
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APPENDIX F 
AN ORBIT-AVERAGED COMPUTER 

CODE FOR RADIAL PLASMA 
BUILDUP IN THE TANDEM MIRRORS 

(M. Campbell and A. H. Futch) 
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Appendix F. 
An Orbit-Averaged Computer 

Code for Radial Plasma 
Buildup in the Tandem Mirrors 

Fl. INTRODUCTION 

This appendix describes an orbit-averaged 
computer code for plasma buildup in tandem 
mirrors (TOARBLX). The introduction starts with 
a brief description of other numerical codes which 
have been used to model different attributes of the 
T M \ plasma. 

The T A M R A C 1 code, which was used in the 
design i'l the TMX experiment also provided an 
inili.il compar ison vvith exper imental results 
TAMRAC solves for tin- time-de r^er dent plasma 
par<i..,L'ters on the magnetic axis in both the central-
cell and plug regions Heating of the central-cell 
ions bv it activity was added to model the effect ol 
the ion cyclotron instability on the central cell con­
finement With this addition, parameters c alculated 
bv TAMKAC on-axis agreed with experimental 
results to within a fat tor ol 2 

A second code. T A N D E M S has been usvd to 
calculate global parameters bv averaging plasma 
parameters over the plasma radius, using analytical 
models ioi various radial profiles Rognlien and 
Matsuda used a Monte Carlo code to more ac­
curately model the effect of an electrostatic ion 
cyclotron wave on central-tell confinement Thev 
denved diffusion coefficients for use in Fokker-
Planck codes and a simple formula lor modeling rl 
effects in particle codes. A radial-transport code 
T M T l has been developed to accurately describe 
lesonant-neoclassical transport. Code results in­
dicate a radial ion flux of about 5 X I 0 1 ; , c m ~ s ' . i t 
the plasma edge in the central cell. 

TAMBAR and TOARBUC are two general-
purpose radial codes. TAMBAR^ is a partu ie 
buildup code that includes much of the general 
physics needed for studying tandem plasmas, as 
discussed in Section 3 

TOARBUC {for Tandem Orbit-Averaged 
Radial Buildup Code) was developed to model tan­
dem physics plasmas when the approximate treat­
ment provided by existing particle and fluid codes 

is inadequate for example an adequate desi riphon 
of radial nanspor t in the plug requires an orbit-
averaged code Both the TOARBUC ^odv and 
measurements m TMX show th.it SO1', ot the hoi 
ions deposited are lost t rom tht plasma core bv 
charge-exchange diffusion C ent ia lcel l confine­
ment and radial profiles tend to follow the pattern 
established in the plug because ot the exponential 
dependence on the plug potential Calculations ot 
non -Maxwe lhan plasmas in the c e n t r a l s ell 
resul t ing f iom beam itqei lion urn c v* lotron 
heating [either externally induced or resulting horn 
instability fluctuations', etc may require a code 
that im hides the distribution tunc tion such as 
TOARBUC 

The TOAKBL'C model is based on the hniie 
oibil. Jokker Planck model KM' developed bv 
A futch to study conventional mirrors r The two 
ma|or changes made to the R I P code are |1) the 
central cell has separate election and ion contm 
ing potentials and tin s ^ n ol the :oii potential is 
opposite lh.'I in a conventional minor and I J) a 
two-elec tron temper.mi re treatment deuxed bv 
R C ohen" is inc luded to allow the plug .\nd c entra! 
cell to have different 1 - t,s thev were observed to 

ti 

- H » 

! I 

FIG. F-I. The TMX magnetic field (B|, elec­
trostatic potentials (</>), and mirror ratios (R). 
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IL.Ivr 111 t i n expe r imen t . T h e l o l l o w i n g sect ions ex­

p la in these changes in greater de ta i l . 

I in- m o d i f i c a t i o n s to the R f P code a l l o w the 

p l m ; and i e n t i . i l t e l l p lasma parameters o f a t an -

d< ni inn m i to he i a l l ul.i led d u r i n g a l ternate i tera­

t i o n - At < .u h l ime step the p l u g ion parameters are 

>;. n. rated i n - i f o l l owed hv those o f ihe t e n t r a l - t e l l 

..•11- t hen the sell consis tent po tenha ls and ihe 

" . u i - t e t ot e l e t t i o n part ic les ,w\J energy be tween 

t in two i c g i o n - aie deter m i n e d . N e w values to r the 

.on Jen M ties ni the p l u g ami c en l ra l t e l l (n n t ) , I he 

• I n l i o n a iu l ion temperatures m these regions | T , 

l t I I tespec t i ve lv ) , a n d ihe i o n a n d e lec t ron 

' lei t io - t .UK potent ia ls i n the cen t ra l t e l l iV^. </i(.) 

and p l u g t o = o, + '."', ) are t o u n d tor use in the 

next uni t s | , p I he magnel ic he ld s t reng ths elec-

t i os i a t i i po tent ia ls and m i r r o r rat ios used in these 

. . i l . u la iu .ns .,,,. s h o w n in f i g I - I . (R, and K are 

tin i i n l i a l t e l l ami f i l l , 1 ' , m i r r t u ra t ios , respei -

t i \ e ! v I 

l l u l O A K H L ' l >otle d i l t e r s I r o m a pa i t i c le -

' iMi i ldup c odi in - r \ i ' ia l i m p o r t a n t it-spec ts; some ot 

||M has,, d i i t n e i U L ' s be tween l O A K B L X and the 

p..-i it I. b u i l d u p cod. I \ M H A R • aie l is i i -d i n T a b l e 

1 I 

I n a n - . i b i t averaged t ode SIR h as T O A R B U C . 

•1M pa i t u I. depos i t i on loss, ttnd energy-exc lu inge 

M I L S .,.,. L I K ul . i ted hv averag ing t h e m a r o u n d an 

o ib i t I iiesc o rb i t averaged quan t i t i es are then used 

la, { h i 

„ Colliiion n ( ) ri B it, 
.il * -, . ^ - A 

v ,\ ' ' ,W 
' 'J CoM.i. 

• * - -Jz 

FIC. F-2. Graphic comparison of density loss for 
a collision at x for (a), a particle with a known orbit 
as in TOARBUC, and (b) a particle with an un­
specified orbit as in TAMBAR. Several orbits pass­
ing through x are indicated—each results in a dif­
ferent radial loss. 

It) calculate a time-dependent distribution d i l u ­

tion sell consistently. Particle codes, such as 

T A M B A R / " assume the f o r m f o r the d i s t r i b u t i o n 

I m i c t i o n , a n d do not average a r o u n d the o rb i t since 

the o rb i t is u n k n o w n , c o n s e q u e n t l y , par t i c le 

d e p o s i t i o n , loss. , m d ene rgy -exchange rates are ap­

p r o x i m a t e f i g u r e 1-2 i l lust rates th is e f lec t . C o n ­

sider the loss o l a par t i c le due to a charge-exc honge 

co l l i s ion at x This charge-exchange co l l i s i on 

results in a loss in dens i t y over the range R /> to 

R •+• ,i. w i d t h is co r rec t l y ca lcu lated b y an o rb i t 

a w i a g e d code ( I ig \ -2a) since ihe g u i d i n g t e n lei is 

I ABl I I - 1 . Basic differences between the orbit-averaged code for the distribution function (TOARBL C ) 

and Ihe particle-buildup code TAMBAR. 

Kate equations used lot cilculjline, 
.ituiim i>h\sus miludi's seti>ndar\ 
m-cilials IStali.ird miidell. 
Or h i j\er.ii-ed. 

I>islril<uln>n tun, linn 
... I 'liDi-ukiiljU-d 
t> <. entr.,1 tell-c.iltul.ik-d. 

lull end loss: 
.i I uulomh end Kisses 
b Oujsi-lmvjr end losses. o J is j n 

input parameter nhirh may be set 
c-ciu.il (t> 0 tur classical processes 
t ink. 

I o n •nern% j l tu l j l i 'd . 

I. I hret--dimc-nsion.il Monte (. j r ln 
cjlculjtit in tit neulr.il reactions. 

Z 1 initc-nrbil ertecls e,c-ner.ill\ 
ncejected except tor beam depusilmn. 

.V Distribution function: 
J- Hue,—assumed 
b. Central cell-assumed. 

-I. Ion end loss: 
a. Spii/er dra^ vnih decreased 

plui> lilelimc- to satis!\ 
quasi-linear ici|uirernenls 

5. Ion cneri;\— assumed ^-inr 

• is tiw pt-rturbcil (mlenliai mu l l i ng horn the ion c\cloiton insMbililic-s. 
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known. For a particle code ihe guiding center is un­
known; therefore, the charge-exchange collision 
could result in the loss of a particle having orbit A, 
B. or C (Fig. F-2b), for example, and there is a 
corresponding uncertainty in the charge-exchange 
loss i,ite. Radial transport due to charge exchange 
will be more uncertain for a particle code, since it is 
the diflerence between (rapping and loss rates of 
approximately the same magnitude. Similar con­
siderations apply to end loss, electron drag, and 
other parameters. The importance of orbit effects 
depends on the spatial gradients of parameters such 
as the plasma density and the thermal gas dens*'* -

compared lo the orbit M/e 
TAMBAR assumes that the plug ion energy is 

lixed at the infection energy, whereas. TOARBUC 
i ak ulates the ion energy selt-consistentlv from the 
lime-dependent distribution function. 

Three-dimensional transport of neutral gas 
and neutral beams is calculated by a Monte Carlo 
iode" in TAMBAR. In TOARBUC, atomic physics 
processes are described by rate equations including 
the modeling of secondary b e a m s . 1 0 

At pn sent both codes require approximately 
the same computer time for a run. The more 
detailed atomic physics in TAMBAR appears to 
lompensate for the more complete plasma physics 
ol "IOARBUC in t i e use of computet time. 

Table 1 2 gives ,i more general comparison 
with othei numerical codes including TAMBAR. 

TABLE F-2. Tandem mirror/thermal-barrier experimental modeling codes. 

1 A M R A I 1ANULM Monte Cjrlo TMT TAMBAR TOAKBLC 

1 imv dependent Yes Yes No Yes les Yes 
Kudu! protiles No 3-idijl averted No Yes U's Yes 
Ahul prnliles No No Yes No No No 
Bejni trjppine, No Yes Yes lived profile input Ws Yes 

(. old-e,,is fueling No No No I'C neutral: Yes Yes 
Neolrjl transport No No No Yes •tes Yes 
1 (. RH No Yes les M J M M 
Orbit j tcr j | ;ed No No No No No Yes 

I herrtul [wrier physics No Yes Nu No Yes M 

M̂ mfjni. "tou'd be modified." 
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F2. ALTERATIONS TO 
THE RFP MODEL 
F2.1 Ion Loss Probability 

In the plug region the ion loss probability de­
pends on a slowly varying function ol the miiror 
ratio (R ( . l t ) given by: 

R..„ = R / 11 + - - — 

whichever is larger. Here R is the mirror ratio, q is 
the charge. •!> is the plug plasma potential. ,ind \\\ 
is the ion energy- In the central cell the ions ,ire 
confined by a negative potential. •:>, and ihe los^. 
probability is zero for all ions with \\. < |q.;i( | and 
affects | < H | u> give. 



In addition to :'s effect on the ion loss probability, 
.;< affects the turning-point mirror ratio. For |qtf>t | 
> YV the turning point for potential-confined ions 
is near the minimum-B in the plug (where the 
potential is largest), but magnetically confined ions 
are reflet ted at the inside plug mirror. In order to 
tuilit . i le a smooth transition between these two 
modi•-. tin- mirror ratio R in bq. 12) is replaced by 
the expression 

R 
R - ^ i ' 

/_£*M1 ' 13) 

v\heie R( is the tentral-iell mirror ratio. R is the 
plug mil lor ratio and T _ is the central-cell ion tem­
perature (see I• ig C -1) 

h2.2 Electron Balances 

li'-i ,itise dillerent electron temperatures have 
been obse rved in T M X , the t wo-e lee Iron -
temperature iorrnulas developed by K. Cohen' 
were incorporated into the TOARBUC model. 
Cohen s formulas provide for a group of " t rapped" 
elei trons. tonl ined by the potential </» and residing 
in the plug, and a group of "pass ing" electrons, 
confined bv <!>. and occupying the entire tandem 
system These groups, with densities of n and n̂  
respectively, can have different mean temperatures 
(T T t where the e ' subscript has been dropped). 
These groups arc connected by the fraction of 
'passing ' electrons that occupies the plug region 

during a fraction of their bounce period (density 
designated by n y ) and allows scattering and direct 
energy transfer between the two groups. The for­
mula given by Cohen for the particle (density) 
balance in the plug is 

dl ^••"i-m} 

where the " e " subscript on the temperatures is 
again omitted, J p is the total source of plug elec­
trons, and T is the Pastukhov time in the plug 
(Ref. 3), which is given functionally as 

K ' ~ ' G , R ) ( i M i ) • (5) 

where r ( 1 (, is the time between electron collisions, 
<-i(R) is a slowly varying function of the mirror 
ratio, and K contains the Coulomb terms. 

The electron energy (power) balance in the 
plug is given by 

3 J < n

P

T J _ n

P <q</> (+T > - ( T /TJ1 

HI 

(^)"**+T''] 

(4) 

- l nT l„ . + (n'T) n + P „ „ + J p E , p . (ol 

|2) |31 | 4 | | 5 | 

where the terms are as follows 
11) the interchange between trapped and tin-

trapped groups times the energv carried by dfi elec­
tron transferring fiom one group to the other 
(measured in the plug). 

| 2 | the coliisional (drag) energy transfer be­
tween the trapped and passing groups in the plug: 

[3 | the energy transfer from ions to the 
trapped electrons (because n is small, energy 
transfer from ions to passing electrons is negligi­
ble); 

[4| auxiliary heating, if any; and 
[5] the energy input from the trapped-

electron source 
Other terms such as radiation losses and anomalous 
cooling can be added as desired. 

The electron energy transfer rate of [2] is 
given by Cohen as: 

M T / r ^ c r -T,J 
<nT) = , 17) 
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where T V is the volumetric temperature equilibrium 
time, and 

Here R is the plug mirror ratio and r w is the elec­
tron collision time in the plug. Since the primary 
source of energy to the central-cell electrons comes 
from the plug (T > T e t ) , a negative sign is at­
tached to this term in Eq. (6). 

The electron particle and energy balances in 
the central cell are only slightly more complex and, 
while not given by Cohen, are readily derived. The 
particle (density) balance is: 

dn f 2 n V 

^ = c { ) c v c + — 
ID 

[ - < v ^ -(*)] 
[2] 

n c V t

 2 n „ " p V p ) 
- f . (81 

[3| W 

where V c and V are the volume of the central cell 
and the plug and r c is the Pastukhov time in the 
central cell, with <£e being the confining potential. 
The coefficient C is 

C = 2 n ) 1 V p + n c V c ' | 9 ) 

and represents the weighting given to the portion 
of the passed fraction of" electrons occupying only 
the central cell, on the average. Particle bookkeep­
ing is done so that only the fraction of passing elec­
trons occupying the central-cell constitutes the 
density n f . T h e passing-electron density in the plug 
is designated by n {on the average) and for a 
square-well approximation the total number of 
passing electrons (N ) is 

N„ = n c V c + 2 n > J V p (10) 

T h u s C accounts for the fractional change in elec­
tron density in the central cell due to a change in 
the total number of passing electrons, the remain­
der affecting n^. [It should be noted that a factor of 
V f was divided through in the particle balance to 
obtain the "dens i ty" balance of Eq. (8), giving the 
expression for C in Eq. <«*).] 

The various terms in the central-cell particle 
balance, Eq. (8), are as follows: 

[1] the lota] central-cell electron source 
(local); 

[2] the trapped-passing interchange term; 
[31 the scattering loss rate for passing elec­

trons in the central cell: and 
[4] the scattering loss rate for passing elec­

trons in the plug (primarily off of trapped plug 
electrons). T h e loss time ( r c ) is approximate for this 
term, which usually represents a small loss con­
tribution. 

The energy (power) balance in *he central cell 
is given similarly: 

3 din^Tj / [ n_ f , n t 

HI 

+ lnT) I - V c - ( n T ^ + ^ V . E ^ 

[2] 131 [4] 

IS) 

where [1], [4], and [5J are terms already discussed 
in relation to the particle balance, multiplied by the 
respective average energies transferred by each 
electron (as measured in the central cell). Term [2] 
is the energy transfer between trapped and passing 
electrons, as discussed previously, and term [3] is 
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thi' energy transfer from ions to trapped electrons 
in the central cell. All terms aie weighted by C as 
explained earlier. 

The passing-electron density in the plug used 
in Kith balances is found using Cohen's formula: 

n M = n t e x p ( Y ) - j e r i L ( v Y ) - U " ^ ) 

the value of An,/At being determined by beam trap­
ping and various loss rates in the plug (using the 
previous time step & ). For £q. (4), this gives the 
formula 

d » p An, n

P 

dt T ~ Tn 

( - j ^ - j ) ' erfcKRY/R- 1 J 1 ' 2 ] • U2) "$->&)] ' - ' W T ^ F +Jn <»» 

vhere ^ = LJ./I '1 . R is the plug mirror ratio, and 
ilt is the complementary error function. 

This expression can be solved for q0 ( by letting J ' 
= J An, 'At. Then 

ertc(x) = ~~r) <*xp|-x-)d\ . (13) 
V ^ x >[w(^)] 

F3. SOLVING THE TIME-
DEPENDENT EQUATIONS 

For times longer than r^.. the plasma may be 
assumed to satisfy conditions of quasi-neutrality, 
particularly in the rapidly varying plug (if this is 
noi true, the potent ials readily become un-
realistically large). The tandem's least-confined 
particles are plug electrons, but changes in the plug 
ion density generally determine quasi-neutrality 
conditions in this region, because the ion loss rate 
in the plug is not very sensitive to changes in 0 t 

{provided 0 t < < 0 ). which largely determine the 
electron transport. 

In the T O A R B U C model, the rate of change 
for plug ion density is set equal to the rate for elec­
tron density to enforce quasi-neutrality over time 
intervals At > r • 

This expression for q 0 t t an be substituted into 
£qs. (o), (8), and ( I I ) to simplify them The energy 
balance in the plug then becomes 

n p -J„lu> + T l - - t - ( T - T ) InT) +in"I) ( 1 

' r P ' 

from which, by using n = n,, the ion density 
(local) can be solved approximately for T the new 
plug electron temperature, in terms of T t and <S\ 
The central-cell particle and energy balances 
become: 

d n . / n V 2 n « n p V

P \ 

H7 = c (j;v i + a j p v p - — - - ^ - ) . 
118) 

An, 

At At 114) and 
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3 d n J . 
2 "17 - = C ^ 2V 

-(T -T ( ) +J , ;T +(nTi,., 

V l n T l , + I V L„ 

I — + TT7—;^" . + T . 

• E a i l p l u g d a t a 

C i ^ e i t D iug d a i d 

T A M B A R 

Ef"J [i'uq T(tilius 

I ijudiutH*- il$t .mJ (1°) i.m be <-olved iui.itn.flv 
with E q»« U~l U 2 | and l 7 ) l o hnd I I and n 
in , is a lnadv determined bv ihe plug mn dcn i-ilv) 
(. nnvi'i^i'm t- ot ihi- -.nlution is \erv rapid lot _i.t 

F4. COMPARISON OF TOARBLC 
RESULTS WITH T M \ DATA OF 
SEPTEMBER 24, 1980 

An extensive .inalysis of tin- TMX data tor 
September 2.4 h>S0 is described and compared 
with result* from the TAMBAR iode in ru-i tion l ) 

r igure I 3 and I .ibli' r 3 show an extension of this 
analvM- wfmh im hides TOAKBL'C lode r e s u l t 
1 \u-pt tor tin- end-IMS'-1 urri-nl | and the plug d in 
sitv n , both todi". m.itih the experimental Jat.i 
reasonably well TOAKBUC gives a plug den-itv 
value lh.it agrees with experimental data, but gives 
a value tor the end •In-.*, iiirrent ili.it is too low bv 
approximately .i faitor ot 2. where.)*- TAMBAR 
give*, n end-loss current that agrees with ex 
penmental d.ita. bur gives a value for the plug den­
sity thai i*. ton low bv almost a fat. tor of 3 In addi 
turn both i ode*, give somewhat higher clei Iron tern 
peratures. espeiiallv lor the central-iell 

Some additional observations on the radial 
density profile*, should be made The comparisons 
of line densities. Indl given in Tig J--3 o b j u r e tin-
large diffeient.es between the experimental data 
and TOARBLX (as compared with TAMBAR) for 
the density profiles ys radius In the end plugs, the 
measured profiles correspond to plasmas that are 
slightly hollow in the tore, which agrees with the 

[J C 
T A M B A R 

T O A R 8 U C 

^ J (i 
10 ?0 30 40 

PIC 1-3. Line densitv profile* horn the TAM­
BAR and TOARBLC codes compared with ex­
perimental data from the TMX. 

I O \ K B L t results d i g i 41 In the I A M K A R 
t e - u l t s th t p l a s m a d e n s i t y is U T Y h o l l o a w i t h a 

p e a k - t i t * a l l ev d< n - f tv r a t i o of a b o u J /- i s J 2 or 

less tor b o t h l O X K B l t a n d tht . \ p e n m e n t a l 

TABLE t - 3 . Comparison of results oi plasma-
buildup codes with TMX results. 

Resu l t s 

T M X 
P j r a m e l f f *» 24 80 

tr = 01 Ur ie l s ) T O A R B l l T A M B A R 

T c p l < . \ > 80 «8 i o r 

T l T - 1 K t eV ( 80 n o 120 

l e p l * \ ) 41 84 " 3 

I I A c m " | 0.21 0.11 0.25 

o p <v» 510 485 DOO 

* f (% i .148 510 

n c ( 1 0 1 - c m " - ' l 2.5 2.7 2.5 

n p ( t o 1 2 c m " 3 l 18 l e 0.7 
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TABLE F-4. TOARBUC computer-code input 
parameters for comparison with TAMBAR and 
TMX data.J 

Plug Central cell 

l | n J

 : 18. !».€> k*\ E m j = 3, 0.P8 eV 

l i n ( = 122 A I n - 180 A. i : A 

C> - 34 *V (fof A- - U - C 1 J o ^ O 

n 0 -- 1 - l O 1 0 lu^pp^/Jrwrn, B - I - 10° « f * » 
Utorm i c r 

~ 0 • 10 Utom* (i\ 

? o r 

- i o r 

\ 
t 

a : v W ?T ?l 29 

'•• ,-; .1 si it- ' . i - ' - l . f 

I K . 1-4 I M X p l u g and c e n l r j l - c e l l densi t ies 
modeled b \ the I O A R B I C t u m p u l c r cudc. 

i t ' . - I- •• . . • , " . 1. - :. k i t ! ' ( .• nv . i -ur . d data .irnt 

M 1 \ K f U ( <l »• I i ' e.iw r . | .H .v . ! v t l . t ! p i . H i l t - in 

•• • : - | . I ^ I : I . , ..11. r-.i .- ( . . . U I - - I . U L M i l .iM in the 

I . , - ., l . . . i m d . f . I \ M B \ K p r . d k l* .1 ho l l ow 

. . - . . \ . ! ! . 1 - ' . rul J ' - n - i l \ p. .ik n< .ir the plasma 

• .:..i.s: \ ! • . - - . ' r i . 1 f f . i i .- f r t - .u in . ih lv Ju t I f 

•* . * >• : i i . i - " t * . ' •! !• 1 uhir l i \ d r o g » n i o n - In t in 

I *. > M<HL l ' . i i • rt.i*- . i s -umi ' J th.it the-,- 1011-

,...: • . - i . , ; i . . t . J k i a u - «'t their V I T V shor t 

. ' . • r:i. - I I . in MI A'. V; . I - • 1- modeU d bv i i ,uu V 

( .111.1.1:1 . i t o in - * ! . * ! h a w .1 longer mean tret 

I 1:1 :• su I t .m; .1 : - i t-nxi lv f m l l ie- i M l l u t u t peaks -\ 

-r...u\ . i t i i . i t i i i ! -'I i.'i\> e n e r g \ a t o m - ( I 7 A .1! 0 Of 

• \ 1 VA 1- .1I-.1 . iu l u . l f d a- .i sou : 1.» i m p m g i n g on l In 

I 1,. [ O A K H L t m p u i parameter - l o i (l it 

. ' i i i p .n i -o r >>: i .)•. \ y and T a b l e \ .' arc ^ i v c n m 

I th l . I t l u l l and l i . i l t - r n e . n v neu t ra l bearn-

-.•.<•. i i | . . l i d .nl> t in p l u g Tht ha' t r n e r g v t n m 

p.u-.t i n A . I - r e d i u e d - l i g h t l y U» . l u a u n t t u t ,1 vrn.i l I 

an t h u d >f i) i>;v m m p o n e n l A n t r i h a m e d los-

•an w . r . n i m J i i i f d >n b o t h ~T G A R B L X and J A M 

! ; \ K In I A M H . i K the t l a s s K a l los- rale w j , i n 

. r. .i-.-J h \ . i t . u t . - i ..I 10 In I O A K H L X thrraJ1.1l 

tr .111- pn r * t f i i n v\.is 1 ' l i i l a t ' - d hv .1 l e rm 

OR \V,7R) 

J S * T l i p 3 for r r tu lu of compjfrvon 

I nralrdl 'br jm current «icn*il\ 

whet•• l > i . (he g u i d i n g 1 enter d - M i h u t u m t u r n t i on 

AUJ H w . i - taken to have t h ' u> iT-Mni value or I ' 

I 0' . m ' -

( o ld u r n - resu l t i ng Hunt h . u k g r ' u n d ga -

i .nu /a . i . i n h a w h i - i o r u a l l y been negle i ted in m a n y 

b u i l d u p ntde*- nu>del ing p l u g densi t ies I t has been 

assumed that these ions w o u l d be expel led t r o m the 

p la -m. i i i nn ied ian- lv by the p lasma pu len t i a l s i m e 

t l n \ an b o ' f i i M l h i n the loss m m . tv nn id i t i ed b\ 

the po ten t 1.1I It has ,ilv> be< n su^m-stt-d tha i it 

(1U*M- vo id n>iv- v%viv i n i l u d e d ,js .1 s o u t i c and >;i\en 

<i l i t e t u m d e t e r m i n e d bv the 1 t ransi t t ime to the 

m i n o r s ,i m i d p l a s n u or .-1I0 s u r r o u n d i n g the 

ho i p lasma w o u l d be 1 rea tv i I he r ia l . , ^ o u l d 

-h ie ld the fiot p lasma I r o m tht l l ie r -na l g.is t-nabl 

ing the p lasma to b u i l d u p w i t h less beam m o t i o n 

or * \ i t h h igher h.u I .g round gas p r i - s s U r i 

I . . lest this thes.s " l O A R B L C was -nod i t .ed 

l>v i n i l u d i n g tht 1 o l d ions ,1^ , t s o u r t e ( the 

J S S I K uited elei t rons were m^ h ided p r e v i o u s l y ) w i t h 

A u.ms.n Utet in ie I O A R B U * . was then r u n w i t h 

t ins mod i t n a t i o n us ing the same i n p u t data (Tab le 

1 3) I a b l e 1 -5> i o m p a r e s s o m e i m p o r t a n t 

parameter^ 101 these \Wu runs The re ten t ion e?f the 

, o l d i o n - m I O A R B L ' C m o d i f i e d t l u p lasma 

paramete r - b . o n l y ^ smal l a m o u n t Figures F 4 

F - = and F-p s h o w the p a r t u le densi t ies and Jem 

peratures \ s rad ius tor b*»th the ien t r . i l - 1 el l and 

p l u g w h e n the (.old ions are retained 
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TABLE F-5. Comparison of values of several plasma parameters for the T M \ 
plug, modeled by two versions of the TOARBUC code, one ignoring liu* cold-ion 
effect and the otK including it. 

C old ion> ignored I uld luns imludotl 
r . j n netet (no hj lo l IhaM 

CluB 1 n j l 
! 

1 

J 2 .*? * 

10 2 H • 

20 O.o 1 _ ' 

I 0 1 4 

I 0 U 

2.5 • l O 1 4 

:.2o - i o " 

0 t.p.» • 1 0 U 

1, Ir 

01 

01 

01 
I i 0 ke\ 

i f \ 

10-1 * \ 

I I 1 k.A 

" p 1 * 1 caW dn>Ml% t 1 , • I 0 1 ' ! - • I 0 1 ' 

J t is j n tndr\ nuM^u-inn tht MTII- .JI Ji-.[>tj( uitifnl ut iht' i hurii through th* pl jsmj. 

11rm h.i1- prr:m"t-J nni\ .i limited i uriip.iri-nn 
, ! I M \ . i . . M r t i t l I i - r . -u l l - Brti. i .i>:rcrnn'nl iv 
l i . K r x p t . t r d 111 T >»* I l l t u r t . 1 ^ n u K l l t - ( . . i tH 'M* . I I . 

m..d« M K.ili IOAKHL I mJ 1 -\MH \K NMIU in.ii 
iJJiht'H.il i '"v-u . ,»t plui- .inJ v i nlr.il M-II (.init'tu 
mt-iii s. \ . :.ij J . I . M , , . . - .mludtM in U.- I O X R K l l 
. i iJt i \ ) ,i i ' i i i i l t.i I I U M ! :r< t - ] i \ H i m it ;Tip<'i . t lui i 1 

I Ih« mni.n^ ctti-i[ reMlltinj; ! rom mni/.i-
•:un >>t . i w ^ r n impuntv in l l ir neutral N-.im-

1 I In prnvti.iturn nt m ulr.il >:.i- into [lit' Lin 
i-vit ' i i - rtliul. •nirt'.i-i"- tin- rumiiTT nt mid t lei 
ttnii- v UMI -J .tlutik; ncki l int- ll ir,-iic'i 'In pkwn.i 

- f .o i i J . i i \ r le i t run- 'rum the i nd i\.ill*-
•\Jvi:(i >n.i! run- .in Pt-nij; m.idi u< J i t tm. ine :in 
n l . * i ! \ t in ipnTt . in i i .•! : 1 M M pin* f--.'-

10 

1 

h 

1 

B> -
1 

1.1- • 

160 

_J 
160 

_J 
160 ' 1 
130 

1 100 

? 80 
8 0 -* | 60 

4 0 

-
f 40 

20 

Rddiui iLml 0 4 8 12 16 20 24 28 32 36 40 
Radius (cm) 

H C . F-5. T M \ plug temperatures v* radius, 
modeled by TOARBL'C code modified to include FIG. F-b. T M \ central-cell temperatures vs 
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