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1.

Summary of TMX Results—

Executive Summary

INTRODUCTION

This report summarizes results from the suc-
cessful experimental operation of the Tandem
Mirror Experimeni (TMX) over the period October
1978 through September 1980. The experimental
program, summarized by the DOE milestones
given in Table 1-1, had three basic phases: (1) an 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 tandem configuration
were demonsirated (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 addiiional diagnostic
measurements and many detailed physics in-
vestigations were carried out. This report sum-

1.1

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

The TMX experiments demonstrated the fun-
damental tandem tnirror principles, as summarized
in Table 1-2. Table 1-3 lists the maximum plasma
parameters achieved in TMX. The main result was
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
for 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 temperasures.

TABLE 1-1. Summary of TMX milestones.
Date
Milestones achieved Reference

Begin TMX checkout. Oct 1978 Direct communication to DOE
2. Begin plasma-buildup experiments. Jul 1979 Direct communication to DOE
3. Delermine density and beta of plug and solenoid. Sep 1979 Direct communication to DOE

Demonstrate electrostatic plugging of solenoid ions in a measured

well. Sep 1979 Direct communication to DOE
5. Submit draft report evaluating initial TMX performance. Oct 1979 Phus Rer Letters 33, 1132 (1980)
6. Begin tral-b: heating exp in solenoid with two beams. Nov 1979 Section 8%
7. Submit final report evaluating initial TMX performance. Jan 1980 UCID-18496
8. Submit a plan for modification of TMX, based n TMX data, tha

will address issues most appropriate 10 MFTF-B. Jan 1980 Mirror Senior Review Panel
9. Begin plug-optimizati peri May 1980  Section 10%
10. Submit report on measurements of initial electron-beam experiments

n TMX. May 1980  Section 10, UCID-18725
11. Submit report evaluating impurities in TMX including types and

origins of impurities. Oct 1980 Section 13, UCID-18883
t2. Obtain Thomson-scattering measurements of TMX solenoid electron

temperature. Sep 1980 Section 39
13. Initiate proc of hard 1o imp TMX performance, Aug 1980  Initiation of TMX Upgrade construction
14.  Submit reporl summarizing TMX results. Feb 1981 UCRL-53120
15. Submit report on radial transport of plasma in the solenoid of TMX. Feb 1981 Section 99
16. Submit report on initial TMX central-cell ICRH experiments. Dec 1980  UCID-18366

3Gection of this report (UCRL-53120).

1-1



TABLE 1-2. Summary of TMX results.

e Generated tandem mirror configuration:
—Configuration sustained for full 25-ms shot duration.
~Plug mic ) d with sol
—Central-cell MHD stability (40% maximum beta with

neutral-beam injectian).

fe PO

id ou’flow.

ic plugging:

tial well.

—Direct evidence by measurements made when one
end plug was turned off.

o I d central-cell el

M d clectrostatic pol

~Measured factor-of-9 electrastatic enhancement.
—Radial confi
® Improved electron confinement:

exceeds axul canfil

—Electron temperature higher than in 2XI1B.
—Low density at end wall.
-Dominant power loss to cnd walls.

~Low levels of impurities.

1.2 INITIAL TMX RESULTS

1.2.1 Tandem Mirror Configuration

® One of the expected tandem mirror
characteristics verified by TMX was that the den-
sity of the plasma in the end plug could be
sustained at a higher level than that of the central-
cell plasma. and that this produced higher electric
po.entials in the end plugs than in the centrai cell.
These densities were cortrolled by varying the end-
plug neutral-beam current and the central-cell gas-
feed current. The density peaks generate potential
peaks, as showr in Fig. 1-1, which also shows that
relatively small end-plug plasmas can elec-
trostatically confine a much larger central-cel’
plasma.

#® The density and temperature of the TMX
plasma are within a factor of 2 of those predicied
by theoreical codes. Calorimeter measurements
showed that most of the neutral-beam power
deposited on the axis is carried to the end walls by
ions.

#® Gross MHD 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 Confinernent

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

1-2

TABLE 1-3. Maximum plasma parameters
achieved in TMX with deuterium and a central-cell
magnetic field strength of 0.1 T. These parameters
were not achieved sirwltaneously en the same shot.

Plug density 1x 103 em™3
Plug ion energy 13 keV

Plug electron temperature 0.26 keV

Piug radius 10 cm
Central-cell density 3 x 10! em™3
Central-cell ion energy 0.25 keV
Cential-cell radius 30 cm

Plug plasma potential 1kV
Central-cell confining potential 0.3 kV
Central-cell axial-confin-.ment pazrameter 10!l s

Electrostatic enhancement in confinemen o

Central-cell beta (0.07 without 0.40
central-cell neutral-beam injection)

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 tow-erergy 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 TMX per-
formance aver 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-heam power. TMX end
plugs achieved clcctron temperatures up to 260 eV,
three to four times higher than the electron tem-
peratures of the similar single-ell mirror machine
2XIIB when operated with comparable neutral-
beam input power. Since TMX has such a large
central-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 r<-
quired for end-plug microstability is supplied from
the TMX central cell rather than from the ends, as
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in 2X11B, 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 TMX opera-
tion (December 1979 through September 1980),
poor vacuum conditions caused lower electron tem-
peratures than had been achieved earlier (although
sulactimes temperatures above 200 eV were still ob-
werved). Therefore, our progress during the later
phases of TMX operation was in physics un-
increasing plasma
in understanding

derstanding  rather than in
parameters.  This
resulted from more extensive diagnostic instrumen-
tatwn new data analysis, and improved theoretical
understanding. Highlights of these recent results

are summoarized below.

increase

L.3.1 Tandem Configuration

® Plasma potential measurements  carrred
out us o tundtion of radies have shown that the
Alectrostete porential well is not just localized near
the anis but extends acrose the central el The
well diagnosed plasmas had 130V well depths, as
expected for the measured electron temperature
and densities Other cases had well depths about
twice as fugh

® End plug potentrals exceeding 1 kV have
been generated and mantained in TMX

® Mucthod: tor controlling the radial profiles
have been demonstrated Operation of TMX vver a
wide range of central-tell gas teeds has shown that

adial densiiy profiles can be changed from
veas 'on-axis to inverted profiles peaked off-axis.

iuic nal diagnostic channels allowed us to

1 sure these radial density profiles in more detail
than was previously possible.

1.3.2 Plasma Confinement

& Under proper operating condiiions, the
confinement of the central-cell plasma is in agree-
ment with the theoretical Coulomb values. The
highest confinement parameter achieved was nr =
10" ¢m * - 5. When end-plug fluctuation levels
are significant, confinemen. 1s degraded in agree-
ment with Monte-Carlo calculations. These fluc-
tuations limited the range over which TMX could
be vrerated but did not prevent us from
demunstrating the basic features of tandem

mirrors.
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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 [ost 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 was previously assumed. Radial
end-loss analyzer measurements indicate that this
concentration is due to the radial profiles of both
the end-loss current and the plasma putential.

1.3.4 Plasma Beta Measurements

® After TMX was shut down, an extensive
calibration of the diamagnetic loaps was carried
out. With this new calibration, we determined that
a maximum centrai-cell beta of 0.4 was achieved
with neutral-beam injection.

® This calibration has alsu enabled us to
conclude that the central-cell ion distributicn has a
nun-Maxwellian component. as we had ewpected,
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 comsistent with the experimental measure-
ments, but the mcasurements cannot resolve factor-
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-
m-nts of the end-plug jon-cyclotron fluctuations
indicate wave properties more similar to the Alfven
ion-cyclotron (AIC) mode than to the drift-
cyclotran loss-cone (DCLC) mode. In comparison
to 2XHB, the AIC mode is theoretically more un-
stable in TMX, while the DCLC mode is less :'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-ceil fluc-
tuatiors extending up to 0.5 MHz, possibly



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

® Coherent low-frequency 7 kHz (m = 1)
and 12 kHz (m = 0) oscillations have been observed
in the central cell. The m = 0 mode is correlated
with bursting of end-plug ion-cyclotron fluctua-
tions and thus would not be expected in TMX Up-
grade with microstable sloshing-ion end plugs. The
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 Ilmpurity Studies

® Further analysis continues to indicate
remarkably low central-cell impurity 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 100-t0-200-
eV diamagretic-loop measurements of central-cell
ion temperature.

1.3.8 Sandix Surface-Probe Studies

® Surface probes have been employed to
characterize plasma-wall interactions and to deter-
mine TMX 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. The major component
of end losses comes from the central cell. The end-
plug contribution is also in agreement with
theoretical caiculations.

1.3.9 End-Wall Plasma Characteristics

® We have succeeded in decoupling the
TMX plasma from the end walls. This was a
necessary accomplishment for future higier-
temperature machines. A very low density (2 X 10°
cm™3) 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 : .1,
consistent with a model developed ior MFTY B
end-wall prucesses.
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2.

TANDENM MIRROR CONCEPT

The tandem mirror configuration suggested
by Fowler and Logan' and by Dimov? utilizes
previously demonstrated mirror physics principles.
Figure 2-1 shows the essential parts and the axial
plasma profiles of a tandem mirro: 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 positiv 2 electric potential that confines electrons.
This pusitive end-plug potential, together with the
high magnetic mirror ratio, confines the solenoid
ions.

In the tandem mirror reactor, most of the fu-
sion power would be produced in the solenoid.
Despite the fact that the end 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 temperature (Ti"/z).

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 elec! ons. The electrons
are heated by the energetic plug ions. Thus, the
system is characterized by EP > TEP > T > Ty
where E is the average ion energy of the plug, T,
is the plug electron temperature, T, the central-cell
electron temperature, and T; is the ion temperature
in the central cell.

If the plug density n, exceeds the solenoid
density n,, the requirement of quasi-neutrality es-
tablishes a potential difference ¢_ between the two
regions,

¢=Teln(:—p).
C

Central-cell ions with average energy T, (less
than ¢_) are confined in this axial potential well for
the time r_ required for them to diffuse by

2.1

(1)
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FIG. 2-1. Schematic diagram of the TMX device
together with axial profiles of magnetic field B,
plasma density n, and plasma potential.

Coulomb collisions upward in energy above the
barrier height.

= 1 1/211/2 -8
nr. = [5 % 1010 M2TY 2% + 2 x 10

X nL R, (My/T V2] exp o /T, @)

cctNe

where L_ is the central cell length and R, is the
central-cell mirror ratio R, B(mirror)/B(sole-
noid). Equation (2} includes contiibutions 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(¢/T;) explo /T, ) a
hundred-fold improvement if ¢_/T; = 2.2.
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shows advantage of tandem mirror over single
mitror systems. Best TMX operating point is com-
pared with earlier single mirror experiments all nor-
malized to mirtor ratio R = 2 and deuterium jon
mass. Both systems increase with ion temperatures
as T¥* 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 1773, 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-
dications of the promise of the tandem mirror

2-2

geometry. This experiment showed that a macro-
scopically stable density distribution could be
created in the tandem mirror magnetic field con-
figuration. Langmuir probe measur:ments 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 mort 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-
plug, plasmas up to 13 keV.

A simplified illustration of the TMX magnets
and plasma shape is shown in Fig. 2 1. 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-field-strength end plugs at the end of a much
larger and lower magnetic field centrat solenoid.
The end-plug baseball coils produce a minimum-B
magnetic field for MHD stability. By electrical
plasma conta-t, the end-plug plasmas hold the
central- zell 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 crete 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



TABLE 2-1.

Summary of operating design parameters of tandem mirror experiments in operation

or construction.

Gamma 6 TMX Thaedrus AMBAL-1

Plug:

1y (T) 0.4 1.0 0.4 1.2

Bmirmr m 10 0 - -

Rp (em) 4 10 7 12

L, mirror-mirror (cm) - 75 105 -

Heating method Beam, RF, REB Beam 1ICRF, Beam Beam

Heating power (MW) 0.5 4 o1 10

Duration (ms) 15 25 1 -

n fem™3) s x 10!? 4% 10" max s x 10!2 3% 1003

Wi {keV) 0.4-1¢ 13 2 20

Tl.‘ (eV) 20-2000 260 max 40 1000
Solenoid:

B(T) 0.15 0.05-0.2 0.05 0.2

Loiug-to-plug, €™ s 640 390 -

Rp {cm} 2 X2 30 3o 30

1 {em™3) 1.0 % 1.0 % 1013 3 % 10'? max 2 ¥ 002 1> 103

Wi feV) - 250 max 15 500- 1000

FIG. 2-3. Drawing of the major components of the TMX device.
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described in Appendix B. More than 350 diagnostic
channels from these instruments provide measure-
ments of such phenomena as plasma density, em-
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 I 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

Wast
Calorimeter

Faraday cups

End-loss analyzer

Grazing-incidence
sp ctrometer
calorimeters

lon probe

\

Microwave probe

Schematic diagram of diagnostic instrumentation employed on TMX.



Section 4.

Section 5.

Section 6.

Sectivn 7.

Section £

Section 9.

Section 10.

Section 11.

Section 12.

over that which could be achieved
with magnetic mirrors alone.

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-cyclotron fluctuation
ievels are low, but that higher levels
of fluctuations degrade central-cell
confinement.

The scaling of end-cell confinement is
shown to depend on central-cell
plasma properties. With sufficient
central-cell fueling (density), near-
Coulomb end-plug densities are
achieved.

A discussion of a model for the in-
teraction between the end-cell plasma
and the jon 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 posver loss is out the
ends by escaping central-cell jons. At
the edges of the plasma the power
loss is mainly radial by plug charge-
exchange and central-cell transport.
A report of beta studies that describe
measurements of central-cell betas
with and without central-cell neutral-
beam injection.

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

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

A description of rf studies of end-
plug and central-cell fluctuations.
Analysis of the data from TMX
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.

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

Section 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

INTRODUCTION

The tandem mirror configuration’-? uses three
mirror cells: two hot, dense plasmas confined
within minimum-B mirrors (end plugs), which
provide both MHD stability and electrostatic stop-
pering for 2 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.> Axial central-cell particle confinement
improved because of the confining ambipolar
potential. In a subsequent p.olcation? (also see
Sec. 4), end-cell stability requirements (rising from
microinstabilities 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 neutrai-
beam injection energy according to iiaplied values
of the confining poiential. Enkancement of axial
confinement of central-cesl 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 plasina.

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 enhanceinent due to elec-
trostatic confinement (Sec. 3.5), and finally sum-
marize our observations and conclusions (Sec. 3.6).

3.1

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 titanium-washer
startup guns supply a plasma target for neutral-
beam buildup 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 profiles 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 central cell. The plug midplane
is 320 cm from the central-cell midplane. The plug
<nd central-cell densities, n, and n_. 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, can have a minor
effect. The value of the central-cell potential, ¢,, is
established by the required equality of electron and
ion losses. The plug potential, o, is higher than ¢,
for a Maxwellian distribution of electrons by an
amount ¢, = T, ln(nP/n() (for T, constant along
field lines). This positive electrostatic potential. ¢_.,
augments the central-cell magnetic confinement by
turning back 10ns of parallel energy less than ¢...

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 group 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-1 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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equivalent of atomic deuterium and varied from
shot to shot between 130 and 165 A To fuel the
cential cell, we 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 selec-
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 seconJary 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

central cell and 1n the east and west plugs, respec-
tively. The dashed line in the east measurement
beginning at 22 ms represents data from a similar
shot. The last measurement of line density was
made at z = 285 cm which 1s 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 1f 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 current measurements. steady-state
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 startup guns be-
ing reflected from the plasma being built up within
the plugs. After a sufficiently dense. hot, mirror-



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 nut both ends of the
machine. If we turn off ‘he neutral beams in one
plug before the other, as we did with 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.
That the current measured at the west end is higher
tnan that at the east end is qualitative cvidence cf
clectrostatic  stoppering. The central-cell losses
Jdomunate over the end-plug losses because the
central-cell plasma is approximately 10 times
longer.

3.3 DENSITY, ELECTRON
TEMPERATURE, AND
POTENTIAL PROFILES

3.3.1 Density Profiles

Spatial profiles of line-integral densities, Indl,
are measured in TMX with extensive arrays of
beain-attenuation detectors {BAD's) and with
mictowave 'nterferometers (both are described 1n
Appendix B). The beam-attenuation detectors are
located on the vacuum chamber wall opposite a
selected neutral beam in each of the three mirror
cells They measure secondary electron emission
and are used to determine the :eutral 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 nmeutral beam particles.
This calculadon is not 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  slding of attenuation of the detected
reutral-vea  current requires a line density of

sensitive

ionized de  crium of approximately 6.5 X 104
cm > We - -ermined the radial and axial line-
density p « of each plug from the particle at-
tenuatior  nne of the heating and (ueling neutral

beams, n © 1red by cross shaped arrays of beam-
attenuatior uetectors We determined the radial
plasma profil»s 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 ertral cell is
lower than that in the 2nd cells, the ioruzed particles
from the central-cell beam have gyroradii too la:ge
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 [ndl for the plugs and the radial profite of nd!
for the central cell. We selected the time of 16 ms,
within the 25-ms neutral-beam pulse, to dispiay
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 magnetiz field runs east to west {+2z)
with vertical displacement being in the +y direc-
tion according tc the cight-hand rule. Tne l2ft-to-
right orientation of the {ndl data in this figu: - is the
same as for the schematic shown in Fi3. 3-1; for ex-
ample, the axial line density at z = =330 cm is in the
east half of the east end cell of the machine. This
measurement would be near the horizontal fan f
the left plug of Fig. 3-1.

Many of the qualitative features of the axial
plasma-density profiles of Fig. 3-1 are repreduced
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 centrai-cell density. Gaus-
sian curves with a dependence in z given by
exp{-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
pusitions 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 ensure that the 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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plugs and near the center of the central cell.

plug are usually higher than in the east plug for through the central-cell data. Figure 3-4 gives the
comparable beam currents. The axial e-folding radial profile inversions. n(r), of ihe line density
lengths, L, are typically from 10 to 20 c¢m and data, ind!, of Fig. 3-3{b). The solid lines of Fig.
asymmetric, with the west-plug L as much a- 50% 3-3(b) are polynomial fits of the form

longer than the east-plug L. "We also find that L

tends to be more sensitive than the radial scale indl = All- (;/R‘,;:] + B[1 - (t/R 1]

lengths to plasma conditions such as electron tem-
perature, central-cell density, and neutral gas
pressure,
Figure 3-3(b) shows the variations in vertical
line density in the midplane of both plugs and near 2, J
the midplane of the central cell. We have used nt) = E‘A +2/3B+4/3B(/R)
parabolic profiles to draw smooth curves through
the plug data and second-order polyromials X (1 - (</RJYH?

which are inverted in Fig. 3-1 to give



The constants A and B in the east plug, west plug,
and central cell were Ag = 2.4 X 104 em2, Bg =0,
Aw = 33X 10 em™2 By = 0, A_= 0.7 % 10'%
em~?, and B_ = 1.4 X 10" cm~2 We found that the
cut-off radius, R, was the same for both east and
west plugs, R g = Ry = R, = 12.2 cm, and that
the central-cell value was R__ = 38.6 cm. As in
many other experimental running conditions, the
experimentally determined values of R and R,
are related by flux conservation BPTR%p = BcﬂRﬁc,
where B, and B_ are the midplane magnetic field
values of the plugs and central cell respectively.
Two electrically grounded limiters with radii of
38.6 ¢cm were located in the central cell at z = +54
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 riagnostics were at a radius of 39 ¢cm or
more.

Figure 3-4(a) compares the continuously in-
verted central-cell density, n(r), with the matrix in-
version of the line-density data points (open cir-
cles) and with the Thomson-scattering measure-
ment of the electron density, n, at zero radius
(solid circle). The large error bars for n_at 0 and
9 c¢m result from propagating errors at the edge to
the central core when inverting chord values of
Indl. The data point for n, at zero radius gives
added support to the mverted profile, n(r) = 3.5
X 10'2 (1 - (r./38.6)%]V/2 X [0.8 + 0.9 (r, /35 6)?]

m~>. In Fig. 3-4(b), the same analysis was used to
generate the density profile for the west plug,
now(r) = 17 X 101 X [1- (1./38.6)%/2 cm~3. We
have x:ain used flux conservation to convert plug
radii values, 1, to central-cell radii values, r, = I
(B,/B, Y172 For comparison, we replotted n (r }in
Plg 3-4(b) on the same scale as was used for

npw(rc).

3.3.2 Electron Temperature Profiles

The electron density, n,, and electron tem-
perature, T, 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.
The Thomson-scattering system, which is
described in detail in Appendix B, comprised two
separate ruby lasers »~:d viewing optics located ax-
ially 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
plasmra density from the total amount of scattered
light. The east-cell optics could view three different
radii, 0, 5, and 10 cm. The central-cell system was
fixed at zero radius. The radial positions of the
magnetic lines of force in the central cell are re-
lated to their position within the plug by r_
T (BP/BCJVZ, with B, and B_ 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,y in Fig. 3-5 are the same, within
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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, at zero radius was 87 eV in the east
plug and 49 ¢V in the central cell. [n several earlier
experimental days of running, before we had the
capability of taking central-cell electron-
temperature measutements, we found the mean
value of T to be 150 V. Data that supported the
conclusion that variations in T, are due to vacuum
conditions (static and dynamic) is discussed in Ap-
pendix A. Wha* we have seen on several occasions
is that the measured values of the end-cell (plug)
potential, ¢, and central-cell potential, ¢, adjust to
changes in T, and T, according to the physics of
electron confinement.

3-7

This observation can be supported by the data
of Fig. 3-6. whe.e we have plotted T, and %5
against TeP‘ These shots are separate from the
group of 29 presently under evaluation. The data
of Fig 3-6 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 Juring the experiment. In this
run, the plug potential and central-cell electron
temperature decreased as the’ plug electron tem-
perature decreased. We therefore feel confident in
continuing with the disr ission 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 +alue of T, for the
constant condition shots at 5-cm radius is very
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cdose to the rsero-radius average. The lower
plasma density at  .-cm radius accounts fur the
increave in scatter of the data points. The average
T,, at 10-cm radius is approximately
2

[nir = 10¥ntr = 0)]° less than the value at zcro
radius The profile of T, is’-1 approximated by the
same radial dependency as n;. Because no data exist
for T, for central-cell radii other than zero, we
assume that T, has the same rad‘al dependence as
nl. There is alsv no direct measurement of T,p in
the west end cell. The electron temperature in the
west plug was estimated as Ty @/ dpE)-

value ot

3.3.3 DPotential Profiles

In this section we discuss direct measurements
of the plug potential, G- and central-cell poten-
tial, &, .

The value of ¢, is determined by the four
swept-voitage 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
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grid voltage do not reach the coiector plate.
Recause 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, ¢_,

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 +1500 V above ground. Note
how, after 22 ms, when the west neutral beams are
turned off and the plasma density in the west plug
begins 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 case 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 that
steady-state density conditions still exist. The
beam-attenuation diagnostic happened to fail tem-
po-arily right after 22 ms, as is .een in the east {ndl
plot.

Figure 3-7{a) shows the west-plug ion end-
loss current density, j. after computer processing of
the data to determine ¢, The current density in
mA/cm? is cferenced 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 lo ms (representative of
steady-state operation} and one near 25 ms
(representative of a single-plug tandem). The ion
end-loss current is not reduced until the ion repeller
voltage exceeds ¢ 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
averc ge value for ¢ at 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
oy is near that of ¢,; 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 ¢, are plotted versus time, including the
l6 and 25 ms data of Fig. 3-7(c) and (d).

To measure the dependence of ¢, 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-shat variations in ¢ to aid in analyzing the data.
It was necessury to arlow the ¢, 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 cups, into
agreeinent 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, ¢, 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 jonization, increases above the injection
voltage by an amount equal to the product of ¢, at
the collision point and the change in charge. The
measured ¢, 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

- T [ LI T T T T T T
< 10 L )
3
< s i ]
< &5 :ﬂ F 1
z 3 9001~ —
2 0 gt 4
g = 6004 J
5 3
Q _6 ' 1
2 2
2 W 300~ —
h=}
& - J
o I ! WA
0 8 16 24 32 40
Time (ms)

100 T 100
— r e 1 &
< E
£ B t=16ms 7 3 5
< | <
< |z
Z uor" - % 50
£ o, = 440V, ]
o r P 1 -
- §
g 25k W/ - £ 25
5 b4 3
© E 4 v
8 g
[=3 -
z oOF 2 0
(= w
& L |

. PN E R R S R
0 0.4 0.8 1.2 1.6

lon-repeller voltage {kV)

FIG. 3-7.

{on repeller voltage (kV}

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 ¢ , measurements.



50T T TT T T T T T T T T

. AMA‘“‘A‘M -
- A ¢, =340V
300 R

001 saase g =165V
100~ . —

N P A IO I B S
0 4 8 12 16 20 24 28 32 36 40

Time, t {ms}

Potential, &, (V}

6 Central-cell gas fueling 30

3<_>8 End-cell stream guns

3 22 28
———————————————— - — -~

End-cell neutral  West East
beams off off

FIG. 3-8. The central-cell space potential on-axis
(measused by HIBP) versus time. The 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
¢, 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
(at 22 ms), ¢, fell to a lower steady-state value
because of the reduction in the central-cell electron
temperature, T, and in ion particle confinement.
When the remaining (east-plug) neutral beams
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 ¢, 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 taken
under constant machine conditions of magnetic
field strength, neutral-beam injection current, and
central-cell fueling. The plug magnetic field had a
midplane strength of 1 T with a 2-to-1 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 (n',/nc
=~ 5) and 26 ms (n,,/nc = 1). The data was averaged
about 16 + 2 and 26 + 1 ms. The data for ny/n. = 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.

That the two diagnostics (HIPB and ELA)
measured similar potentials at 26 ms when n,~ng
testifies that there is no obvious systematic offset
in the determination of ¢_ and ¢ Therefore, we



conclude that the data in Fig. 3-9 at 16 ms, when
n,/n.# 5, can be used to give the central-cell con-
fining potential by simple subtraction, ¢, = ¢~ ¢,.
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 ¢y
falls below ¢,, 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 @, 0T . unless the
axial central-cell lossvs 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
¢, had to be measured horizontally while the radial
dependence of ¢, had to be measured vertically. We
are investigating how thermal-barrier effects,® non-
Maxwellian electron distributions, edge fueling of
neutrals, and radial losses of electrons might
modify theoretical predictions for ¢ and ¢,. 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 plasma density and
electren temperature discussed in Section 3.3 to
compare the experimentally determined confining
potential. &, = ¢, - ¢,. to the predicted value, ¢ =
Tdn(n,/n,), 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 ¢ 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,

Blr) = Tpr) ln[np(r)/nc(r)] . (1)

Central-cel} confining potential, ¢ (V)

| ! I
0 10 20 30 40

Central-cell radius, fe {em)

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

The range of predicted values of ¢_ represents the
uncertainty in determining the values of electron
temperature, T, plug plasma density, n, and
central-cell density, n_ The electron temperature in
the east plug, T, 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 [r. = r (BP/BC]I/I], and was found to
scale radially as nZgr). As discussed in Section
3.3.2, the electron temperature in the west plug was
estimated as T,y = T ¢p“'/¢pE' We used the
radial values of n,and n_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 o, later.) One
way to investigate this phenomenon is to assume a
thermal barrier between the plug and the central
cell.S In the presence of a thermal barrier, ¢ is
given by

n (N[ T, (]2
wan = gofegafi]

- Todr) In ["‘m] (2)

T\b(l')




where ny, in the thermal-barrier region is lower than
either n,orn. A thermal barrier allows an electron
temperature difference to exist between plug and
central cell (T, # T,) by reducing the electron-
electron collision frequency.” Note that as n, ap-
proaches n_, and hence as T, approaches Tep the
value of ¢, obtained from Eg. (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). The
microwave interferometry density measurements
¢ 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 TK'P and T, Equating Eg. (2) to the ex-
perimental value of ¢_ at r. = 0, using the ex-
perimental values of n and T, gives ny, * 0.5 n_.
Electron power flow calculations in Section 7 find
n,/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 In[n /ny] in Eq. (2} became
larger at increasing r.. This effect would lower the
predicted value of ¢ near the radial edge.

Using either Eqs. (1} or (2) to substantiate a
negative ¢, (¢, < &,) would require, for a Max-
wellian electron population, that either the electron
temperature and/or density in the ceniral cell ex-
ceed that of the plug. This was not what we ob-
served experimentally We firmly believe that the
negative values of ¢, at radirgreater than 20 cm are
an artifact of the measurement of o, and/or ¢,.
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
nartow 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 mn 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, ¢, were to
change from a positive confining potential to a
negative repelling potential beyond the 20-cm
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FIG. 3-11. The experimentally 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 ¢ . We have found that radial ion losses
from the central cell are an insignificant fraction of
the axial lusses within a radius of 20 cm. The radial
loss data are presented in detail in Section 9.

To 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, nr_, is compared to the
mirror confinement parameter for ¢, = 0, n7. The
classical Coulomb expression for the predicted
central-cell confinement in the presence of a con-
fining potential, n7, is then evaluated and checked
for agreement with nr_. Besides Jookirg at the cen-
tral core n7’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-confinement parameter
nr(cm 3-s) during steady-state operation by
evaluating the expression

nr. = enﬁ Lc/j( (3)



where e is the electronic Coulomb charge (1.6
X 107'%), n_ is again the central-cell density in cm~2,
L. is the effective length of the solenoid (314 cm),
and j_ is the total central-cell loss-current Jensity
out both ends in A/cm? (evaluated at the central-
cell midplane).

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

1/2
nry = ncrlogR + 2nlL (ST) R, (4)

where T is the central-cell ion temperature. The
two terms are: (1) the ion-ion scattering time for an
empty loss cone with mirror ratio R {mean tree path
>> RL), and (2) the product of the density and
flux from a Maxwellian distribution »ut both ends
of a magnetic bottle with mirror ratio R for a filled
loss cone (mean free path << RL_).® 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
nr, in the presence of a potential ¢, = T, ln(np/n()
is increased according to the following expression:

172 ®
nr, = [nr -g(R)—— + 2nL R exp[—
¢ e T e BT 2 Tc

(5)

where for ¢ 3 T, g(20) = 3. Both terms of Eq. (5)
are enhanced over Eq. (4) by exple /T ) because
only ions with energy exceeding the confining
potential ¢ can escape axially. The additional
enhancement of the first term by ¢/T, can
gualitatively be explained by the modification of
the ion-ion collision frequency term due to colli-
sions among particles with energy less than ¢_ 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-ceil midplane,
not at th2 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 jon 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, and

T, was 100 eV, given that the electrons and ions
have the same radial dependence. Therefore, the
T, of 49 eV measured by Thomson scattering
would imply a T_ 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, of 51 eV and ¢  of 130 eV, we obtain nr, =
1X10%cm™ -5, nry = 0.4 %X10°cm™3 - 5, and
nr,=5X 10 cm3 + ¢ from Egs. (3) through (5).
The fact that the experimental value of the elec-
trostatic enhancement factor, nr/nr,, is only 2.5
while the predicted enhancement from Coulomb
confinement in the presence of ¢, nry/nrg, is 12
can be explained by the equation

2\-1
nr g = n1m(l +%) (6)

Equation 6 describes the degradation of central-cell
ion confinement by the distortion 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 fluctuations within the cen-
tral cell (at the end-cell ion-cvclotron frequencies)
increased, the experimental nz_ degraded’ At low
levels of rf fluctuations. there was good agreement
between nr and the Coulomb value ns,. At the
higher levels of tf fluctuations. the measured en-
hancement of n7_ over n7, decreased. The critical
electric field. E., can be taken as a one-point fit
between nr. and nr;: 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
mally required n o/n < 3, and 1f we varied the
energy of the |n)ecled 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 injected-beam current
by operating 20-kV and 40-kV neutral-beam injec-
tors at various levels (cases A, B, and C in Table

, which nor-
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TABLE 3-1. Central-cell ion confinement for
three cases of end-cell neutral-beam injection
voltage compared to implied ¢ enhancement (case
A: 11 kV; case B: 16 kV; and case C: 27.5 kV).

Case
Parameter A B C
East plug
Vinj &V} 11 16 275
Eipj (A) 70 70 70
Ep, (keV! 57 9.2  14.6
T, V) 9 121 133
np (10'7 cm™3) L1 084
Ceniral cell
Jo {mAscm?) 32 28 14
ne (1012 em™ 19 48 37
Te eV 62 44 48
of (Vpp) T0 95 85
nre enfL2jce)”!
- . ® T /5 5 8
o 2nLdrm/sT a2 (R/2)
“p T?/TE
= explh /Tl =[— 5 B8 10

" flow ¢

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 tesult 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
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within the central cell at the end-plug ion-cyclotron
frequency. The value of ¢, was determined from
Te In(np/nc). The HIBP used to evaluate ¢, was at
an early stage of its development and was not able
to make accurate enough measurements to verify
the scaling phenomenon. Qur data from Fig. 3-10,
where we could use the HIBP to measure ¢,, sup-
ports our using ¢, = T, In(ni‘/nc) along the
magnetic axis. In all three cases we have normalized
the experimental value for nr_ to the “flow” term
of Eq. (5). The values of n_and T_ justify this ap-
proximation. For the conditions of cases A, B, and
C. we find that the normalized experimental value
of the central-cell ion confinement, nr/nrg ..
agrees with the theoretically implied scaling one
would describe for mirror confinement enhanced
by a confining electrostatic potential, n7,/nry,...

3.6. SUNMMARY

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® nf ¢_ and discussed its deperdence
on radius. In the core of the central cell (radius 0 to
15 cm), the experimentally determined value of ¢,
150 V, is in good agreement with the expected
value, T, In{n/n.). Near the edge (radius from 20
to 30 cm), ¢, is lower, and althou,h it seems to
reverse at the edge, other indirect measurements
imply that ¢ is positive at all radii.

Tabie 3-1 shows that under conditions where
... 1f effects on central-cell icn confinemeni
(discussed in Section 4) can be ignored, the on-axis
nt_ scaled according to the implied values of ¢, .
The electrostatic confinement associated with
«, > 0 was enhanced from 4 fo 8 above the confine-
ment for ¢, = 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 magnetic
mirror systems can significantly improve central-
cell plasm1 confirement.
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INTRODUCTION

The Effect of End-Cell Stability

on the Confinement of the
Central-Cell Plasma in TMX

4.2

IMPLICATIONS OF END-CELL

The Tandem Mirror Experiment {TMX) has
demonstrated improved plasma confinement over
that of a single-mirror system.’-> 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 centraf-cell ions.
When the electron temperature is axially unitorm,
this confining potential,

= T‘,ln(np/n‘) (1

depends on the temperature, T, the end-cell
plasma density, n, and the central-cell plasma den-
sity n. This paper describes experimental results,
in agreement with theory, that show the limitations
on the central-cell confinement due to end-cell
microinstabilivies.

A certain guantity of warm, unconfined
plasma must flow through the end ceils to control
microinstabilities. The central-cell losses provide
this warm plasma. If the potential well that con-
fines the central-cel) ions becomes too large, the
supply of warm plasma to the end cells becomes in-
sufficient. The experiments teported 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.!
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STABILITY

TMX was designed 10 satisfy end-cell
mictostability criteria.” In the end cells, Jow energy
ions are unconfined because uf the positive elec-
trostatic potential of the end-cell plasmas. The
complete absence of low-energy ions, together with
the radial density gradient, would result in the
drift-cyclotron-loss cone instability. this in-
stahility can be limited to low levels if a sufficient
density of warm. unconfined ions is present in the
end cells ® In TMX these ion< are supplied by the
central-cell lusses. Thus, the stability of the end-
cell plasmas i controlled by the central-cell losses.
This imposes a stability limit upon the confinement
of the central-cell plasma. If this plasma is confined
too well, insufficient warm plasma will be supplied
to the end cells. and unstable behavior is predicted

The required warm plasma density is a certain
fraction of the end-cell plasma density. The frac-
tion depend« upon the plasma potential. the mean
ion energy of the end cell. and the radial denaty
gradient. The warm plasma has a characterictic
velocity, so the stability requirement corresponds
to a central-cell lass current The required loss
current for TMX at the end-cell midplane (in
A-cm *perend) i’ ?

12 32 43
o 3ax 1o Ny v (S
ST VIER
pRp- DM

In this expression. n (cm *) is the Jensity of the

end-cell plasma. B tkeV), is the potential drop
trom the midplane to the outer magnetic minor of
the end cell, Er (keV’), Rpl=l), and M {AMU) are
the ion energy, mirror ratio. and ion mass in the
end cell. and l'p/aI is the ratio 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 alonc Jeoutr Must
satisfy

(2)

feoul Z Iy



The loss rate (cm~3-571) due to Coulomb collisions
i< proportional to the square of the central-cell den-
sity divided by the confinement, (nr) ., for this
process. The current per unit area flowing through
the end-cell midplanc is provided by a flux tube of
volume L R /R per unit area, in which the central-
cell length and mirror ratio are L (314 cm) and R,
{20). Thus. the loss current j ) (in A-cm 2 at each
end-cell midplane) is

R

en? l: i .

el 4
Jeoul 24n7) Ll v, !

Here the central-cell density is n (cm 3),and e =
Lo X 10 ' coulombs

If Coulomb collisions determine the central-

cell confinement  this  confinement, (n7)
fcm e 1“50

"
(nr) . = o4 X% 1o T“I;‘ T
"
.’_n‘L(R‘ i,

+ 1" = = {5

\/T exp T“ )

in which the central-cell ion temperature and inass
are T, (keV) and m (AMU). In the long-mean-
tree-path limit, Eq (5) is Jominated by the first
term. The confinement is then determined by the
ion on scattering time {proportional to T"“:) times
an exponential function of the plasma potential
The coefticient 0.4 X 10'°, is 2 weak function of
murrar ratio and potential well depth. The given
value is appropnate for the experiment described
below. The second term in Eq. (3} provides an ac-
cutate transiton for the short-mean-[ree-pati
limit.? In this limit a completely Maxwellian plasma
1s flowing over a potential barrier of height ¢, .

The required condition for end-cell micro-
otability is given by Eq. (3). It can be interpreted as
a limit on the plasma densities in TMX, to help in-
terpret the experiment described below. The
central-cell loss current due to Coulomb collisions.
jeouls 15 @ decreasing function of end-cell density n,,
However, the required loss current, |, is an increas-
ing function of np Therefore, Eg. (3) cannot be
satisfied for an indefinite increase of n, To es-
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timate the limiting value of np/n‘ we use Eqs
(1)-(5) to obtain

1
1+T,T
LS
n E T’ll(r a)t 3 i
-2 < loss L o/ to)
n, . 1(2.3 X 10'%T, ¢, )
Ay — +]
pm n(RkL(

for Ry = 2. M, = m, = 2. By substituting TMX

parameters into Eq. (o), we estimate np/n‘ > 3 for

m

stable operation. The parameters were chosen for
the experiment described below, but are also typical
of much of TMX operation (Ep = 10keV T =
008keV. b, =05kV, TyT, =2.n =2Xx10"
o a, = 5 and ¢, = 0.1o keV). Thus, the
theory of TMX confinement and microstability
predicts that increased ylasma fluctuations should

be observed when n Jn 3

lj

4.3 THE EXPERIMENT

An experiment was performed that tests these
predicions The gas feed into the central-cell
vacuum chamber was held fixed at 120 Torr liters
per second The neutral-beam current fueling the
end-cell plasmas was increased from 80 equivalent
amperes of deuterium per end to 225 A per end
The total centrat-cell plaama losses were limited by
the fixed gas feed The measured losses along the
axis, which we identify with the current required
tor stabilization, <ould vary depending upun the
of gas tAs we shall <ee, the
measured end losses did vary ) For this experiment,

penetration the
the magnetic fields and uther control settings were
held constant, and the central-cell plasma radius
was within the range 38 + 5(m

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 fluating potential fluctuations as a fune-
tion of neutral-beam urrent, as measured using a
high-impedance probe at the boundary of the
ventral-cell plasma. The probe is located at a radius
of 41cm. The plasma fluctuations were alsa
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 TMX central cell, are shown as a function of
the injected neutral-beam cusrent. The central-cell
gas feed was held constant.

The high-impedance probe in the east end cell e
located at a radius of 30cm These two diggnostics
measured fluctuations that were proportional to he
fluctuations measured by the central cell probe, as
s shown in hig 4 2 Thue, the large increase in
plasma fluctuations wa< detected by three
diagnostics

The spectrum of the plasma fluctuations was

the

wvelatron hreguenuy and its hasmonice were as

measysed  The fludtuations at end-cell 1on
large as many times stronger than the flue tu, tions
at other frequencies No distnct fluctuations are
observed at the won-cydlotron frequency of the cen-
tral cell These results are consistent with measute-
ments made on many operating days.' In more re
cent experiments the wave number of the 1on-
been

fluctuations has

IR

cvddatran-frequency
measured in the end cel Fluctuations charac-
teristic of the drift-cyclotron-liss-cone instabulity
have been obeerved. These fluctu ttions have an
azimuthal mode number, m 3
the ion-diamagnetic -drift direction as expected. In
addition, fluctuations characteristic of an Alfvén
ion-cyclotron-type instability are measured. These
2-7 and propagate in either
direction. As is shown below, the theory of the

20 and | ropagate in

fluctuations have m =

drift-cyelot,on loss-cone instability appears sut-
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FIG 4-2. Three diagnostics detected the increase of
plasma fluctuations. The end-cell probe (®) and
central-cell micsowave scattering (O} are rompared
to the central-cell probe.
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plasma depvirn <aincreased ~aehtlh e ventral-cell

desiribed previonsiy
aorcased

plasma den~itv decrcamed and the measared end

losses anuteased  The deciron temperature in the

cast end cell was The central-cell

Lonstant

catmated on che bass ot

N empenatyne o w,
dramagnetc loop measurements These were nor-
malized to on remperatures obtained trom <imilar
plasmas by measurements of Donpler broad-
rming 2

The analvais ut the data described above o
4.4 At

currents the deasity rano a0

presented in hig low neutral-beam
was ab us 3 and
low levels of plasma tluctuations were cbyerved
{Fig 4-4a) As the neutral-beam current increased.
n,'n increased The increase in plasma fluctua-
tions as n'rincreased is predicted by the theory

presented above. Thus this expeniment supports
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FIC. 3-3. Plasma parameters measured during the
beam current scan and plotted against the observed
tuctuation level: (a) end losses, j; and jy, (cast-0 .
west-0 ); {h) central-cell density, n,, (®); (c) end-
cell density, ny and ny (east-m, west-@ ) (d)
central-cell ion temperature, T, (A); and (e} east
end-cell electron temperature, T, (O).

the end cell otability theory based on the dnft-

cvuotton loss-cone anstability It appears that
central cell losses are necessery to maintain the
~tabality ot the end cells

The nerformance of TMX changed as the end-
cells became inore unstable The end-ceil plasma s
cxpected to enhance the axial conficcment of the
central-cell plama by electrostatic end-plugging
The end-plugging eifect of the end-cell placina may
be judged by comparing the central-cell av.al con-

binement to the confinement the cent- al cell would
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provide without any end-plugging. The confine-
ment parameter without an electrostatic well is

(ns) =

14x 100 T3 logR + 41

anlL(
X100 —

The right-hand side of this equation i« similar w0
the factor in parenthesis in By 13) The first term
reflects the ' ing-mean-free-path continement of a
mirror confined plasma, ard the second term
evaluates the loss of a (short-mean-free-path)
wollisional plasma through a magnetic nossde The

measured avial confinement parameter i«
enll R
inr) = rrand (8
L Ky

inwhich g the total foss-current from the central
cellin A-cm < evaluated at the end-cell midplanes
When the plasma Juctuations were small, the
. \"\'r-ll . l‘” canltiement was  severa! M ‘hl'
value evpected wathout end plugging, o deter
mined trom the dota and by (7) Figure 4 4a shaws
this recult As the plasmua Huctuations ncreased.
the central-cell contnemeat decreased In addition

the end-plugging ettect ot the end-cell plasmas ap

pears to have been eiminated We believe this was
a direc teonsegquence ot the increasing plasma floc-

tuations a~ 18 desonbed befoa

4.4 EFFECT OF FLUCTUATIONS

The effect of end-cellon-cydotron-frequency
tluciuations an the central-cell confinement has
been studied 3 These fluctuations are expected to
resonantly  heat the central-el’” ions near the
magnetic mirror  where the wn-cyclotron re-
guency equals thac of the fluctuations The central-
cethwons heated by thic mechanism ¢ n escape the
plasma by wattering a small angular distance into
the loss cone. The predicted effect of the plasme
Hud tuahions depends on the magnit: de of the Fluc
‘uanng ele tric Tield For small el ~tric fields (E >
10 V' cmi. the central-cell confinement is not sub-
~tantially reduced. although there is some heating
of the central-cell ions. As the electric field in-
creases, central-cell ivns are lost by the mechanism


http://ientr.il

f T T I T I T
Al tY 700 [~ (o) # ny/n (west) T
/e, least)
[ 0 nple,
E:‘ 4 % 8 400 . [n‘r)C Data .
= g 0 O (n7)_ rf theory
2t o0 o ~ 200 - —
/
~oulomb //
1 100 - Ve ——
70— - _ o d —
Data ol i
a
a0 ./. - § 4 ¢ - - —
«® % —_—— 5
d (] = co o 7 o}
- 20f ¢ -4 T 0 - —
s . . ® £ - (o
g . )
2 10 d — 10 —
= . -
= o« 1 1+ o © —
£ . Theurencal/
ab - Unplugged teo e _| 4 b effect of rf _
murror
0
)
2~ — 2= Q0 —
[}
1 1 1 1 | 1 | 1 | B S N I 1
1 2 4 7 10 20 40 70 1 2 4 7 10 20 40 70
Vlm VuD

Central cell probe

FIG. 1-4. Analysis of the data. (a) As the end-plug-to-central-cell density ratio ( § ) increased above 3, the
plasma fluctuations increaserd. The measured central-cell axial confinement (®) decreased from several times
the singfe-mirror value (-). {b) The predicted axial canfinement ( 9} includes *he reduction of the confine-
ment due to Coulomb collisions {---} by the plisma Fluctuations.

describe { above. The central-cell confinemeat
decreases uniil the fluctuating electric field
becomes so large that substantial ion heating oc-
curs. At ve vy large electric fields (E > 40 V/cm for
TMYX) the confinement may begin tc increase as a
result of the ion heating. For muderate electric
‘ields (E = 40 V/cm), the effect ~f the fluctuating
clectric field on central-cell ion confinement is
predicted to be

A7) ={nr) (1 + EY/E)! (9)

iz which E is the peak fluctuation level in V/cm at

4-5

the core of the ventral-cell plasma. This electric
field i« normalized to £, where

T\'"
o -11 B ) g
E2 = 54X 10 n[le‘-—(‘b)

<

(10)

To compare this theory with the data, one must
evaluate E. E., and (n7) 1 The critical electric field
E_is evaluatea using Eq. (10) and the data. The
Coulomb co-ifinement is determined by Eq. (5) if
the end-cell 4. nsities are equal. For unequal end-
cell densities, the following relation was used:



(n7) gy = 6.4 X 101°T12¢_exp (¢./T,) min
4n LR
+ ID‘B—L_( I:e"P("'"c/Tic )
o/ mi min
Ta
+ e"P(“"c/T,JI - ‘J (11)

in which ¢ = T(,]n(nr/n() was assumed, the elec-
tron temperatures were taken to be 160 eV, "min”
designates the end cell with smaller density, and
“‘max’’ 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 (dpp) measured at the ;lasma
boundary. The relationE = 1.5 ¢ p Was used, based
on a theoretical estimate of the wave number k for
the drift-cyclotron-loss-cone instability in TMX.
Equating the phase velocity of the instability to the
ambipolar hole velocity gives k ~ 3 em™!.° Then
we have E ~ kd’pp/Z ~ 15 g 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.
The results of these calculations are shown in
Fig. 4-4b. The observed central-cell confinement
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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 vaiue. Within the experimen-
tal uncertainties, the theory just described
reproduces the shape and magnitude of the
decreasing confinement. The 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 sunports 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
TMX as the drift-cyclotron 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 énd-cell plasmas
which confine low-energy ions without requiring
central-cell losses. One method we will use is 1o em-
ploy sloshing-ion end cells.’?



5.

Scaling of End-Cell

Confinement in TMX

5.1 INTRODUCTION

A Tandem Mirror machine!:2 uses three {or
more) magnetic-mirror cells to confine a central-cell
plasma between iwo 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
plasma becomes Maxwellian, and ion
microinstabilities do not easily arise there. The end-
cell 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.> 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 Coulemb collisions. 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)? to operate. The bulk of the paper describes
the scaling of end-cell icn confinement in TMYX, in
which end-cell stability plays a crucial role.

To be stable, the end-cell plasmas must con-
tain a minimum density of low-energy ions. If the
central-cell losses that result from Coulomb colli-
sions do not provide the required low-energy ions,
plasma fluctuations will arise. These plasma fluc-
tuations may have two cffects. They may increase
the end losses from the central-cell by heating the
central-cell ions.® This effect was observed by
means of an end-cell neutral-beam-current scan
and has been reported previously,® Sec. 4. In addi-
tion, the plasma fluctuations may reduce the con-
finement of the end-cell ions and reduce the end-
cell plasma density.” thereby reducing the required
amount of low-energy ions. A central-cell gas-teed
scan produced significant changes of end -cell den-
sily, as is described below. As the density of low-
energy stabilizing plasma in the end cell increased.

o

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

Based on these mechanisms, TMX operates as
follows: The end-cell reaches marginal stability
through the balancing of two effects. The neutral-
beam fueling attempts 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 in:rease the central-cell losses and decrease
the er:d-cell density until a marginaily stable
steady-state is reached. In steady scate, the central-
cell losses supply enough low-erergy plasma to
stabilize the end-cells in the presence ot the fluc-
tuations.

Thus, if TMX is not stable two effects com-
pete to determine the operating point. The plasma
fluctuations both reduce the end-cuil density and
increase the central-cell losses. To cumpletely un-
derstand the steady-state plasmas obtained ir
TMX, one must understand what determines the
relative magnitude of these twa effects. This may
depend upon many factors, including electron tem-
perature. plasma density and magne 1 field. This
section focuses on the evidence support.ng the im-
purtance of warm plasma - tabi' zation and does not
attempt a complete description of the steady-state
plasmas obtained in TMX

This section describes expernnmental results
that indicate the importance of end-cell stability to
the end-cell-on confinement in TMN. The recults
of a gas-feed scan show that the end cell density
responds to changes in stabilization. A variety of
data supports this condlusion. In addition. certain
specific experiments could improve the perfor-
mance of TMX. Our plan is as follows. Section 5.2
describes the theory of end-cell-ion confinement in
TMX. We discuss the significant processes and the
end-cell stability requirements. The results of an
experiment that tests this theory are presented in
Sec. 5.3, and we discuss the implications of these
and other data ir Sec. 5.4. Section 3.5 is the conclu-
siun. A more dctailed publication is in preparation;
it will include additional data and a more accurate
treatment of radial profiles.



5.2 THEORETICAL
CONSIDERATIONS

5.2.1 End-Cell Rate Eguation

This section focuses on the theory of ion con-
finement in the TMX erd-cells. A rate eguation
summarizes the processes tha* determine the ion
Jensity. Then, 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-
tain yuasineutrality We focus on the ion confine-
ment in the plasma core—the region within three
Larmor radii {o ¢m) of the plasma centerline.

The end-cell density is determined by a
balance between neutral-beam  trapping and
various loss processes The end-cell plasmas are
short. the rates of fueling and loss vary signifi-
cantly alony a given flux tube. Hence, an average of
these processes vver the plasma length determines
the equilibrium. To simplify this discussion, we
will evaluate the tueling and loss processes at the
plasma midplane, and include the averaging by
means of weight' g coefficients. These coefficients
are discussed in the Appendix D. The fueling and
lose processes affect the end-cell density, n, (em 3)
as folows:

dnv
TIT =4 <av> oy n. f: Gonng
n
r R
f, e~ fa T (1)

This equation contains one source term and thre
loss terms  lonization of the neutral-be: a atom-
fucls the plasma. The loss terms inclu.'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 Letween plasma ions
and low-energy ncutral atoms or molecules that
strike the plasma (“background gas”). The average
density of neutral-beam atoms within the plasma
wore is ny, (em ?) The 1ate coefficient for ionization
of these atoms {0y both clectrons and deuterons) is
<av> - (em? s7'). The rate coefficient for radial
transport out of the plasma core by charge-
exchange with neutral-beam atoms is ¢ {em3 s 1)

2

(see below). The rate of loss of plasma ions by
means of Coulomb collisions and as a result of
plasma instabilities is ) (s). Finally, the flux of
fow-energy neutral atoms to the plasma is r, (cm™2
s71). The weighting coefficients f, through f, arc
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.® An ion must lose most
of its energy or scatter through a large pitch angle
in veloaty 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 7 and the charac-
teristic lifetime for the loss processes at work is Tor
then the loss rate of ions in the actual plasma is
n,,/rl‘m, where

ralexplr /7 ) - 1] . (2)

Tlow =

The lifetime for charge-exchange depends on the
neutral-beam-atom density and the charge-

exchange rate coefficient <sv>  (cm**s 1)

_ 1
B n, <av>

«
\

Eguation 1) has several limits. If the gas load
on the plasma becomes too high, the finel 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, Eys. (1), (2}, and {3) can be solved for steady-
state to nbtain

f,< av>

LI In ll + fl<av> - f: C.L] 4)

n

If the loss processes are understood, 7, can be ex-
pressed as a function of the plasma parameters and
Eq. (4} determines the steady-state. For 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.se the measured plasma
density to increase until it approaches the Coulomb
limit.

5.2.2 Neutrai Beam Trapping

The neutral beams inject energetic atoms
which are ionized by the plasma and cause radial
transport by means of charge-exchange. The elec-
trons and ions within the plasma ionize the neutral-
beam atoms. The source due to this process is
fi <oV>ion My s1p- A certain fraction of this ionized
source is lost because neutral-beam injection
produces an unavoidable radial transport.? 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 code!® to evaluate this
radial motion. The code determines the actual
gyrocenter motion for plasmas similar to those
produced in TMX. These calculations show that

= 0.41<cv> (5)

c on

1

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,

(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.!! 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 is1!
101 M T32
™, Z ln)\eil“(E)

7)

In this equation, T, (keV) is the electron tem-
perature, M(AMU) and Z are the mass and charge
numbers and In A, is the appropriate Coulomb
logarithm. The energetic ions are injected by the
neutral beams with energy EINJ (keV) and are lost
with energy E; (keV). Fokker-Planck studies in-
dicate that E; ~ 1 keV for ions lost by Coulomb
collisions from TMX.12

If Coulomb collisions are the only significant
loss process, the plasma density rises to the
Coulomb density limit. Equation (4) determines
this limit, with 7, replaced by rp from Eq. (7). If we
evaluate this density limit for typical TMX
parameters (M 2,Z2=1In A = 14, ElN;
=12keV.E| = 1 keV, <av>, =14 X 107 cm
s~1) we obtain

5.0 X 10"
FJ <av>
Fl°'59<"v>iun

2

T

n I3 (8)

p T M

ln(1+

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

Under certain conditions, ion micro-
instabilities may arise in the TMX end cells. The
most serious such instability has been thought to be
the drift-cyclotron-loss-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 Alfvén-
lon-Cyclotron instability and other similar
instabilities.

The DCLC instability is a loss-cone instability
driven by two sources of free energy.? 113 One
source of free energy is the ahsence of low-energy
ions in the end-cell, which is caused by the positive
plasma potential; the plasma-density gradient is the



other. This instability can be stabilized by the
presence of a sufficient density of low-energy ions
at the end-cell midplane. To ivoid 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 stezdy 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, in A-cm™2 evaluated at
the end-cell midplane, as?*:14:

-4/3

@)

LR 032
I, = 1/2
s T OE, (R, - 1) M}

9)

In this expression, n, (cm™3), is the density of the
end-cell plasma, bom (keV), is the potential drop
from the midplane to the outer magnetic mirror of
the end cell, EP (keV), Rp. and M(AMU) are the ion
energy, mirror ratio, and ion mass in the end cell,
and r /a; is the ratio of end-cell plasma radius to ion
gyroradius. The required density of iow-energy
ions is some fraction of the end-cell density n
times the relative size of the plasma potential,
®pm/Ep These ions flow out of the end cell with a
velocity proportional to ¢1/2. 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.!? 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,
(rp/ai)“‘“. In Eq. {9) the velocity of the flowing
ions is taken to Le proportional to z.br},/nz . Depending
on the source of these ions, the mechanism which
supplies them, and on how well-localized the in-
stability is, the correct dependence might be TY/Zor
some other factor (where T, is the temperature of
the central-cell ions). Secondly, the numerical coef-
ficient, 3.8 X 10712, was derived assuming that a
stable velocity distribution was obtained with the
minimum possible number of unconfined ions.

1
»
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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.!® If the low-energy ions are teo 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.!>16 This effect is
represented by the factor (r /2,43 in Eq. (9). If the
velocity uistribution 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.’” 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
plasmas, several effects may result. As was dis-
cussed in the introduction, the end-cell density may
decrea<e 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 deirease
because the amount of end-cell density that the
central-cel] 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



pressure drop during each shot determined the flow
rate of gas into the gas boxes. During this experi-
ment, we changed the gas feed to the central cell by
more than an order of magaitude 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 usin. an array of Faraday cups on
each end of TMX.!® 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 pe: 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 the* we obtained a
significant variation of ihe 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
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FIG. 5-1. The end losscs, 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 aver a 6-cm
radius at the end-cell midplane.
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central-cell plasma. These measurements were ob-
tained using the neutral-beam-attenuation
diagnostic and a diamagnetic loop, described in Ap-
pendix B. The 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 scatter 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 unceztainty
of *20eV throughout this experiment. The
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
ot shown in Fig. 5-2, the plasma fluctuations were
also measured at the plasma boundary during this
experiment. As the end losses increased above
0.4 A+cm~2, the magnitude of the detected fluctua-
tions decreased i: both end cells and the central
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tion of end-lass current. The central-cell density
(®) and diamagnetism (O) increased while the end-
cell (A,4) and central-cell {O) electron temperature
did not.



The electron temperatures obtained during
this experiment are quite low compared to those
reported previously.9® 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
lines.!®*! Two possibilities which have not been
climinated 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-
frahon.

During this evperiment, the plasma densities
increased. The line density profiles measured by
the neutral-beam-attenuation diagnosti.s are
shown in Figs. 5-3, 5-4, and 5-5. The figures show
line density profilcs 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 cast end cell has a 20%
wystematic  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 clectronics on
the west end. and the west end cell diagnostic gave
smuaother data.

The most significant difference between the
two end cells is at the plasma edge. For high gas
feed sales, the east-end-cell line density is twice as
large as the line density in the west end cell at a
diameter of 20cm (3 X 10" ¢m=? vs 1.5 X 101
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 vut 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 alco 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 bLe 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(y), 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. if this is N(b), we find

@ o
= J-_w ftydy - Jb 10/uZ + 8 du

N(b)

(10)

b
W TR du

Equation {10) can be evaluated from the data, but is
insensitive to the derivative of the data unless b
becomes small. Using b = t6cm (six detector
spacings)., we integrated Eq. {10} trapezoidally to
obtain the number of particles per unit length in
the plasma core. The average density in the plasma
core is N(b¥/xb2. 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
TMX, measured these profiles. The ion-lost
current is determined in A-cm ? flowing through
the end-cell midplane, and the detector position has
been mapped to the end-cell midplanes along the
intended vacuum-magnetic-field lines. We have
iwo comments. First, the center of the end-lcss
profile appears to be shifted at both ends of the
machire 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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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 plasma.!* The drift-
cyclotron loss-cone (DCLC) mode which requires a
population of **warm,” unconfined jons in the loss
cone of ion velocity space has received ~onsiderable
attention. A second instability, the Alfvén ion-
cvclotron (AIC) mode, driven by i3 and anisotropy,
is also predicted to be unstable. It 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. 11, 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.

These have led bath
theoretival and experimental work on the interac-
tion of the instability-generated rf fluctuation with

observations to

the warm «tabilizing ions in the plasma Recent
theoretical work by Ymith and Nevins? shows that
warm ions mirror-trapped by the rf heating can
stabilize the AIC instability. Though the theory
pertains 1o an infinite medium and predicts a frac-
tion of warm jons 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 microstability pic-
ture is that the end-cell plasmas are susceptible 10
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
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modes can be stabilized by warm ions that pass
through the end cell plasma. Though the velacity
distribution of the warm ions required for stability
by the two mades is not the same. it is plausible that
itis the inswability that requires the greater flow of
warm wons that dominates the behavior of the
plasma in terms of the rf characteristics and the
plasma «caling. It appears that DCLC i~ present at
low injected neutral-beam currents (~70 A) Anin-
stance of DCLL scaling is the beam voltage «can
described in Sec 10 the
vperation reported in Ref 3 in which quiet 1t

another candidate is
periods were observed as the end losses exceed the
DCLC stream requirement The majority of TMX
aperation appears to have been in a regime in
which the DCLC maode is stabilized and the remain-
ing instability was conwistent with the AIC mode
The datz emploved 1 the correlation discussed
below is representative of the majority of TMX
data.

A maodel of the interacion between the end-
cell plasma. the central-cell plasma, and the rf fluc-
tuations has evolved Though «till in its formative
stages, the model 1+ consistent with representative
TMX data. In this model, the rf generated by the
plug heats ion« in the Yushmanov region on the
central-cell side of the plug. Some of these ions
wubsequently become mirror trapped in the end cell
and serve to stabilize the end cell plasma by
decreasing the anisotropy of the ion velocity dis-
tribution These ions constitute a part of the end-
foss current as they are lost from the end cell This
mecharesm of ion loss from the central cell is dif -
ferent from the Rognlien-Matcuda model discussed
previously.**

In this section, we discuss a model for the in-
terac tion between the end-cell plasma and the ion
flow associated with a :‘tahilit‘y 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.



6.2 A CORRELATION BETWEEN
PLUGC DIAMAGNETISM
AND ION END LOSS

Ihe caisos of the ATC o nd el inctabality are
the asme 7 and the anisetiopy b E ) of the hot
wnenergy distibution © Inparticular, o measure of
the anstabiiins dinve s the product 3 (8 By The
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W present she solloseng mode] of theanterac-
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2 oetabrhziny stream that -

ar e e hoton taeon A part of the warm
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aon poputeton and e nsde murror point of the
vidd cell A parton ot these jo, - can absarb energy
ttom the 1towave by the cvdiotron resonance k, v,
“w o« Moo koralong By s the wave number of
the win Ve the parallel velodite of theson wis

B

local aer ovddoton velodity The aons that gain

trequency ab e fluctuations and « s the

s an Become Yushmanoy tapped betwern

hepotontial or the dense end cell plasma and the

it tield ot the inade marror A further gain
nenenay can produce ions that are mirror confined
nothe ond el ;‘I.hnm with the energetic ons that
Grgaate trom beam-ingected neutrals Because of
the neutral beam myection the energetic ion pop-

atation o~ faghly amisotropic, with |3 E‘. = ldasa
tvpreal value The damping of the ff tHuctuations
b, the central cell ons in the Yushmanov region
thus results i murror-confined ions that aid n
reduciny the inctability drive. The ione that are
muttor conbined through of heating are not expec

ted to be strongly amisotropic. Tirst, the energy of
the ons is such that ion-ion scattering contributes
o the spreading of the wns in velocity space and
thu« to their Joes from the olasma. A second source
of paralle]l energy gain is (V| X B)Il interaction be-
tween the ion and the rf. The warm jons are not

well confined and constitute a part of the 1on end-
loss current as thev 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 fon population of the end (el
was highly anisotropic. The volume of the end cell
did not change greatly as the plasma parameter~
were varied. As a consequence, the perpendicular
ion energy, associated with the instability drive,
can be represented by the diamagnetism of the
p'.sma. 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 wn
population and thus affects the instability drive. A
plut of the diamagnetism of the end-cell plasma as o
tunction ol the ion current streaming from the
plasma would represent the balance between the in-
stability drive and the damping of the instability by
the of the f with the
Yushmanov region We will show dawa that in-

interaction the 1ons in
dicates that «uch a relation holds over & wide range

of TMN operating parameters

6.4 THE DATA

The data that we have examined s the beam
wurrent scan of 92879 and the gas and beam-
current scan ot 9 2e0-%0 Thouygh the data set covers
only two dave of operanen stinduedes virtualiv th
whole uperating specttum at TMYX namely a gas-
cutrent scan two beam-current scans putfer
aperation gas-box operation high T (~ 175 ¢\
operation and losw T (~o00 eV operation Thus, it
the correlations that are found hold true fur this
data. the probability 1~ goud thatat i true for all
data

pointing out items ot interest and then show all the

We show first the individual sets of data

data on a plot of M (the plug damagnetism) ve
tthe end-loss current density on plug centerhine)
The gas scan of 9-20 80 i< shown in Fig o-1

The east-plug diamagnetism and the vast-pluy line
lersity are plotted as a function of the end-loss
current density: We note three stems 1 T, e near
constant and ~o e\’ for the data. 2 the bne den-
ity appears to increase more rapidly than the
Jdiamagnetism .ndicating a decrease 1in hot ion

energy. 3 the magnitude of the of level in the plug
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FIG. 6-1. East end-cell diamagnetism and line

densiiy vs end-loss current for the gas-box scan of
9-26-80, T, ~ 60 eV,

first increased and then decreased with increasing
fucling and end losses (see Fig. 6-2a).

We now look at the beam-current scan from
the same day (Fig o-3) and compare: 1. T(. is o0 e\,
2. the line density appears to slay 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 twa types
of scans.

The last sel of data (Fig. 0-4) is the beam scan
of 9-28-79, analyzed previously in terms of DCLC
and the Rognlien-Matsuda model of central-cell ion
loss.>3 The data shows 1. 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 shois #27 and =45 as background shots.
The filled-in points are shots #54 through =00 with
shot #61 as background shot The rf increases with
increasing diamagnetism, in agreement with the
uther beam scan and opposite to the gas scan at
high diamagnetiom. This feature is discussed later
in this section.

We now plot all the data on the <ame graph
(Fig. 0-5) showing the diamagnetism 4~ a function
of the end-loss current density. The « orrelation ap-
pears to be about as good. £25% or wo as the errors
in the loop data. The plot connirms the earlier
hypothesis that the diamagnetiem and the end-loss
current should be related. The <caling 15 not what
would be expected from the DCLC instability For
similar densities and ion energies, the m T, )T‘_" -
DCLC
requirement” would correspond to an end-lose re-

factor  in  the guasilinear  current

yuirement ~3 times greater for the T~ 175 eV
data than the T, ~ 00 eV data [1175 28 © = 20}
The Jata clearly does not indicate suck o hifference

rather, the data <howe a scaling that s ndependent
of the clectron temyperature and thus independent
of the ambipolar hole in jon velocnty <pace This
feature of the data contradicts the DCLC theory
We therefore condfude that a inechanism ather than
DCLC determines the operating characteristics of
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 « P, where p has to have the value p = 0.81 £
0.08. This correlation i», from the discussion above.
consistent with the behavior of a plasma donunated
by the AIC instability and existing 1n a state of
marginal stability in which the losses due to of dif-
fusion are balanced by tueling.

0.5 DISCUSSION OF SCALING
RELATION, M « jp

To find a ~caling relation fur the pluy plasma,
we return to the view of marginal stability: the rf
generated by the nstability  causes  sufficient
veloaty diffusion that the instability drive
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 levei of the instability drive, which for the
AIC mode can be approvimated by a simple



T T T T T

1 T T T T T
- (a) Gas box scan 9/26/80 {b) Beam current scan 9/26/80 ]
Ig =164+ 16 A AP =27 0.1 Torr
0.65 < AP < 9.8 Torr 70<1g - 170 A
20+~ -
&3 &

§ 10 - Oqg 7
‘g i o] 8(;) o 7

5 - 09
R o o @ ]
30 o -

w
hSe L .
OO
L & _
L o .
00® 4
o o 1)
O
1 I 1 1 ! Ll I(.g 1 i
0.1 1.0 0.1 0.6
Jg, (Aem ?)
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functional relation /1"(EJ_/E") = constant, {(n = con-
stant exponent). Thus, if B increases, the
anisotropy must 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
anisotropy as

El nHEl n, =ny +n
£ opEp t Ty PR

where ny is the hot density, nyy the warm density,
and Ty the paralle] temperature of the warm ions.
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The equation shows the two limits of the behavior
of the anisotropy described above. If there is no ex-
ternal supply of warm ions (i.e.. no resonant ab-
sorption within the mirror points), then n,, ~ €,
and the anisotropy E, /E, changes as a result of f-
induced velocity diffusion which increases E; at the
expense of E . In the limit where sufficient warm
ions are resonant with the rf, these absorb the rf
power, gain energy, and constitute the n,,, popula-
tion. Thus, E /E of the hot population need not
appreciably change. We now have
nyE

n = const

nyE + ny Ty
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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 s"(nyE ) to
the diamagnetism, M, of the plug plasma:
BYnyE,;) « M? | where a is some exponent (con-
stant); we have assumed the magnetic field and
volume are constant far the data to be analyzed.
The quantity (nyE; + nyTy) 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 ;.
The stream will equal the trapped beam current.
The data relevant to this limit (2XIIB and some
TMX data) are not discussed here. In the limit most
relevant lo 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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FIG. 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, =~ 175 cV.

hot-ion population as constant. The stream is
related directly to the mirror-confined warm pop-
ulation by j = ny,/7: here, 7y 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 (njE + n, Tyy) « jhA Com-
bining, we get a relatinn that can be tested with data
M « j#, 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 AIC instability drives would be
reflected in a scaling relation of the form M « jP,
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6.6 INTERACTION BETWEEN

THE END CELLS, THE «f,
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
jun< is demonstrated clearly by measurements of
the behaviar 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)® 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 «nd-loss currents and energy spectra out
cither 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
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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 icast 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 A¢ through A¢ = T, ln(np/nl )
this behavior is not consistent with the classical
(i-e.. collisional) picture of tandem mirror confine-
ment. An example of this type of unbalanced end-
cell operation is shown in the shot summary plot in
Fig. o-o.

The second observation by D. P. Grubb (sce
Sec. 12) shows that the end-loss energy spectrum
on either end aries as the end cell neutral injectors
are turned on or of f.7 A central-cell ion temperature
of ~50 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; = w - w_ resonance; the
ion can subsequently. having gained sufficient V ,
become mirror confined in the end cell Further, in-
teraction with the rf can result in the gain of
parallel velocity by (V x E)" forces and a conse-
quent loss of mirror confinement. In this picture,
therefore, the end cell can * pump’” warm ions from
the Yushmanov region of the central cell through
the hot 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 jons would
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not preferentially be lost to the vutside of the end-
cell plasma, as required by consistency with the ex-
perimental observations.

To illustrate the effect of ion pumping by the
end-cell-generated rf, we show in Fig. e-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 virtuall»
climinate the 1f turbulence. The plug no longer
pumps, and the plug density, though decreasing, is
still sufficient 1o maintain ¢ potential barrier. The
dip in end losses is interpreted as the flow of ther-
mal central-cell ions over the potential barrier. As
the baniier decreases due to the decreasing plug
density and electron temperature, the end losses in-
crease to the limit allowed by the magnetic
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_.ﬂr.._u.;_A —_— #_‘l 1 !
[ Endt loss, currents, east 4 yndl, east plug  (ndb

PRI U U S

nd), west plug, indt

0-7

167 104

27 - +nta

o, west plug

———a

Summary plot for unbalanced end-cell operation. End losses are greatest out the denser end cell.

geometry. We note that the large dip in end losses
occurs only for high rf plugs. Lower rf plugs show
little o1 no decreace in end losses upon beam wrn-
off (Fig. 6-8).

6.8 rf-DOMINATED
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. 0-9. The picture that
evolves is that a plug that has a certain
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 f suffices to supply the required end-loss
current. This picture is consistent with (and
derived from) the behavio: of the rf during beam
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scans and gas scans. In a beam scan, the central-cell
densily is nearly constant, and the diamagnetism,
and hence 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
corresponding to a marginal stability limit. As
Fig. 6-10 shows, a small movement in parameters
normal to the stability curve can cause large in-
creases or decreases in the 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 be 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
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diamagnetism. Whether we use low density and
high ion energy or high density and low ion energy
to produce the same diamagnetism, the end loss is
related by M kjP. It 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
® and confining potential A¢_by 1/r = G(;F/Aﬂ),
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. That is, the number of ions in the
Yushmanov region that can satisfy the resonance
condition kyvy = w - w,, where w,; is the local ion

cyclotron frequency. We define the resonant frac-
tion to be F(T; ), and hence the resonant density is
n_F(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
;Z'Z/At/)l., we will have a fixed relation between n_
F(T;.} and j. We have plotted the data of 9-20-80 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
formj = n. G (?/Alﬁ‘ )and, in terms of {n7).,

nF(T,)
Gi#*/38,)

(o),

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 (n7) for rf-dominated operation corre-
sponds to magnetic confinement of the plasma in
the central 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, reprod.ced 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 pump ions out of the
centra] cell, and indicated inconsistency with the
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Rognlien-Matsuda model We then suggested an
embryonic model for the interaction between the of,
the end losses, and the central-cell ions., and
showed how the model, together with the M = kjP
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End-loss current vs central-cell density and plug f level.

relations. characterize the confinement properties

of the central cell of TMX.

6.9 CONCLUSION

A saaling of the plug end losees ascodiated
with a stability requirement has been (dentified and
is M = KiF, where M s the plug diamagnetism, j the
end-loss current density. and p is a constant having
the value 0.84 £ 0.08 It appears fairly evident that
the M v j cealing of end losses contains at least an
element of the truth. It should also be evident that
the scaling, though it holds for a large range of
operating parameters, may be highly profile and
geometry dependent. The scaling is piausible from
a theuretical point of view, but the details of the
scaling are not as vet theoretically iractable.

The stability requirement is consistent with
the mstability drives of the Alfvén ion-cyclotron
(AICy mude Although the DCLC stability criterion
1o satisfied in these expeniments, the observed scal-
my 15 not consistent with DCLC scaling. The M vs )
scabing together with the observed rf properties
deacribed in Sec. 11 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 pruperties are consistent wath the AIC
instability

We have shown that the end-cell plasma can
by direct f interaction and with no 1on collisions
pump wns from the central cell through the end-
cell plasma This observaton. together with the
measured 1on energy spectia of the end losses for
that  the

apnificant interaction between the central-cell ions

various  operating  conditions shows
and the rt occars inthe Yushmanov region The
resonant 1t heating causes mirror bapping of a
warm on population which in turn ctabilizes the
end-cell plasma We then describe o developing
model in which the rt levelis related to the central-
celb and end-cell plasma parameter~ The stream -
derermined the

through the M o " relation The current of wne

trom end-cell dimagnetism
from the Yushmanov region that corresponds to
thix requirement 1~ produced by the on cvddotron
fluc tuations interacting with o resonant population
ot central-cell wons i the Yushmanov region The
mudel illustrates the behavior of partidde contine-
ment in TMX for ol -dominated operation
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SECTION 7
POWER BALANCE AND POWER FLOW IN TMX

(D0 Caoubby
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7.

7.1 INTRODUCTION
This section presents our analysis of the flow
of power between the dif ferent species of particles
in TM\ and through the different regions within
TMN\. We tollow the energy from the po'nt where
it enters the system either by ionization or charge
exchange ot a neutral-beam particle until it escapes
to the walls of the contsinment vessel either by ax-
ial or radial transpart. We find that we can account
for 70% to 100 of the puwer input into TMYX by
the neutral beams.

In IMN poser was myeced it the plasma
by nevatal beams which batl

solely nenetic

tucied and neand theond cells The resulting tHow
ot the seeutral beamn power theugh TMY can by
miadel

which avrees wids o vper mental measurements In

explamed in roms ot 1 smpre Jasacal
thie model inte action between the energetic beam
neutrals and the ond b, Dagd plasma creates Lot
murror cocnmed ons O these ons Gespecally
those near the puasrnee penpheryy 307 o0 107 ae
charge exchange wairh

subsequentdy losr by

backgiound ga~ The remasning, plag wons dibruse
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continad redion ot velacty space ana escap o the
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they diuse Jownn and in veloaaty space transtors
to the pluy docrrons by Coudomb dray The pluy
elecirane then eachange this eneney with the
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the cold g which tueds the contral cell They als
heat (hy ne process ot drag) the resulting central

cell wns and electrons Eventually the central el
electrons escape avally to the end walls Ac they
go thev carry o the end walls thermial energy
KT, and viveup energy eg to the clectr al poten

ual that had «optined them n the central cell In
vquilbrium o centrsl cell on s fost tor eack elec

tton This wn carnies thermal energy (ea + KT
and the putential energy eo, 1o the end wall In
this tashion the central-cell wons transport 80% +o
90% of the plug-on clectron drag power o the end
wall We have tound that this dassical picture must
be moditied in three wavs in order 1o more com

pletely desiribe the power balance in TMA

Power Balance and Power Flow in TMX
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TABLE 7-1a. Characteristics of TMX operations: power balance days.

Date Neulral-beam current Central-cell fueling technique Plug T,
9/26/79 High Gas box Intermediate
9/28/79 Low Puffer valve High
7/18/80 High Gas box Low
9/24/00 Iniermediate Puffer valve Low

TABLE 7-1b. Dominant power loss mechanisms in TMX.
Date 9/26/79 9/28/79 7/18/80 9/24/80
Net input pawer Pp o kW 470 280 370 420
Loss mechanism, values in % of net input power
Axial particle loss 40 £ 10 60 % 20 30 £ 10 IS+ 10
Plug ions charge exchange on background gas 30+ 15 40 £ 20 40 + 20 30 + 15
Tueling of central cell 0S5 s 105 155
Impurity radiation 5% 2 52 512 T2
Other central-cell losses? 15+ 5 No_measurement 105 10+ 10
Total 100 + 28 115 £ 35 95 + 31 97 £ 30

2Ppet = Pp (trapped) - P {beam induced charge exchange).

Based on measured power loss to central cell walls,

diagnostics and computer-aided analysis tech-
niques for the TMX-Upgrade which will be used 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 operaticn. Be-
tween them, these four days characterize the
operating modes and regimes of TMX (Table 7-1a).
The data from three of these days (9/20/79,
9/28/70, 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-lon 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
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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. Far the data analyzed.
this power loss accounted for 30% to 40% of the
total, net input power.

A summary of the power balance for the four
days analyzed in this section is presented in two
forms. In Table 7-1b we show the deminant pawer
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
cumulative effect of all of the uncertainties
associated with calculating the value. In sc . cases
(e.g., the power loss by charge exchange on
background gas} the dominan* source of the uncer-
tainty comes from the fact that our understanding
»f this phenomena is still evolving. In other cases,
the dominant source of uncertainty comes from the



TABLE 7-2.

Progress in TMX power balance studies.

Mcdel

New measurements

Conclusions

Central Chord Electrostatic end lass analyzer

August 1979

Glabal
November 1979

Radial Profiles Movable end-loss analyzer

Seplember 1980

End-wall and central-cell calesimeters
Neutral beam attenuation diagnostic

Single channel EL'V spectrometer
Radial arrays of end loss cusrent detectors

Arravs of end-wall calorimeters
Aduitional calorimeters in centsal cell
End-plug charge exchange from SED

Central-cell Thamson scaltering

End-wail probes
Solid-state surface probes

Multichannel EL'V spectrometers

Complete Radial Model
March 1081
comparison with TMY data

More complete medels being implemented
in TAMBAR and TOQARBLUC codes tor

On axis, most beam puwer deposited on enil
wall by ions

Plug ion cyclotron fluciuations heat
central-cell ions

Impuritv radiation smalt

End | & current profile shape comparable
1o denwty profile

Dom aant power loss to end walls

Ov sail power balance achieved

Plug potential has radial profile

End loss powet peaked on axis

Radial power luss 1o walls generalls small
Charge exchange of plug ions not negligible
Central-cell T, cooler than plug T,

End wall density small and cool

Wall flux and energy curroborate uther
medsutements

Impurities less than 0.3% of central

cell plasma

Lower ioniczatiun stales of impurities

al edge

Work in progress

fact that we were only able to measure the plasma
parameters at a finite number ot Jocations

At the time that TMX ceased operation in
Oct.-Nov. 1980 we had developed a significant
Jdiagnostic capability (Appendix B). (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 cach
measurement and that our fitted profiles are inex-
act. we recognize that calculated values in the
power balance are uncertain. Within 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
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The uncertamnties assodiated with these values
We rerer the reader to Table 7-1b

for this information (Appendin b oprovides a for-

T3

are not shown

mulary of the equations used to calculate the values
presented in Table 723

Although there were apmificant ditterences
between the plasma patameters and the detanls of
the power balance on cach o1 the four dave we can
summartzse the results of the power balance calcula-
tions presented m Fig 7-2 and Toble 7.2

Aval power loss plaved a dominant role tn the
power balance in TMN Detailed measurements of
the ion end-loss current density and energy spectra
show that the one carried almost all of the avial-
loss power ta the end wall. Our analysis also shows
that these were ions which escaped the central cell
and then gained encrgy as they fell down the
potennal hill created by the electrons. This was in
contrast ta similar measurements made in 2XIIB
which showed that electrons carried more power to
the end walls than did the ions® (Table 7-1). 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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Thomson-scattering
ruby laser

Ultraviolet
ater

monochr

o

Thomson scattering
ruby laser

Net current \ )

detector array \%

B

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 this
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 TV X-Upgrade and

MFTF-B.
The remaining three terms, power loss

associated with the gi~ fueling of the central cell,
impurity radiation, and other measured losses con-
Libu’. 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 for

Diamagnetic loops
" Fast-ion
\ gauge
~N

RF probe \

\W il probe
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£nd loss analy2er calorimeter
- Calorimeter array
~ Faraday cup array
FIG. 7-1.
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Legend
ﬁM-cmwave interferometer
P Wall calorimeter array
Secondary emission detecior
Neutron detector

q‘;!rf probe

TMX power- and particle-loss diagnostics.

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 the
power flow through TMX based upon data ob-
tained during experimentation on September 24,



Incident Incident Beam
be: beam power -
Beam- am power p induced
mdcu;(:ed Other measured cx
(\ central-cell josses
lons U i L lons
Axial < Trapped Q rf rf c—j::ﬁapped Axial
losses beamn beam losses
Drag Drag
Electrons Electrons
Q l l ﬁ::’slgg Radiation &
CX on CX on
gas Untrapped Untrapped gas
beam beam
Central
East plug cell West piug
FIG. 7-2.  Schematic of power flow in TM\.

1950 The experiment was particularly carefully
munitored and controlled on this date so that we
could obtain the clearest possible picture of the
plasma equilibrium (This equilibrium is charac-
terized 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 can use the data from this date to
provide as complete a test as possible of our
theuretical models of the power flow in a tandem
mirror

On this date we balanced the neutral-beam
current injected 1nto the plugs of Ti4X (referred to
by their geographical location as cast and west). A
total of 34 MW of neutral beam power was in-
jected into the plugs (1.8 MW east and 1.o MW
west) Of this, a total of @10 kW (390 kW east and
520 kW west) was stopped in the plug(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 1n 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
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inputs and lossee for each plug (east and west)
weparately We do this because the density. total
plasma volume. and 1on temperature are distinctly
different for the two plugs. The reason(s) for these
differences are not well understood at this time, but
may be relaied to the relative - ntation between
the plasma fan entering the central cell and the
ncutral beams in the two plugs (Appendix E).

In Table 7-5 we present the peak value (on
aniv) for the plasma parameters typical of the Sep-
tember 24, 1980, running These values came from
time averaging the measured values during the
equilibrium phase of the shot and then by averag-
ing over a tota) of 29 data shots In Table 7-0, we
present analvti fits to the measured profiles of the
plasma parameters These values were used to
calculate the power balance presented in this sec-
tion

7.3.1 Plug lons

The neutral beams were the sole source of
energy into the equifibrium plasma. On September
24, 1980, the beam currents to the plugs were ba-
lanced at I, = 150 Atom Amperes equivalent per
plug. Using a neutral-beam trapping code
developed by Turner and Kaiser® we determined



TABLE 7-3. Caiculated values for power balance. All values in kW,
Term Region 9/26/79 9/28/79 7/18/80 9/24/80
Incident beam power EP? 2000 1300 2240 1780
wrb 2000 1500 1720 1650
Trapped beam power Ep 150 240 600 390
wp 720 420 280 520
Untrapped beam power EP 1550 1060 1640 1390
wrp 1280 1080 1440 1130
Beam-induced charge exchange Ep 380 200 390 310
W 320 180 120 180
€ harge exchange on gas |34 60 70 80
WP 80 8o 60
Al fosses thru plug 34 100 100 40 75
wp 110 K 70 7
it heatiog of ventral-cell s P - _ 10
Wwr No No 15
Flectron drag on plug wns LP 15 100 110
wr 140 30 40 130
Fuelng-induced losses Ceniral cell 3g 30 50
Total impuniy radiation Josses Primzaety 20 20 30
centrat cell
Other measured losses Cenieal el No measurement 10 50

JEast plug.
Bya vt plug

the tractan of the neuttal beam which was scopped
by sonzaton thuth electron and won impact) and by
harge exchange (Table 77).

In TMX the prinupal targets for the neutral
bearas were the plug ions and electrons. On the
average charge exchange between a neutral beam
particle and a plug icn resulted in a net energy in-
put equal to (b W) where Eb was the mean
neutral-beam injection energy and W was the mzan
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.
2x118 TMX

Power onto calorimeter

2
(Walts cm=) 660 250
lon-end-loss power from gridded
analy et (Waits/cm?) 160 230
Ratio of ion-end-loss prower to
total end luss puwer 0.15 0.9

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-cell ion power
balance), rf heating of the end-loss ions {Section
11), and c(harge 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, 1012 cm™? 1.3 0.27 1.-
Electron temperature, oV’ 87 19 77
fon energy. keV 131 0.06 5.6
Plasma potential, volts 540 325 180
End-loss current, A/cm?
(a1 plug midplane) 0.18 - 0.21
End-loss ion energy, keV
(at end wall) 1.3 - 0.8

“Estimated according to ‘”plug/Te,plug = constant.
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Input Losses.
East plug tons

310 kW_ Beam-induced
charge exchange

110 kW

Electron drag
Neutral-
beam n,=13x 10" ¢m™?

heatin = 35 kW __ Rt heating of
3004w W=13.1keV end-loss ion

10kW _ Rf heating of
central -cell ion

BO kW _ Charge exchange
on gas

5 kW Axial-particle loss

P _ 550kW _
Pour | 330KW

14
FIG, 7-3. East 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, Poulsen® estimates that this gas flux is
equivalent to approximately 1 to 2 mA/cm? 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 60 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
the secondary emission detectors (SED) in the

input Losses
West plug ions

180 kW Beam-induced
charge exchange
130 kW Electron drag
. 60 kW  Charge exchange
beatral- |ny =17 % 108 3T~ ongas
heating ~ | 30 kW _ Rf heating of
520 k W= 5.6 keV [ end-loss ion
10kW _ R{ heating of
central-cell ion
BKW __ Axial-particle loss
Pout _ 415 kW _ 08
P, - 520kW - O
FIG. 7-4.  West plug ion power balance.

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 remaining SED signal iz proportior.. to
only the current from the beam attenua an
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 «ignals before
and after beam turnoff. When we perform this
analysis for the 9/24/80 data we obtain P (east) =
0 kW and P (west) = 30 kW in factor two agree-
ment with the predictions of the Fokker-Planck
cade.

tnput Losses
East plug electrons
105 kW Transfer to passing
central-cell electrons
Drag on no=13%x 10" em3 lonization of gas
_plug 110 kW P |2EW and excitation of
ions kT, =0.08 keV Franck-Condon neutrals
2kW Impurity radiation

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



Input Losses
West plug electrons
125 kW  Transfer to passing
e
central-cell electrons
" o=1.7X10% em™3 lonization of gas
EIT;] iz::s T30 kW | 30 kW P S kW and excitation of
I<TE =0.08 keV Franck-Condon neutrals
——2-m-— Impurity radiation
FIG. 7-6.  West plug electron power balance.

Based on the analysis as summarized in Fig.
7-3 and Fig. 7-4. we obtained an approximate
power balance for the ions in each end cell.

7.3.2 Plug Electrons

The plug electrons gain energy by the process
of Coulomb drag on the plug ions. Impurity radia-
ton {Sec 13) and ionization of cold gas at the
plasma boundary are small power losses (Fig. 7-5
and 7-0). Nearly all of the drag power should,
theretore. be transterred 1o the passing electrons
Using the formalism of

from the central cell

Cohen. et al ™ we can calculate the power per unit

volume being exchanged between the two classes of
electrons at the center of the plug midplane. For the
cast-plug electrons (T, = 87 eV) the power
transferred to the passing central-cell electrons (T,
= 49 eV) is Pp(ep - ec) = 23 W/cm?. This is more
than twice the power which is being input to the
plug electrons at this location: Py = 10 W/em®. A
similar calculation for the west plug gives Py, (ep -
ec) = 20 W/em? while Py = © W/ 1t appears
therefore, that the electron axial-energy transport is
lese than expected

One possible explanation for this phenomena
iw u thermal barrier to the electron power flow We

Input Losses
Central cell electrons
70 kW Axial particie loss
Transfer from
east-plug 105 kW _| 30 kW tonization of gas and excitation
efectrons A~ ot Franck-Condon neutrals
" =27x10"? ¢m3 30 kW . o
€ Impurity radiation
A~ 10 kW Secondary electron emussion
kT_ =0.05keV f d walls
Transfer from 125 kW & & kW rom end wa
west-plug — Central-cell 1on drag
electrons
5 kW Lyman-alpha radiation
P 230kW
Pour 150 kW :
FIG, 7-7. Central-cell electron power bajance.
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Input

Losses

Central-cell ions

Plug-driven 20 kW 20kW _ Axial particle loss
rf heating
Radial transport 20kW | 7 <27x10"2 em? |18 kW Radial transport of
down potential gradient c thermal energy
Drag on central- 5 kW KT = 0.05 keV 5 kW Charge exchange in fueling
cell electrons x region
lonized Franck- 4 kW 1 kW Charge exchange on
Condon neutrals background gas

Pin__49kW

POUT 41 kW )

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

van use Cohen s furmalism 10 determune the plasma
density in a thermal barrier region which is consis-
tent with the measured plasma temperatures and
densities. Doing su we find thatng = 1to 2 X 10!°
wm Y e, n/ng = 03 to 0.5 would be required to
balance the plug-electron power gain (Ppy) and loss
[Plep  c0)).

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

TABLE 7-0. Profiles of plasma parameters.

East plug density

FERYS P
1.3 » 10”[1 - (—,—;) ]

n(rs) -

West plug densily

14
nire) -~ 17 % 10”[1 - (u

Central-cell density

35 x 10'2[0-77 ¥ 03‘(#):][' h (f;_é)-]

n{r)

tait-plug electron iemperature

ran - ol - ()]

profile of the plasma density on thix date (Sec. 3)
Our measurements did 1ot reveal the presence of a
depression in the axial density profile. hawever, a
30% density depression may have been difficult to
detect or a1 a location not measured

We believe that such an avial denaity depree.
<ion could be caused by the heating of the central-
cell sons by plug-driven ion cyclotron tHudctuations
Rugnlien and Matsudal! have shown that when the
fluctuating electric field in the resonance region ex-
ceeds a critical value the central-cell on veloaty
space distribubion s significantly distorted. Thie
distortion reflects the Tact that the won~ are being
preferentially heated in the perpendicular direction
at Btz) = 10 kG This wan cause a denmity depree.
swon of factor 2 to occur at Biz) = 20 kG For the
Septemiber 24 1980 paramweters, the cnitieal tield s
calculated 1o be 10V em Our anterpretation of
probe measurements indicates that the fluctuating
vlectric field was appronimately 20 V' cm. twice the
urstical value Under these vircumstances 1t 1s possi-
ble that the heating of the central-cell wons by the
plug-driven fluctuations resulted 1n a thermal
barrier between the plugs and the central cell

Analysis of similar data on other dates, ¢ ..
9.28:79. shows that the reduced thermal conduc-
tivity appears to be present even though the rf fluc-
tuation level was luw. We belicve, therefure, that
the plug-driven ion cyclotron fluctuations may
have caused the thermal barrier effects seen on



TABLE 7-7. Parameters for plug ion power
balance.

Process plug Last West
Incident beam current, A 150 is0
Average accelerating volage, b\ lo.5 15.5
NMean neutral energy kA 11." 1.0
laateation teactzon 0.002 0.095
Charge-eschange draction Mo 022
Poawer input by onization kW 110 o0
Tutal power input by charge
exchange, K3 280 00
et power input by charge
exchange kW 230 180
Fledieon drag power kv 1o 130
Poscer lost by charge exihange on
backgrovod gas A 80 w0
of heating of centrat-cell sons R Y 1w 1
rt heating ul end-luss cureent kW a5 e
Sl loss ol plug ons s 3

“hiom Fokker-Planck and gas tueling codes

G2 s0 Howeser there must alvo be other

Mmechanems as vet wadetermuned which account
tar the apparently farge differences between the
Pluy and central cell eleainon temperatures which

wete detedted on uther dates

Central-Cell Electrons

.3

tven in the presence of reduced thermal con-
ductivity almost all ot the power transterred by
Coulombs drag 1o the plug electrons <hould wubee-
quently be transterred to the central-cell electrons
by cassical simple tandem mirror machine some
ot thi~ energy would be transferred to the central-
cellions by drag However for much of the TMX
data T i nearly equal to T This was true on
Suptember 23 1080 We dalculate that very little
power (€5 kW) was exchanged between  the
central vell aone and dectrons by the process of
drd);

There is a second mechanism by which elec-
tron energy can be transferred to the central-cell
wns As the ions drift radially across the magnetic
field they fall down the radial gradient of the
ceniral-cell plasma potential and, thereby. gain
encrgy. This energy comes (indirectly) from the
central-cell electrons which created the potential
hill. We estimate the pawer transferred by this

mechanism to be of order 15 kW 10 20 kW. (See the
following subsection on the central-cell ions.)

lonization and heating of the neutral gas
which fuels the central cell causes 30 kW of elec-
tron power loss The emission vf Lyman alpha
radiation by excited neutrals due to the gas fueling
leads to anather 3 kW of power loss. Impurity
radiation (Sec. 13) results in the loss of an ad-
ditional 30 kW' of electron power

In addition to the power losses from the elec-
trons assoctated with impurities and fueling, the
clectrons which escape axially along the field line«
cause the lass ot 70 kW of power The elec tron and
the wn end losees which bombard the end walle
Bive risu ta lh(' emisson of 5['(0ndl”\' ('Il'l trons
trom the end walle Theee econdary electrons
catse an additianal power lows from the central (ol
clectrons * Far the September 24 1980, parameters
we estimate this power Joss to be of order 10 AW

Within the limits present
derstanding of the central-cell eleciron physics we
can account for approximately 150 kW ot electron
power lusses Even within the uncertainties 1n the

of our un-

measurements it appears that 50 KW to 100 kW of
the power input to the electrons s not accounted
for by these loss mechanisms We will return to this
point when we examine other measured central-cell

losses

7.3.4  Central-Cell lons

Since the central cell on and electron em.
peratures are nearly vqual drag 1< neither a gt
cant poser input not loss tor the sentral-ceth one
W e cstimaie shat the luns gam appronimately 3 kA
ot power by dray on the dectrons Maoer of thae s
soquired on the edpe ot the plasma where we
believe that 1<,

Anamponiant power mput to the ons comes
trom the plug-driven won cvelotron tluctusuons -
From measurements of the plasma fludtuations in
the plugs on thie date we estimate that the fluc-
tuating clectrie tield in the central cell was 20V (m
According to Ret 1 this elec i field would result
noan of power input to the central-cell wone of
20k

As noted in the power balance for the central-
cell electrons radial transport of the central-cell
10ns can also be a power input (Sec. 9) We estimate
the wn cross-field energy transport due to non-
ambipolar particle transport by analyzing the
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measured non-ambipolar particle fluxes. In doing
s0, we calculate the energy flux associated with the
radial transport of an ion from the point where it is
born at r| with thermal energy kT, and potential
cnergy ew) to the poinc where it is lost at r, with
thermal cnergy kT, and potential energy eq,. In
transporting from r to r, the ion has fallen down a
radial potential hill of (¢ — #,)/(r, - r,). The ion is
assumed w0 move radially with a velocity given by
I'/n where noand 17 are the local values of the
plasma density and radial particle flux, respec-
tively. The ion it assumed to drift radially for an
axial Lonfinement time given by 1 = nel/j where v
i« the on charge. L is the length of the central cell
and 1 i« the local end-lose current density 1n this

mannes we wn obtain @ rough estimate of the
croms-ficld energy transport Assuming a Gaussian
wn-energy profile with 7, (r = 0) = o0 e\ and us-
iny the measured plasma parameters (Sece. 3 and 3)
we find that the ons gained approamately 10 KW
10 20 kW of cnergy as thev fell down the potential
hill and lost 10 KW to 15 KW due to cross-field
transport of wn thermal energy

The encrgy transported acrose field lines in
this manner i« eventually lost aithier by anial foss as
the 1ons escape over the confiming potennal hill or
as charge exchange with neutral gas at the edge ot
the plasma Av the edge ot the plasma the neutral-
pas denaty s high enough that few of the jone
reach the plasma limiter with significant energy It
1 thae Jasi 1aar that makee the companison of the
measured power deposited on the calorimeters in
the gas tueling region of the central cell (between
the hmitersy to the power loss due to charge ex
8 hdny,(‘ ut pl.lsn\.l mwns dnd (*qdplng ‘ ranm L
Condon neutrals (predicted by the neutral-gas fuel-
ing ode) espeaially informative. The measured
power losses in this region were Py=1s KW to 20
KW The total radial power loss in this region
predicted by the fueling code was 9 kW, In addi-
tion tu this there were 3 KW ol L radiation and ap-
proumately 8 kW of impurity radiation emitted
within the fueling region viewed by the
calorimeters. The total anticipated power loss i
this region, therefore, was 20 kW to 25 kW The
fact that this value is very nearly equal to the radial
power luss detected in the fueling region allows us
to conclude that we do not have ambipolar particle
losses (and, therefore, energy loss) in the central
cell which was significantly greater than the non-

ambipolar Josses. 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 cach of the four
calorimeters, averaged over several shots, is shown
in Fig. 7-9 The error bars represent the standard
deviation about the mean. Inside the gas fueling
region between the ICRH limiters (# = +354 ¢cm to
’ 54 ¢m) the radial power loss appears to be
uniform as a fundtion of s and the shot-to-shot
the fose are small. The
calurimeter signal in this region is cquivalent to a
radial power loes of .4 W (m? - 0o W/ em” at 4

variations in power

radius of 53 cm. The tatal power lass in the fueling
region between the [CRH limiters i+ therefore, 15
KA to 20 kW

this power loes is consistent with the radial power

A« reparted earlier in this <ection

loss assoviated with the neuatral gas fueling in this
region plus the power loss due to radial particle
transport and impunty radiations

Data
calorimeters outside of the fueling region (C and
D) A« indicated by the error bare the chot-to-shot
varations detected
calonimeters were large Over the eight ~hots on

also came from two central-cell

in the power on these

which data trom theee Calonmeters was recorded,
the possetr receved on calonmeter C was W om-

on 2 <hote and ranged between 12 W (m”and 3 o

W oums on the other 3 chote The data trom
ICRH T 20
limiter 2
7\ . W/cm
| ~a 1.0
f 0 >
N | S,
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FIG. 7-9.  Central-cell calorimeter measurements.



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 during which
calorimeters C and D recorded large power losses
and thosy shots during which these calorimeters
received vero power loss, we concluded that the
signals on calorimeters C and D were due to
localized power losses or power losses after the end
cells were turped 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
fraction of the central cell during steady state
operation The total power luss assaciated with the
<ignals from these calorimeters is therefore highly
unwertain We estimate that this value could be as
cmall as 1 KW or as large as 100 kW on those shots
duning which these calorimeters received signals.
In determining the guantity labeled ~“Other
muvasured central-cell losses “ in Fig. 7-2 and Table
72 we firet calculated the total power loss
measured by the calorimeter array. We then sub-
tracted from thie value known sources of radial
loss These sources were charge exchange of ians,
lovs of Franch-Condon neutrals created in the fuel-
ing process Lyman alpha radiation and impurity
radiation The rematning power is representative of
wn 1adial transport and anomalous radial losses
On this date this category of power loss (i.e., other
central-cell lusses) represents 10 £ 10% of the net
power inpul to TMX by the neutral beams.

7.4 CONCLUSIONS

W have calculated a power balance for TMX
based on the measured plasma parameters which
accounts fur 70% to 100% of the net input power
An understanding of the physics involved in the
puwer balance and power flow in TMX points out
the importance of the following conclusions

® A« theuretically 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 smal)

® The ion cyclotron fluctuation heating of
the central-cell ions was an important and
often dominant input to the
central-cell ions.

power

® 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 continuing 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 deta‘led numerical studies

of the interaction bet ~een the background
gas and the end-cell plasma so that we can
more accurately estimate the power lost by
this mechanism and s that we can learn
more about the source and nature of the
plasma “halo * which jrotected the end-
cell plasmas.
in order to understand .he reduced clec-
tron axial energy transport .n TMX and
the low power loss due tc seconaary elec-
tron emission from the end walls. we are
continuing to inprove our 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



8.

Plasma Beta Measurements on the Tandem

Mirror Experiment (TMX)

SUMMARY

The Tandem Mirror Experiment (TMX\)
results have demonstrated the existence of a
scalable inagnetic field geometry which maintained
macroscopic stability at finite beta. In a first set of
experiments, the end-plug beta (3,) was increased
and the resulting central-cell beta (3.) measured.
Over 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 values {maximum 7%) that were
theoretically  magnetohydrodynamically  (MHD)
stable. In a second series of experiments the
central-cell magnetic field {B.) was 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 vbsers ation
is in contrast to the results of the TAMRAC code
which predicts that .3~ 3 /BY 2. While we can’t be
certain, we conclude that it is unlikely that this un-
expected resull can be explained as MHD-stability
connected. Rather, we believe it to be an artifact ot
the plugs’ micrastability requirements, although we
have not modeled this behavior successfully

8.1

Auntdiary heating ot the central-cell plasma
produced a short high beta plasma That betas up
J07

1 armor-orbit ~(.|b|lx/|m; etfect and the localiz vtion

to were produced 1« attnbuted to bimite
ot the high beta plasma near the central-cell mad
Pldnl ‘\'h\'rl‘ 'hi' Aaouum ’Al('ld wurvature as \ﬂ\.l”

We measured anincrease i electron temperatute

8.2 INTRODUCTION

In a tandem nurrar wo distingt sources of
punding-center dntt MHD
instabilities T For TMX the more setious of these s
negative  tield-hine thad  curvature)
unavordably certain

motion can dnve

curvature

which Gelurs in localized

The <econd source not

regions of the machine
believed to be ot comparable mportance in TMY s
the radial gradient of the ambipolar potential
which s respansible for dritts of the E X B variety

The end plugs of TMX are designed to have ab-
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wolute minimum B in the region occupied by the
high pressure plasmas. however the centratl cell
has sufficent bad curvature to torc the vacuum
average curvalure over the entire svstem to be bad
also A necessary condition for MHD interchange
stability i« that the high-pressure plugs <tabilize the
cenural el o a pressure-weighted average

The high-beta L = 8z n (T + T 3 B perfor-
mance of tandem murrore s believed to be deter-
mined by ballooning  interchange maodes  that
focalize i regaons of bad curvature theory predicts
a maumum value of central-cell beta which s in-
~ensitive to the plug beta The exact values ot the
central-cell imnt tand the value ot ap 3 the lows
beta flute interchange hmit) are dependont on finite
Larmor radius ¢FT Ry etfects which are only now be-
g nddaded in the theary

One ot the three mamn phyvsics objectives ot
™A
weometty that was MEHD <table at high Central-cell

was 1o demonstrate o scalable magnetic
bty As deaonibed below part ot the experimental
program was to explore the MHD Ltability bound-
arv The <hape b the MHD stability boundary i
shithed in hig s 1 ror a case where FLR ettects
have bren penored The custom ot plotting dve s,
terb e thar vice versa s an artitact ot the manner in
which the stability boundary o caloubated

The stabilize boundary can best e exploted

Three

staaches present thomselves tor accomphshing
] t ®

by ancreasimyg the centialcell beta ap-

this
@ Inucase plug beta which s observed to
mcrease central-cedl beta
&  Decrease cential-cell magnend field
@ Hicatcentral velfdirectdy

These approaches naturally divide mto «vpen-

ments without and  expenments swathe ausaliary
heating ot the central cell In the tollowmg sec-
tons atter a2 brief discussion of expernimental
method. we <hall exvamine the results of these two

groups of expermments

8.3 EXPERIMENTAL METHOD

We are anterested in cemparing  the peak
values ot plasma beta in the central cell with peak
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values in the plugs. The mean plasma beta (J) can
be obtained by cumbining a nieasurement of the
plasma  perpendicular energy -ontent with its
volume (V) according to

W,
VB

8r

The energy content of the plasma can be ob-
tained from a measurement of the plasma
diamagnetiom  An array of diamagnetic loops.
described in the diagnostic section, measures the
magnetic moments of the plugs and the magnetic
moment/unit length of the central cell. The plasma
energy vomponent perpendicular to the magnetic
field is then given by

W, =10 "M, B, ()

for the plugs and

W, =10*%m B (/cm)

for the central cell. Here M, is the magnetic
moment of the plug in A-cm. m_is thr magnetic
moment/cm for the central cell in A-:m?/cm, and
B_is the magnetic field in gauss.

We estimate the peak plasma beta ard perpen-
dicular energy/ion pair in the central ~¢ll 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' 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 MP

d, = —— (1)
o LB

where L and T, are the 1/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 1 and den-
sity scale length r . and then calculate

O.B[] + (r(/rw)z] m,
T e g
<

We do not have a measurement of r, for
TMX. Thomson scattering measurements of the
radial variation of the plug electron temperature
vield a scale length almost identical to the density
scale length, and we assume that the ceniral-cels
electron temperature has the same radial variation.
Much of the central-cell encrgy 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, = r . realizing that this in-
troduces a possible error in our determination of ..

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



to the centrai cell through the electrons by classical
processes and through ion cyclotron resonance
heating of the cer tral jons vy 1f 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 2-2 and 8-3 summarize the general
results obtained for a scan of the plug beam
current. These results show that we succeeded in
producing plasinas with finite beta (over 0% in the
central cell) in the TMX geometry, and that over
the range of the experimen* there w-s no sign of
saturation.

The TAMRAC computer code was developed
to predict the density and temperatu.es in tandem
mirror devices.2 TAMRAC 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,
temperature equilibration between species,
degradation of plug confinement by the drift-
cyclotron luss-cone (DCLC) mode, etc. [t does not
include radial diffusion, nor does it correct for the
radial profile of the 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 *hus ) for an
arbitrary number of specie-, as well as self-
consisient electron and ion confining potentials.
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For the case of stable TMX plugs TAMRAC
predicts for a given plug beta "hat the central-cell
beta should vary roughly as B;3/2.

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

Figure 8-4 shows the experimental data for a
series of shots during which the central-cell
magnetic field was varied. Also plotted on the
figure is the MHD stability boundary for the 1-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 TAMRAC code for the three central-field
values. There is no indication of the sensitivity to
magnetic field predicted by the TAMRAC code.

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

® Thecentral-cell plasma is MHD limited.

® The behavior is an artifact of plug

microstability requirements.

As described below, we conclude that the behavior
is not MHD related but rather an artifact of plug
microstability.
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8.4.1 The Central-Cell Plasma is
not MHD Limited

The value of ﬂp/ﬂc 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
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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.



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 ;tandom experimental
error in reducing the data (certainly a very
pessimistic assumption since in actuality the
neutral beam current varied somewhat from shot to
shot), then we must consider whether there can be
systematic errors in the reduction of the data or
maodifications to the theory that can reconcile the
more-than-a-factor-of-ten difference between the
ubserved values of 8./, and the stability boundary
values.

If we vombine Egs. (1) and (2) we obtain

A 05 (BJ% 1 M,
— =00 \los)—————= —
g > Bprl; Ll,ll Far /)l m
¢

Generally, we have observed good flux map-
ping of the plasma density profiles between the
central cell and the end pligs. ic.,

Br;~Bpr5 .

«

thus
% _ 0.50 E’ﬁ
PR NC I

We calibrated the loop array by moving a
small pulse coil of known magnetie 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 piasma and the central-cell temperature scale
length. The length of the hot-ion plasma may be
mnasked by the presence of cold plasma in the
wings; consequently, we probably overestimate the
plasma length.ﬁ Correcting for this effect would,
then, increase 8 and move the data points farther
away from the stability boundary. The assumption
of £, = r,, 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,
= 1, for the electruns, but for the data reported
here the electron contribution to the central-cell
diamagnetism is probably a smalf 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 T, <
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 ZT(» to STl, for r,, = 1. 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 3 be increased by a factor of
4 or 3, which in turn would require thatr, > 1/3 T,
and that the peak perpendicular jon temperatures
on the axis are as high as 1 keV. While we cannot
rule this oul completely it seems doubiful 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 1o need an even higher value of 3 and
perpendicular-ion icmperature and a smaller value
of 1, for 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 agreementi.

Discrepancies Between Theory Assumptions
and TMX Conditions. A nuniber of assumptions
and approximations are made in order to obtain the
stability «mit of Fig. 8-4:

Radial profiles. It is assumed that the
plasma has the same radial variation of plasma
]1r135!~\1rl’ in th(’ El‘ntfx]l k(‘" dnd plug Thl'*
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 tf fluctuations. Based an measure-
ments on 2XIIB 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 ﬂp/lic
« expl(r/r,)?] with the minimum value near



the axis. Thus in comparing the experimental
values of pr/ﬁ( with the stability boundary, we
are (onsidering the most pessimistic case.
Plasraa on field lines at a disiange from the axis
will have values of Hp/ﬂ‘ > p/B, 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 mast unstable
case in the absence of FLR effects. The 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
mades. but 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
to E X B rotation is ignored. Estimates of its
value in the original TMX proposal® indicated
that it should be small compared to the cur-
vature drive

Non-Maxwellian central-cell plasma. An
important assumption is that the central-cell
ions and erctrons have a Maxwellian distribu-
tion. This means that the pressure is constani
along a field line.

Although the data plotted in Fig. 8-4 is
for beta perpendicular to the magnetic field, it
i» the tatal 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 experimental
evidence of, and theoretical reason for, the ex-
istence of an energetic non-Maxwellian group
of ventral-cell ions with T,y > T,y in the center
plane. For such a group the total 8. would be
greater than 24, and this would result in a
decrease in the slope of the experimental g, vs
i3, 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.
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The time-integrated loop signal is related to
the plasma parameters by

(-]
Vi =J. Vi de= '[m f(z) m(z) dz

where

T; () + Tel2)
m(z) = nfz) | — = | mr¥z)

is the plasma magnetic moment per unit
length, and {¢(z) is the response function of
loop K, lacated at zy. Normaliring to the cen-
ter plane value and assuming flux mapping of
the plasma density profiles we obtain

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

min _[Bo]®
mio} | B(z)

and

= m(o) B (o)f Bz )z (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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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
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Diamagnetic loop signals for two shots show ratio of loop signals are not constant.

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

b. Theoretical reason. The theory of
Rognlien and Matsuda® which appears to ex-
plain TMX central-cell confinement quite
well® is based un central-cell jon heating in a
region where plug-generated ion-cyclotron
waves are resonant with the fundamental of
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the local cydlotron (requency. For a value of
fluctuating electric field and <ontral-cell den-
Sity consistent MY measurements
Rognlein and Matcuda have celeclated the ax-
ial profile of the central-cell density and the
ion temperature perpendicular and parallel to
the magnetic field. We calculate the ratio of
their total beta o the total Feta of a Max-
welhan distribution with the same center plane

with

perpendicular beta

nlz) [Tllm +Ty+2T]
[T 0 +T]

- L
3 T2

Movwellian

where T is the electron temperature (ass. waed
Maswellian). If we take T_ = 50 €'’ and use
Rognlein and Matsuda’s axial profiles, we ob-
tain Fig. 8-7, the axial profile of Agp/dhay- A
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.® The results showed that the in-
terchange boundary value of #,/8. was in-
creased a little over a factor of two higher than
the Maxwellian value, and we concluded that
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the effect is not strong enough to explain the
data of Fig. 8-1 as bring MHD limited.
Based on our present understanding, it seems

ualikely that the lack of sensitivity of central-cell
beta to the central-cell magnetic field can be con-
nece? Lo MHD stability. There is one reservation
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FIG. 8-7. Axial profile of the ratio of beta predict-

ed by the Rognlien-Matsuda mod-l 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 ceu
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 scales as

<
=g « W_ o« mB,
C

The data of Table 8-1 shows that m scales as B
and therefore

1.3
g« By

Thus if the central-cell power input remained
constant, any dominant central-cell energy loss
process that scales as B1-* could explain the ob-
served data.

In Table 8-1 we compare the plasma
parameters for the 1 kG and 2 kG data of Fig. 8-4.
Although the 0.5 kG beta values confirm the
findings o1 the other field se:tings, 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 oczurring
is shed by examination of ceveral 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
?.WP
P,

TEP

the global machine energy lifetime, defined by

SW, + W)

oo =
EC -
P,

and axial machine energy lifetime, defined by

T(W,+ W)
TEAT a2 XJWp 45T

?C)

where Wy is the average ion end loss energy, ] is
end loss current density on axis n the plug center
plane, and 5 T, approximates the energy carried
out by electrons. We assume T, & 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-cel! ficld does not
affect aryy of the machine energy loss processes but
affects only the energy transfer from the plug to
the central cell.

Since this encrgy transfer is mainly through
ion heating by rf fluctuations, we conclude that the
most nrobable explanation of the data of Fig. 8-4 is
that the coupling between the plugs and central cell
improves with increasing central-cell field. Imt" 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 MHD
stability boundary by increasing the central-cell
beta, we investigated auxiliary central-cell heating
by neutral-beam injection. In these experiments we
injected three neutral beams (Eb 11 keV)
at 90° to a 2 kG magnetic field in the central-cell
midplane. The beams were aimed below the axis so
that trapped ions had gyrocenters near the
magnetic axis.

Large increases in the central-cell diamagnetic
loop signal occurred when the beams were injected.
Most of these experiments were carried out when
only one central-cell loop was installed, so there
was no direct measurement of the length of the
beam-heated plasma; however, we argued from



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.

Parameter 0 kG 1 kG

CENTRAL CEIL?

m(10%A -cm? ‘cm) 1.55 + 0.10 1.97 + 0.08

we b s 186 £ 8

T dem) 30 ¢ 16 226 + 0.7

ar (10" 7em2)* 2.55  0.34 3.3 % 0.4

n (10!3/cm?) 0.48 & 0.1 0.62 + 0.06

(T4 TeltkeV) 0.150 + 0.014 0.386 + 0.022

5 0.029 + 0.005 0.033 + 0.003

Vo ) 10+ 2 2111

Jeiw (Arem®) 0.94 £ 0.13 1.28 % 0.077

Iw (Afem?) 0.74 £ 0.07 0.64 + 0.05
PLLGS

Tep fhet) . 0.102 + 0.011 0.105 + 0.011

nf {E) (1014/cm?) 31 . 26

awiiie!d Ll .09 5

T em)® 9.5 10.0

3 0.062 0.045

Ip F/W (A) 160/140 132/104

Wo (L) (keV) 9.9 & 1.1 7.2 £ 0.5

Wg (W) (keV) 6.9 £ 0.5 45 & L2

Mg E/W (10° A-cm?) 2.5/1.7 1.8/1.6

w,, £+w) )f az0 210

P (E+W) (kW)B 496 + 69 509 + 31

nE/w) (1013 /cm?) 1.9/1.8 14/2.1

tE2) (Vp 0 p) 31401 1.5 £ 0.2

“We assume Lc = 314 cm
L, = 18 em.

bw, = 3/2 x 1078 m BL,.

N -

Nce = nl\rg.

dnferred from SED signal.

AA .
€Assume Flux conservation 3 = (Bg g1 + Sy est)/2.
f — vo-8
Wp = S107° MB.

BPp = [FEp + foxlEp - Wp)] Iy

energy consideratinns,” that the data was more con- m(z) @ exp [-(z/t’,)Z}
sistent with the 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 ©
loops were installed, and we analyzed the ratio of J' ¢ 5

2) exp[—(2/¢,)?]d
signals from loops located at different distances = a2 expl-(2/L )] da
from the center plane. If we approximate the axial Vv, = -
variation of the magnetic mc{ment of the beam J' F((2) expl-(2/¢,)?] d
heated component by a Gaussian @
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TABLE 8-2. Characteristic TMX Energy Life-
times for the data of Table 8-1.

Central-cell magnetic field

(ms)

Energy lifetimes 1 kG 2 kG
Global plug
energy lifetime
gpl 0.84 0.67
Glabal machine
energy lifetime
(7gg) 0.99 103
Axial machine
energy lifetime

0.74 0.72

(rgal

where f(z), f,(z) are the experimentally measured

response functions of two loops located at z =
29 cm and z = 65 cm respecnvely Figure 8-8 plots

the eapected signal 1ati sion of the Gause
ian scale length ¢,.

Analysis of beam-heating 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 Jess, we use
this value of scale length for reduction of the earlier
data. The central-cell diagnostic beam crosses the

————
>’_ N
4
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2 oshk ~
p

8

s L 4
s

K

s [ 7
3

a

g 4
Qo

-

o ) A
0 50

Axial 3 >le length (15}

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 30 ¢m from the central plane; con-
sequently. it does noi seasare the radive oo deasiny
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 mainly by
interaction with the warm plasma and therefore
will have density profiles similar to the warm
plasma. Since this is a beam-heated plasma, we
assume a flat temper ure profile and for £, = 30
and r = r_oblain the values which are plotted in
Fig. 8-9. We sce that central-cell beta of about 404
has been obtained. In this experiment we have

N
=
=1
+w 0.15 T T T T — T 2%
= Nov 5 Beam heating
o o]
=1
-
E 0.10} o -1
=
he)
5 o
- oo o}
& oos|- o, 9, ° -
6 008 Q
- 8] c
. ¢}
g 8('80, ) ‘g)o ‘
o 1] ! i L ! |
£ 0 0.05 0.1 0.15 0.20 0.25 0.30 0.35 0.40
§ Mean central-cell beta (ﬁc)

FIG. 8-9. TMX plug beta vs central-cell beta for a beam-heated central-cell plasma. We have assumed a
aussian scale length of the centrzl-rell hot plasma of 30 cm.
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demonstrated the ability of the plugs to stabilize a
plasmia with guite respectable parameters, even
though the plasma is short in length. Such infor-
mation is of importance for possible field reversal
experiments in the central cell of a tandem mirror.

For 4 ~ 0.4 and W, = 10 keV we find a peak
hot density n = 4 X 102 The total number of hot

particles s

N = r-nrrf. sy,
= (4 X 1012)(10)2(30 (r3/2) = 1.7 X 1017

For an injected-beam cirrent of 60 amps and a
trapping fraction of ® & the particle confinement
time is

N

7 x 107
2210 g 0% 1071 = 760 ps

;X

This result agrees -emark:bly well with the
measured decay rate of the die vagnetic signal after
beam turnoff of 740 us! We atr. rute this lifetime
to charge-exchange loss on cold ,as. This decay
rate would require an average neutral density over
the hot-ion orbits

A= —1

o T

=~ 100cm™
1.1 X107 X 74 X10

or a neutral pressure of 3 X .7 Torr, a not un-
reasonable value considering that the neutral
pressure external to the plasma calumn 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 ihan
to the background ions. Energy loss by electron
drag, howe ver, is relatively less important than by
charge exchange:

Tarag = 44X 107 Ti/"(eV)/nE(cm“:")

4.4 X 107 (200)*/2

Texioh oM

if we assume a beam-heated, central-cell electron
temperature of 200 eV and a density of 1.6 X 1013
cm™3, 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.

During 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 accam-
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 ceniral-cell
heating continues to increase linearly with the
central-cell neutral-beam current suggesting that
MHD ballooning processes are not limiting the
entral-cely veta.

The werurrence of dumps is influenced by the
plug magnetic ficid in a manner that is not under-
stood. It was noted that the two highest values of
Fig. 8-9 occurred on thc only shots whici, had
lower plug baseball-coil currents because of power
supply problems and that one of these shots did not
have a dump (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-
jectivi: conditions constant. There was a transition
between 70% and 80% of full basebzl 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 dumps were observed, it appears
probable that the dumps are not MHD 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

—{200 >
@

—o0 ¥

Beams on

FIG. 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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Diarnagnetism
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Beams on

IS

Center-cell diamagnetic signal
[

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

| 1
0 20 40
Neutral-beam current [{A.m2)/cm)
FIG. 8-11. An example of a dump of energetic
ions during central-cell neutral beam injection.
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FIG. 8-13.  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
s odd. By observing th - signals from 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 prebes show that particles are "ost
radially to the central-cell wall during the dumps.

This mod: may be the rotational instability
discussed by Pearlstein and Friedberg.® For a
plasma radius of 20 ¢m, a frequency of 5 kHz, and
1. the velodity of rotation of the surface is

for m

v o= T

272015 X 10%)
o X 10 cm/s.

Setting this velocity cqual to the E X B rotation
velocity of a rigid rotor model of the plasma and
«olving for the central-cell potential, we find

¢ = 10"%ve B
[ TP T
= 240 V.
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This is in the range of th: rentral-cell TMX plasma
potential measurements.
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9.

INFRODUCTION

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!> 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.*# This
section reports the results of an experiment to
study radial transport in the Tandem Mirror Ex-
pcriment (1MX).

TMX was ronetr -nd at the Lawrence Liver-
more National L boratory as a basic test of the tan-
dem mirror concept.’ It consists of two small
neutral-beam-fueled plasmas which nlug the two
ends of a much larger central-cell plazma. 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.) If the central-cell end losses do not
provide adequate stabilization, the plasma fluctua-
tions in the end cells may act to increase the central-
cell end losses.® 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 theury 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

9.1
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Radial Transport and Particle Balance

profile significantly affects the central-cell poten-
tial profile and hence radial trar sport 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 skws the plasma density profile, as
uetermined by 2 polynomial fit to the measured
line-density pro ‘le in the central cell. As is shown,
the density prufiles in TMX could be peaked, flat,
or inverted, depending on the gas feed and other
plasma conditione The second column showe the
end-loss flux of ions escaping the plasma. The
magnetic-field-line radius and the end-loss flux (in
equivalent A/cm?) 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/cm® (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 A~ s
not significantly affect the radial-transport conclu-
sions, as is discussed below. Secondaries may affect
the plasma potential® and the elertron power
balance.?



The fourth column in Fig. 9-1 shows the
wource uf plasma in the central cell due to ionization
ot gas It is calculated by the gas-penetration com-
puter code described below, using the measured
profiles of the plasma parameters. Because of un-
certaintics in the data and in wall-reflection coef-
fiaents, the jonized source is uncertain by about a
tactor af two

The data shown in the top row of Fig. 9-1 are
analysed further in Sec. 9.3. In another experiment,
we changed the plasma fueling to obtain informa-
tion on rodial-transport scaling. The results are
~lwwn in the lower three rows of Fig. 9-1. The data
v now being analyzed, but sume conclusions can be
drawn directly from the figure. Observe that the
wnized source, the clectron end loss, and the ion
end loss have similar magnitudes. This shows that
radial transport does not dominate the central-cell
continement. The radial loss rate is at most com-
parable to the anial foss rate, except near the edge of
The correlation bctwcen

the  plasma. observed

ae i ane dun

i Lains }u.n
lnqu"n ‘v density fluctuations s discussed in
See 1

In

phasina wdge

addition, the eiectron ead-loss flux ic
always larger than the ion end-loss flux. That is, a
negative eleciric current flows to the end wall. A
positive jon current is believed to flow to the
central-cell limiter. This shows that nonambipolar
transport is present in TMX. The magnitude of this
transpoit is cevaluated in the following section.
Resonant-neoclassical  fon  transport is nonam-
bipolar and should produce a negative electric
current The observed electric current is consistent
with the theoretical predictiuns, but there is a
significant ancertainty in this comparison.

9.3 DETAILED STUDY OF
RADIAL TRANSPORT IN THE
TMX CENTRAL CELL

[n the work 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 rosults, and was comn-
pared to the measured electron end losses to es-
timate the losses due to ambipolar transport. The
radial electron (and ion) loss rate due to ambipolar
transport was no larger than the measured axial

9-2

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
transport 972 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 Transpert Theory

Radial transport processes are either am-
Ambipolar transport
produces equal radial fluxes of electrons and ions.

bipolar or nonambipolar.

It is produced, for example, by electron-ion colli-
sions and low-frequency fluctuations. Several
processes produce nonambipolar transport, which
moves ions radmlly without lransportmg eledmns

'
s o funoidal

duve e Gections "
nunamblpolar transporl as the plasma acquires a
negative charge, but in mirror systems the clectrons
can How 10 the end wall to maintain charge
neutrality. The resulting negative electric current is
a direct result of nonambipolar transport.

The largest expected nonambipolar radial jon-
process resulting from collisions is
transport.  The theory of

nonaxisymmetric tandem

transport
resunant-neoclassical
radial
mirror has been given in a series of papers by
Ryutov and Stupakov!® '* and others, 131
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
azimuthal 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 4y remains.

The character of the radial losses is determined
by the azimuthal drift, Ay, of an ion in one axial

losses from a

who
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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:

® lons for which A¢ « 1 diffuse radially in
the neoclassical diffusion mode

® lons for which A¢ 2 1 diffuse radially in
the resonant-neoclassical diffusion mode

® lors for which Ay » 1 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 (3¢ « 1) in tandem
mirrors is similar to neoclassical diffusion in
tokamaks, and is associated with the residual
(cos 4¢) component of the radia) drift. Jon 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
poloida) plane of a tokamak. The neoclassical dif-
fusion coefficient is shown as a function of colli-
siori frequency and plasma beta in Fig. 9-2(a).

Resonant-neoclassical diffusion (A¢ 2 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 ffom 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;, equals the azimuthal-drift time, ty,,
the ratio

_az _ pLELY

2.2 8
acry re

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. is the
central-cell radius (about 30 cm), p_ is the ion
gyroradius (about 2 cm), Ly is the distance between
bounces (about 450 cm), and L, is the transition
scale length (about 100 cm).

The quantity [(A¢)/ar}! is the radial dis-
tance between resonant points for an ion with
specified energy and magnetic moment; when
a > [o(Ay)/ar]-], 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
Ay 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
22 {a}
a“re Plateau
t - [}
dr
'a\.; A\ O//{'}'
&, S U,
2, o oy
< ﬁana
0 l I
0 a3 1 (AN
D
a? Plateau Stochastic
T ©
& Cop. ’
Q'oc"b :’olla
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0 a_3—/3 [MAW 172 1 ety
ar
4
FIG. 9-2. Diffusion of ions in tandem mirrors: (a)

neoclassical diffusion and (b) resonant-neoclassical
diffusion. o characterizes the deviation of the
neoclassical drift orbits from circles, r. is the
central-cell radius, ty, is the time required for an ion
to drift around the solenoid once, v is the collision
frequency, t) is the longitudinal transit time in the
solenoid, and a is the maximum radial displacement
experienced by an jon 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 is19-12

n 3
+ Tiar)

- Ifem2s) =D, (:—:‘

aT;

+(D; - 15 D9 T 5 63]
1

T

The flux, [, is driven by the radial gradients of
density, n {cm~3), potental, ¢ (kV), and ion tem-
perature, T; (keV). In TMX, the transport due to
the potential gradient is dominant. The diffusion
coefficients Dy and D, {cm?/s) depend on the
details of the magnetic field and the value of the
electric field.>*%-12 Figure 9-3 shows the calculated
I' as a function of the potential gradient, ag/ar, for
several ion temperatures. The local maximum of I’
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 I' 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'% cm=2-577,
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 aistribution. 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 assumptinns 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-
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FIG. 9-3. Theoretical radial transport. The out-

ward radial flux (I"), was evaluated as a function of
electric field (-3¢ /ar), at a 28.5 ¢m radius. The TMX
data allows radial fluxes in the box. The plasma
parameters were n = 3 X 1012¢cm~3, -an/ar = 3 X
1010 cm-4, -aT;/ar = 1eV/cm, and T as shown.

hanced transport. Also, Eg. (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,



TABLE 9-1.

Passible radial fluxes from theory.

Pracess

Radial flux

Approximate
magnitude
(1015 cm~2.570)

Nonambipolar
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- | Polar
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Charge-exchange -0y OViex 57
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n g

YT

s E o
fon-cyclotron fluctuations ~3 *rd ar
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Electran-ion collisions - 52 L
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Impurity-ion collisions - DZ
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Bohm - 625 % 108 5~

ar

aT;
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*TTT)

0.2
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Parametess used:

n=3x 1023 an/or = -10' L em™4; T; = 20eV; B = 10% G; 36/2r = -30 V/em; oTj/ar = -1 eV/em; pj = 1.5 cm; ng = 3 X 1070

m~3;

re=35cmn) =2Xx1075 0, = 1.5 X 101 an™3; apz = 1071%; vy = 2.7 577

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

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 is!®

pp, =02k (3 @
D2 B2 Z ar ny ar
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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

()"

in which e is the unit charge, log A is the Coulomb
logarithm, and M and M, 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

8vme?Z2log A
3 \/E (KT)3/2

MM,
M, +M

Tz = 3)



the end wall if the impurities come back out of the
plasma by resonant neoclassical transport.

Plasma fluctuations, particularly low-
freguency ones, may also produce ambipolar
transport.'” This 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
equivaient amperes of electrons (and ions) at a
radius of 30 cm. Finally, if gross MHD instabilities
are present, the plasma can be lost to the radial
walls even more rapidly. However, the TMX
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 during the steady-state phase of each shot
and then over the 29 shots. The reported uncertain-
ties are the standard 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. The density profile appears slightly
inverted, with a steep density gradient near the
plasma edge. Table 9-2 shows other 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. The
central-cell plasma potential was 330V, as
measured by a thalium-ion-beam probe (see
App. B). The 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 study of radial
transport are illustrated in Fig. 9-6. The gas feed

T T T T T TMX092480 T T |
24| @ {b)
Average of 29 — 3.0
constant shots
H .
20 é 25— —
&
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h ?
o — _
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g
5 8 ! — 1.0 |- —
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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. S y of September 24, 1980 T T T T
plasma parameters.
400 |- .
s >
Parameter Value on axis <
& 1 H .,
End-cell density 1.5 x 101% cm™? g 300 i~ . H ? ]
Central-cell density 28 X 1032 em™? H .
End-cell electron temperature 87 & 22 ¢V g 200f -
-
Central-cell electron temperature 49 £ 15 eV 3
Central-cell diamagnetism (global) (8.9 + 1.4} X 107 Arcm = 100 - o
Central-cell plasma potential 3oV [:‘:;::::r
o A i 1 1
0 10 20 30 40

fuels the central cell and the neutral beams fuel the Central-cell flux-tube radius (cm)

end cells (see Sec. 9.4). Faraday-cup arrays anda FIG. 9-5. The 1l jal profile.
yridded end-loss analyzers (ELAs)!® measure the v v

ion flux reaching the end wall at a number of posi-
tions (see App.B for a description of the wall is measured by passing it through 5-Q

diagnostics, Sec. 5 and Refs. 5 and 18 for the resistors. The voltage drop across the resistor is
results). The net electric current flowing to the end measured; it was verified that this voltage is so

Faraday cup and
net current
detector arrays

Moveable
ELA

Plasma flux
tube

Gas feed
{puffer valve}

End-loss
analyzer (ELA}

FIG. 9-6. Schematic of the radial transport experiment. Neutral beams fuel the end cells, a puffer valve
fuels the ~»ntral 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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inall 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 svmmetry 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 {syuares) is averaged over 29 shots as
described above. In addition, a movable ELA was
scanned across the plasma® 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 cups might not
detect these losses, either because the cups repel
ions with energies less than 100 eV or becausc 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
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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 us), 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. 9-9. Results of gas penetration studies. As the electron temperature near the limiter was
increased, 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 jonization rate in the core of the plasma
increases. (This effect was important in an experi-
ment reported previously.® 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 walls was
also investigated. Allowed variations in plasma
density and jon 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 hLoles
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 8 X 108 photons
cm™1:571, On the basis of the gas-penetration code
results, the expected photon emission was 2 X 10'?
to 5 X 1012 cm~1-s7L. 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
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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 1016
cm2:s7L The code predicts a flux of order 3 X
10' cm-s7Y. 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 ion
gauge with a fast controller. The gas pressure be-
tween the limiters was about 10°* Torr, which is
consistent with the value expected {rom the fueling
geometry and gas flow rate. Outside of the limiters,
the pressure in the central-cell chamber during
steady state was 4 X 1076 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
erd-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? 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-Planck

studies of the end plug: (a) electron source and
predicted Iusses, 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? and the electric current was about -5
mA/cm?2

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-cell 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
compli~ation. 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-
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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. 9-8). 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. Maeasured and predicted electron end
foss. 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 tota! predicted
electron source (the amount per end). The toto!
electron source is the sum of the sours in the end
cells (Fig. 9-10) and the central cell (Fig. 9-9). The
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. Two specific cases are also shown. The
dashed curve shows a case with zero wall reflection
and relatively high T, which produced low fueling
of the plasma core. The dott=d curve shows a case
with relatively low T, (Gaussian profile with 8 eV
at 38 cm) and high wall reflection (0.75); the fuel-
ing of the plasma core was high.

On the basis of the data shown in Fig. 9-11,
the ambipolar radiai losses are no larger than the
measured axial losses. The “lower limit” fueling
rate shows that, throughout the plasma, the ionized
source might be as small as the measured axial
losses. (The classical ambipolar losses due to
Coulomb collisions are negligibly small.} If this
were true, no enhanced ambipolar transport would
be present. On the basis of the “‘upper limit”* fuei-
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 data 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. The lower limit corresponds to the transport
due to Coulomb collisions, and the upper limit
corresponds to ambipolar radial transport at the
Bohm rate.
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This section evaluates the nonambipolar
transport in the TMX central cell. The net radial ion
flux, uncompensated by a radial electron flux, is
abtained from the measured electric current, and

9.3.4

port
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compared to the flux due to resonant-neoclassical
transport.

There was a net radial ion Flux in TMX. The
negative electric current which flowed to the end
wall (Fig. 9.8) implies that some nonambipolar
transport mechanism was present. The 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. This implies
that the nonambipolar radial ion confinement time
is about 6 ms. It is dominated by losses near the
plasma edge. The 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 o an even azimuthal mode number.

Resonant-neoclassical transport theory should
describe this experiment. An ion drifts 20° in
azimuth in about 50 us. For comparison, the transit
time for a central-cell ion is 100 to 200 us. Thus, the
azimuthal drift is large (Ay X 1), and resonant
transport should dominate in TMX (see Sec. 9.2).
TMX operates near the collisional boundary of the
plateau regime (Fig. 9-1), because the ion-ion colli-
sion time is also 100 to 200 us.

The net radial ion flux was computed from the
negative electric current:

r
() = E_Z?f Eiger * jp) 7 dr )
0

In this equation, L is the central-cell length (314
€m), j, is the electric current per end (A/cm? in the
central cell) (Fig. 9-8), and jp is the predicted electric
current from each end-cell (Fig. 9-10). Figure 9-12
shows the radial fluxes determined using Eq. (4):
theoretical results are shown for comparison. In the
interjor of the plasma (r < 20 cm), the net radial ion
flux is small and may be inward. The large uncer-
tainty is due to the end-cell losses jp- Near 30 cm
there is a significant outward net flux of ions in the
central ceil. At 28.5 cm, the flux is between 2.4 X
10" em2+5 Yand 1.1 X 1016 cm-2.571,

The bars in Fig. 9-12 show the range of
predicted radial fluxes at several radii. The
measured profiles were substituted into Eq. (1) to
determine the resonant-neoclessical flux. The
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the cross-hutciied 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
pracesses are less than 1014 em™2-57! and are too
small to be shown on the figure.

The theoretical and experimental results
overlap, but the actua! flux might be larger than the
resonant flux. The data at a 28.5-cm radius (showr.
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 diamagnetisr and electron tem-
perature. If the actual fluxes exceed the predicted
fluxes, several explanations are possible. First, the
measured negative electric curient flowing to the
end wall may not be azimuthally symmetric as
assumed. Second, low-frequency fluctuations were
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detected in the central-cell plasma (see Sec. 11), and
such fluctuations are known to cause ambipolar
transport.!” The assumptions of the present
theories of these f.zctuations imply that they can-
not predict nonambipolar transport. If TMX
violates these assumptions, such fluctuations might
contribute to the nonambipolar transport. Third,
parallel electric currents (Stupakc ¢ currents) may
result from the quadrupole magnetic Ffields.1%-20
These currents may significantly increase the
amount of neoclassical transport, but the increase
of resonant transport is expeced to be small. These
parallel currenss cannot affect the measurements,
however, because they are zero on the vertical and
horizontal magnetic axes where the measurements
were made. Finally, other anomalous effects such
as end-cell ion-cyclotron-frequency fluctuatic.ns or
magnetic-field errors may contribute to the
transport in ways that have not yet been dis-
covered. TMX Upgrade will be a more sensitive test
of resonant-transport theory; resonant transport is
predicted to significantly affect its plasma
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.

hiere appears to be a large negative electric current
near the limiter (Fig. 7-8); 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 1nA/cm? (Fig. 9-9). Thus, although 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 negatiy : ~lectric current was
measured at the end wall; this has two implications.
First. {ne 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 80 + 40 A; the radial ion
flux necessary to neutra'ize this current corie-
sponds to a radial ion lifetime between 4 and 12 ms.
Finally, gas-penetration studies showed tha: the
fueling of the plasma was between 1 and 2.5 times



TABLE 9-3.

Measured current and time scales. Results are given as total losses from both ends of TMX.

Centerline resulty

Results for 30~cm oylinder

Current Lifctime® Current Lifetime”
Process A ‘cm?) ims) (A) (st
lon axial loss 0.055 2.8 % 3.8
Electron axial loss 0.003 2.3 180 2o
Nonambipolar ion radial loss - - 90 °
Ambipolar radial loss - - 20 L]
€200 1.8
Centeal cell End cells Total
. - 11 s 13 ° 14
Numbe: of particles un centerlne 8.8 X 10 TEX 10 5 % 10
Number of particles with a 30-cm radius 27 % 108 -8« 10% 20 » 10'®

“Iifetime = N current, N = number cf pari,

the axial electron losses. Both the Lyman Inha da s
and the surface-probe data indicate that the code
results may overestimate the fueling. As a resalt,
the ambipolar radial losses are probably smaller
than the losses due to other processes.

The nonambipolar radiai 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 t:e electric
field is not 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 guite s:nall comparid 1 the
observed end losses. This is possible, based »n the
gas-penetration code, the Lyman-alpha measure-
ments, and the surface-probe data. However. the
uncertainty in these results would allow ambipolar
radial f''xes 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 halance in the
central cell. A

Severz] possible causes f radial transport will
be reduced in the TMX Upgrade. The central cell
was designed to significantly reduce the resonant-
neuclassical transport,* although such transport is
still expected to affect the plasma parameter< The
end cells are expected to be much less unstable to

9-1

the moder observed in TMN (see Sec. 53 This
should reduce any transport driven by jon-
cyclotron-frequency fluctuations The  magnet

alignment procedures and power-aupply
capabilities bave been improved to reduce
magnetic-field  errors. Finally,  the
neutral beams ard other equipment should allow

central-cell

control of the central-ceil profiles.

9.4 RESULTS OF THE TMT
RADIAL TRANSPORT CODE

Resonani-neoclassical transport 15 a com-
plicated nonlinear process. It modifies tie plasma
characteristics that produce it, which inciude den-
sity, ion temperature, and electric field. It is d.7
Ficult to predict simp'e scalings that can be com-
pared with the data. The discussion in Section 9.3
illustrated these 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, which ¢an then
serve as a guide to help perform and interpret
radial-transport experiments.

The TMT radial-transport code was
develrned to self-consistently treat resonant
neoclassical transport, power balance, and particle
balance. It determines equilibrium central-cell
plasma-density profiles, temperature profiles, and
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putential profiles. The end-cell plasma parameters
are 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 ceil. Variations in transport,
jonized-source profiles, and other factors are much
less important. Because the resonant-neoclassical
transport is dominated by the electric field in the
plasmae, the end-cell plasma characteristics may be
the largest deterninant of central-cell radial

transport. A comparison of code results from runs
with and without resonant-neoclassical transpori
shows that this transport can significantly change
the ion end losses and affect 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 modsl equations used in the code have
been described elsewhere.? For the TMX modeling.
key input parameters include:

® The density and ion-energy profiles of the

end-cell plasmas.
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FIG. 9-13. TMT code results show how the shape of the central-cell potential profiie follows the shape of

the end-cell density profile.
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® The ionized source of electrons and ions in
the central cell as a function of central-cel}
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 obse:ved 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.

The TMT Code

We are developing a computational model for
tandem mirrors that includes an accurate descrip-
tion of both radial and axial losses. The 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
flun tube labeled by its radial position, r, at the
central-cell midplane. Thus. the independent
variables for this model are radius, r, and time, t.
The dependent variables are the plug ion density,
n,,, and .emperature at the end-cell midplane, T,
the central-cell ion densities, n_, and temperatures,
T.. and the electron temperature, T, which is
assumed to be uniform over the entire length of a
flux tube, including botk end cells and the central
cell.

The electron density is set equal to the local
ion charge density in each flux tuhe. End-cell and
central-celi 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
fluccuations. This electron model is currently being
modified to incorporate the thermal-barrier con-
cept. In addition to thz densities and temperatures
of the plasma species, we also compute self-
consistent ambipolar potentials in both the end-cell
(¢p) and central-celi (¢ ). This is a very important
feature of the model, because the potential dif-
ference between the end cell and central cell

9.4.1
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9.4.2 Plasma Potential Profile

We found that the radial plasma-potential
profile in the central-cell is most strongly 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 ta 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.

| =—=—Classical transport

Central-cell density
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2 —
—— Resonant transport
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FIG. 9-14. TMT results for central-cell plasma
density, electron and p tial.
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This result is illustrated in Fig. 9-13, which
shows three end-cell plasma-density profiles and
the corresponding central-cell potential profiles.
Peaked (Caussian), 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
Figs @-14, 9-15, and 9-16. These code results are
similar 1o the data described in Section 9.3, Various
plasma parameters are plotted as a function of
radius in these figures. The dashed curves in these
figures show results of a code run without
transport: the solid curves show the results of arun
with reconant-neoclassical transport. Except for the
amount of transport, the inputs to these two runs

were identical.
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FIG. 9-15. TMT results for end losses. Radial

transport produces a significant electric current.
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Figure 9-14 shows central-cell density, elec-
tron tempetature, and plasma potential as a func-
tion of radius. When resonant-neoclassical
transport was included, these profiles became
smoother. The plasma dersity near the plasma edge
was reduced by the radial jon losses.

The negative electric current produced by
resonant-neoclassical trarsport is shown in
Fig. 9-15, which plots the central-cell axial electron
losses, the central-cell axial ion losses, and the dif-
ference. The code sssumes classical radial efectron
transpuort, so the axial electron losses are almost
equal to the jonized plasma source. Without
resonant-neoclassical transport, the axial ion losses
eyual the axial electron losses. With transport, the
ions move radially and the net electric current is of
the same general magnitude as the experimental
result.
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FIG. 9-16.  TMT results for radial flux and ion
temperature. Resonant-neoclassical transport can
heat the ions at the edge.



The radial flux of ions and the central-cell ion-

temperature profile are shown in Fig. 9-16.
Resonant-nevclassical transport produces a signifi-
cant radial ion Fux, 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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END PLUG OPTIMIZATION EXPERIMENTS

(D. L. Correll, R. P. Drake, D. P. Grubb, W. E. Nexsen, and P. Poulsen)
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10.

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 2able 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:

10.1

® Increasing the end-plug ion energy with
higher-voltage neutral beams.
® Injecting electron beams along the axis of
T™MX.
® TFeeding 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. We 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. The mid-
plane density depression will accumulate low-
energy ions which providé DCLC stability. Because
these ions would not simply flow through the end-
plugs, much less power would be lost than is the
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case in TMX. The TMX 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 thie 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:
G.= 1kG, B, = 8.5 kG (83% of full current in
the baseball coils (3715 A} and 100% everywhere
else), deuterium gas hox 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 uf 16 kV; we were unable to further in-
crease the beam voltage of the wes: plug. The east
plug was run in three modes with injec .ed 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 tha: ex-
pected for collision-dominated flow, n7g.w I the
end losses are determined simply by collision-
dominated flow over a petential hill,

¢ = Telntayn) )



then we expect

<nr>
(2}

ne

Chel

2<nrnow>

where n_ is plug density, n_ is central-cell density,
TL,p is plug electron temperature, T;_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, on the centerline. we
assumed that the central-cell electron and ion tem-
peratures were cqual and that both had a radial
scale length egual to the radial density scale length.
With this model we found

+ T

= (Tic

ec)

3.55 X 101°m B,

(nl), r,

where A denotes a peak value, - denotes an average
value, and where we have assumed that

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 ieft 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 ; in fact, considering the
sensitivity of Eq. () to T, the agreement that we
do have is perhaps surprising.

The quasi-linear warm plasma end-loss
current jg; nxcessary for stabilizing the DCLC
scales as

3/2
nPTEp

E,

) (3)

Jql =

where E,, is the average plug ion energy, obtainable
from reduction ~f the plug diamagnetic signal. In
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FIG.10-1. Comparison of measured and

theoretical tandem confinements for three neutral-
beam accel voltages.

Eq. (3). ¢, is assumed to be proportional to T, In
Fig. 10-2, we plot the experimental values oflhe
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 of the magnitude of the ex-
perimental end-loss current with the value pre-
dicted by the quasi-linear theory, we use two equa-
tions for the quasi-linear stabilization current,

13 3/2
63 X 1071 (ed/T, P n T,

iq = (R - 1)AVZE, A@
and
- 1.9 X 1012 (etb/TEP)J/anTEPJ/"
gt = R - I)A‘/ZEP
X (rp/ai)“‘/’ (5)

where Eq. (5) includes the effects of (r‘/ai) scaling
on the quasi-linear requirements. Here Tep E are
in keV, n, in cm™, R is the effective plug mirror
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FIG. 10-2. Comparison of measured and

theoretical end-loss currents normalized to their
respective values at 11 kV beam voltage. jg is the
mean end-loss current measured for 11-, 16-, and
27.5 kV injected neutral beams, jqi is the quasi-
linear end-loss current calculated from Eq. (3). Both
jg and jqi are normalized to the 11-kV injection
values.

ratio, Tp is the plasma radius, a 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. The 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, je/j‘_“, than does Eg. (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 (ie/ 2jq =
1).

The minimum quasi-linear current of Eq. (4)
occurs when the temperature of the stabilizing ions,
T,,. is equal to the hole temperature, or T,
x3-6 TPPEJOO—GOO eV; experimental values of the
central-cell ion temperatures are of the order of 50

TABLE 10-1.  Effects of increasing east end-plug neutral-beam energy on TMX east plug and central-cell
parameters.
Increasing beam vaoltage 'vinj)
11 kV 16 kV 27.5 kV
Beam current, Iini {A) 70A 70 foA w 32 k ,
20A ¢ 16 kV

Plug mean ion energy, E (keV) 5.7 9.2 146
Plug electron temperature, Tep (eV) 96 + 21 121 + 35 133 + 20
Plug density, " 1073 cm™3) 11 H 0.84
Plug beta, [ip (%) 35 5.1 6.8
Central-cell density, n (1012 ¢m™3) 3.9 4.8 3.7
Central-cell jon temperature, Tic (eV) 62 44 38
Central-cell beta, A (%) 1.9 1.7 1.4
Theorstical enhancement of confinement,
("p/"c) ep’ lic 4.9 7.7 10.0
Mear.red enhancement of confinement,
nr/anrgo.. 4.3 5 8.2
Measured end loss current density,
Jg (Alem?) 0.32 0.28 014
Reguired theoretical end loss current density

igp (A/em?), Eq. (4) 0.168 0.134 0.082

gl (A/em?), Eq. (5) 0.062 0.061 0.052
Ratio of measured to theoretical end loss cursrent density

jg/2iqy Ea- (@) 0.0t 1.95 0.85

2. 2.3 1.35

Jg/2iqy Eq- (5)
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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 end-iuss
current appears to be quite a bit higher than the
values of T, inferred from the diamagnetic-loop
measurements. Baldwin has pointed out that, if this
process is important, we would not expect to have
(rF/ai)"'/J 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 |
demonstrated that DCLC fluctuations could be
stabilized by injecting an electron beam into the
plasma. The Constance | 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).

Electron 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,! showed that injection of the
e-beams did not in gencral affect the fluctuation
level or the plasma parameters. At high plasma
densities in the end plug (greater than 10'3 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, and (c) positions of

guns for the second axial-injection experiment.



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" cin™3), i.e., with the plasma frequency
less than the electron-cyclotron frequency at B,
and low fluctuation levels. lon-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 only 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-1ays 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.? 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 [wy = (2 + wS)"’Z], and the
greater of the plasma frequency, w, or the
electron-cyclotron frequency, w. (see Ref. 3). At
low density (less than 10'? ¢m~3), the propagating
waves in a TMX plug will encounter an electron-
cyclotron resonarce, 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 10'3
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 2XI{B*
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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.> 1t is possible, therefore, that
the electrons that gain energy from the waves will
leave 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
particulzr, 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 plasma-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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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 inidplane. 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 {sce Appendix ;.

The type and amount of gas fueling affected
the plasma parameters. Some of these effects are il-
lustrated in Fig. 10-6. The left column shows the
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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 np/n‘ 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 np/nc decreased to the characteristic
value of 3 to - (shown in the right column). Use of
the outside gas boxes did not substantially reduce
the plasma fluctuations.
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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.

Evidence regarding radial transport 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. The 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. The end lostes
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
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and evaluated in the radial-transport section
(Sec. 9).

The use of the outside gas boxes did not sub-
startially affect the stability of the end plugs. Two
explanations are suggested here. First, perhaps the
plug-to-mirror potential drop was not affected by



driven by the plasma potential. That is, the in-
stability may not be the DCLC snode. These
possibilities are being investigated. Since the out-
side gas box did not produce substantial improve-
mentis in central-cell plasma confinement, we did
not pursue the experiment further.
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13.1 INTRODUCTICN AND
SUMMARY

Severai analyses are presentl; on-going to
determine the nature of fluctuations observed and
their effezts on confinement. Our present un-
derstanding leads to a description of the high-
frequency plug-generated fluctuations which is
most often consistent with an Alfvén ion cyclotre's
{AIC) instability. Three observations are consistent
with he AIC-like wave:

1. The measured small values for azimuthai

mode number, m = 2 to 7, in the end cells.

2. Propagation often occurs in the electon
rather than ivn diamagnetic direction.
3. The polarization of magnetic fluctuations.

These measurements show that in TMX we suc-
ceeded in suppressing the DCLC mode and that ur
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 in the amount of stream stabilization
current measured relative to that predicted by drift
cyclotron loss cone (DCLC) theory. This agreed
well with the 2X1IB data with variations interpreted
as being due to a non-optimum value of stream
temnerature. In TMX, end-loss measurements of-
ten exhibit transmitted stream energies to 1 keV in-
dicating the experimentally measured® 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/f,; ~ 0.85-C.9, which cannot be
totally accounted for by the J-depressed magr.etic
field, is more easily explained by AIC rather than
DCLC.

The AIC mode is driven by beta and
anisotropy®? and tends to be more stable as finite
length corrections are included.* The TMX end-cell
pla< nas, while being lower 8 than 2XIIB, are more
anisotropic and thus more susceptible to the AIC
mode. The 2XIIB plasma had smaller radial scale
lengths than TMX and thus was more susceptible
to a DCLC mode. These comparisons are sum-
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Fluctuation Measurements

marized in Table 11-1 where small R /a, is DCLC
vustable and large 8 < W /W, >* 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 inode of opera-
tion, data consistent with 1DCLC-lile fluctuations
have been observed on TM'C. Some evidence exists
for the simultaneous presence of both instabilities.
Those parameter variations leading to the existence
of either or bath 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 murginal
stability requirements for the dominant mode.
Here, marginal stability refers to steady-state
cperation where competing processes remain in
balance and determine a macroscopic operating
condition at & finite level of fluctuations. Evidence
exists for propagation of end-cell generated modes
into the central cell where they degrade central-cell
confinement as evidenced bv decreasing {n7)_ with
increasing Fluctuation levels. The fluctuations heat
central-cell ions (present model of fluctuations is
that only a flnte-like, perpendicular eleciric field is
important®) and result in an increased ion end-loss
current at average energies exceeding the central-
cell ion temperaturs.

It is believed that the rather high end-loss
energies experimentally measured along with the
large values of end-loss currént are a response of
the system to optimize the quality {temperatuie as
well as density) of the stabilizing plasma This
vught to provide adequate strean: 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.
w /W N2
Rplai ( \ v
|| / \
2XIIB 2 typical 0.4 4.8 6.9
T™MX 6-8 0.07 13.8 133




DCLC stability” is an attempt to satisfy the AIC
stability condition is as yet uncertain. The stabiliz-
ing effect of stream on AIC is presently® under
study. In any event, the sloshing-ion distribution
employed in the TMX-Upgrade Jesign shouid
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
M!CROSTABILITY THEORY
FOR TMX

The TMX end-cell magne* design was based
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, nemely, by partial filling
of the loss cone of the ion velocity distribution with
warm plasma lost trom the central-cell region.
TMX experiments showed that the end-t lag 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 2X1IB. The DCLC
and AIC modcs are theoretically unstable in both
TMX and 2XIIB. The 2XIIB experiment was found
to agree fairly well with a quasilinear stability
theory based on the DCLC mode in terms of the
density evolution, mode characteristics, and
magnitude of stabilizing stream measured from ion
end losses. In TMX we appear to have succeeded in
suppressing the DCLC mode. Instead the [luctua-
tions and scaling were those related to the 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 reports®12 along with various
other loss-cone modes. The salient features!® are
reviewed here. The flute-like mode taps energy
from thz loss-cone feature (inverted energy popula-
tion) of the perpendicular velocity distribution. Itis
driven unctable 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, R/a;, with large values being stable and
moderate values of azimuthal rode number m, k,
= m/R,, indicating considerable spatial structure
perpenci)icular to the magnetic field in order tq tap
the unstable region of the ion velocity distribution.
Civen 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 determined.'®12-13 Typical results
for 2X1IB and, by design, reasonably applicable to
TMX end cells are shown in Fig. 11-1.

A second mode predicted to be unstable!? in
2XIIB but not experimentally identified is the
Alfvén lon Cyclotron!® (AIC) mode driven un-
stable by plasma beta, 8, and the anisotropy of the
hot-ion velocity distribution, <WJ_/WI 1> This is
an clectromagnetic instability which has been
studied in the limit k | = 0 for infinite plasmas® and
more recently using finite geometries® including a
model for nonzero perpendicular wave numbers.
Given the limitk, =0ork, ~ I/Rp, a signature of
this mode would include the appearance of small
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azimuthal mode numbers. Theory does not predict
a preferrea direction of perpendicular propagation.
Similarly, depending upon the beta and anisotropy.,
the mode may appear at frequencies substantially
below the ion cyclotrun frequency with parallel
wavelengths in the range A = 2w/, The in-
tinite medium stability boundary is shown in
Fig. 11-2 where it is noted that finite dimensions?
tend to reduce the region of absolule instability at
higher betas. The quasilinear stabilization
mechanism results in a spreading of the anisotropy
of the hot-ion velocity distribution. At the present
time, theoretical studies are being conducted® con-
cerming stabilizing effects of the central-cell plasma
either by the streaming of unconfined central-cell
ians lhmugh e end cells o1 by the density on eriap
ot confined partiddes botween the two regions
Stability iv achieved by cyclotron damping of the
Wave on g warm l’ld\ﬂh\ (\"“P()n('nl.

Other
analvzed are the avial loss cone (ALC) mode. 1«

loss-cone modes which have been
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dicates that the TMX plug is expected to be un-
stable to the AIC mode.
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negative energy wave (NEW), 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 eliminales a necessary
condition'® (unique value for the Bessel function
argument in the dispersion relation) for the
Dory-Guest-Harris instability which is theretore
not apected to occur. The relatively short avial
saale length L a, of the TMX end-cell magnetic
geometry limits the goowth rate for the ALC
instabilind™ which is expected to b stable. The
resulling stream stabilization requirements For the
ALC are le s restrictive than for the DCLC mede as
evidenced in Fig 11 1 and thus the ALC should not
limit the perfornrance: Asindicated in Fig. 11-1. the
two-component mode'™ s also more stable than
the DCIC mode provided the <tream sounce s
warm enough e T 0Ty > 004 The two-
component mode may be a problem if only cold
stream is as ailable <uch as during buildup It is ex-
pucted that the two-component mode would heat
the streams and foree the system 1o evolve w a
steady-state conditon at the mimmum of the
stability boundary where thie modc does not con-
=titute a problem At large radial «Cale lengthe the
DCLC mode evolve. into a negative energy wave'™”
torw 3« At shortaval scale lengths the NEW is
~table and not considered important for the TMX
geamnetry

Turning now to stability ol the central-cell
plasma o drift mode mahwis™ for the tandem
murror shows two potentially unstable waves, The
tiret is an electron drift wave having an odd anial
~ 2z L. frequencies in the
range € < wy by, <V, C
Vi, = Alfvén speed and rotating in the electron
diamagnetic direction. The «econd mode, an ion

cigentungtion with k

.= iotsaund speed and

Jdriltwave, is flute-like and has aneven avial eigen-
function. It extends from low frequencres to the jon
cvelotron frequency (of the central celly and rotates
The most
dangerous mode with respect to transport con-
siderations i the electron drift mode. It is unstable
for kg < 1 and loca”zed in regions of maximum

in the ion diamagnetic direction
w. (1),

d

e (nT,}

I
1
w, (1) =—%

3 enB



The daft cyclotron®! instability (DCl = Max-
wellian jon limitof DCLC) arises due to coupling of
ctable ion cyclotron modes with drift waves
propagating in the ion diamagnetic direction. In-
stability occurs at multiples of the central-cell ion
cyclotron frequency, « = N, with azimuthal
wave numbers k, p > 2Nr /p. where r, = radial
lonsity scale length. p, = v/ and v
= {2kT,/M,)' % The radial density scale length for

stability=! is

ER VN

2

T m, 0

- s 2 = 15 for TMX
T

&8 m, why

Continuation of the drift-cyclotron branch of the
dispersion relation 1o high fr «uencies wher ions
are unnmagnetized yields the lower-hybrid-drift in-

~tabilitz. Stability of this mode requires density
scale lengthe of the same ocder as required for DCI
~tability abave The masimum growth rate occurs
tor l\A pe >l

During neutral-beam injection experiments in
the central cell additional instabilities such as a
two compunent m. e of the bump-in-tail *ype or
the velodity ring instability*? are possible. Simi-
larly. if an anisotropic distribution is supported by
the neutral-beam injection, it is possible to drive an
AIC instability. These instabilities would uccur
near the central-cell jon-cyclotron frequency or its
narmonics.

Finally, it is possible that modes generated in
the end cell can propagate out and be observed in
the central cell. A cold-plasma description for the
central-cell plasma predicts?? 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
highty elliptical. Analysis of the cold-plasma dis-
persion relation indicates a shear Alfvén wave
(slow wave) and a magnetosonic wave (com-
pressional Alfvén or fast wave) have characteristics
suited to propagation out of the end-cell region.
Some mechanism for t ansferring energy between
different spatial scale lengths (i.e., mode coupling)
may be necessary to explain any observation of
modes in the ceatral cell at frequencies represen-
tative of high-k, end-cell instabilities such as the
DCLC. This is certainly plausible in regions of

high-flux surface «lipticity. The AIC mode is a
shear Alfvén wave (with some coupling to 2
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 cells 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
vdge have been used to study fluctuations in TMX.
Their axial locations are shown in Fig. 2-5 with
their nominal radial location between 2 and 3
plasma radii (e’! point of dersity profiles). The
high impedance probes (10 ki2) 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
prube 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
that measured by forward scattering 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-ubes. 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“, i#!. IBl and polarization of B in the end
cells and central celt 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 the 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 cosrelated
with rf activity.

The data analysis technique used to determine
high frequency instability characteristics, k and w,
is the digita] estimation®® of cross power spectral
densities. Fluctuating time series signals, ¢ and B,
are recorded with fast transient recorders at sam-
pling rates to 50 MHz and stored in the data
analysis computer. Using a fast Fourier transform
routine, discrete Fourier transforms of the time
series data, F{«w), are taken and the cross power
spectrum is calculated,

Sya(w) = Filw) Fylw)

where the subscripts indicate two spatially
separated probe tips. For a time series signal of the
form
@
f (1) =f Flw) exp [-itwt - k1)) dw/27
. 0

the cross power spectru:n is

5,5w) = [F(w)|? exp (ik-3T)

P (w) exp [i#}, w))

for probe ceparation AT}, = I - 1;. The actual es-
timates used must be smoothed?? to reduce
statistical variance. Using these average spectra, a
measure of the instability frequency is given by

(coherent) peaks of the magnitude spectrun. P(w)
and estimates for the wave number determined
from the phase spectrum 8, ,(w) = k(w) Ary,. 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,
Aw?, 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, E‘, ‘ﬁy, at the same axial location
which are 90° out of phase. Using the cross spectra
between Ex and Ey 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
spectral®> 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 fy =
5.6 MHz which is substantially less than the
vacuum cyclotron frequency f., = 6.6 MHz for the
87% (of 10 kG) field setting used. This is also sub-
stantially less than would be estimated by a g-
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. 11-3b, 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. The 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 measurement 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. 11-3a. Cross-power spectrum of potential fluctuations for east TMX end cell.
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FIG. 11-3b. 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 Ar are shown in Fig.
11-4 for the east end cell and Fig. 11-5 for the west
end cell 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 cross 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
f1,(w) = k{w) Ar;,. The data are consistent with
azimuthal mode numbers mg = 3 and m,, = 6 for
the east and west end cells. Both propzgate in the
electron diamagnetic direction. Plasma rotation due
to E x B driftr is negligible in its effect on the inter-

pretation of these results. It must also be
recognized that a 2mn ambiguity in the data is
possible. Taking this into account, the data are also
consistent with mode numbers mg = 92 and m,,
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 =
2x/A, implies A, = 0.6 cm ~ p/4. Since A, < p,,
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
= 3thenk, p; = 0.60rif m =92 thenk, p, = 18.4,
both of which are outside the range for unstable
DCLC fluctnations. 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

4 ! T T —T T 10,
{a) AR =1cm (b} AR = 2¢cm {c} AR = 3cm {d) East rl
3f- 4 o J
- 4=
o a9t g
E , :
g’ :
g | g
9 o
2 2
£ L 4 H g
(=]
1= 4 -
=6.6 MHz
3 T 8Os, = 5 57 MH;
-4 | | | 1 1 L — -70
0 25 50 750 25 5.0 75 0 25 5.0 7.5 25 5. 75
Frequency {MH2)
FIG. 11-4. Phase spectra for fluctuations measured in the east end cell for probe separations (a) Ar

= 1cm, (b) Ar = 2 cm, (c) Ar = 3 cn with (d) the cross power specttum near the fundamental.



4.0 (1] T
{d) West rf

T T T T ! 1
{a) AR=1cm {b) AR =2cm (c) AR=3cm

Phase spectrum {rad}

Cross power spectrum (dB)

-4.0 L L L 70—
0 25 50 750 25 50 750 25 60 75 25 75

Freguency {MHz})

FIG. 11-5. Phase spectra for fluctuations measured in the west end cell for probe separations (a) Ar
= 1 ¢m, (b) Ar = 2 cm, (c) Ar = 3 cm with (d) the cross-power spectrum near the fundamental.

TMX for identification. A typical cross-power istence of two interfering modes. The resulting
spectrum between ER and E,, in the east end cell of phase interference precludes accurate measurement
TMX is shown in Fig. 11-7a. This data was taken of either wave number with existing computational
during full field operation which yields a vacuum routiries. They do, however, exhibit a phase struc-
cyclotron frequency value of f,, = 7.63 MHz. Note ture consistent with the simultaneous presence of
that the mode frequency fp = 6.88 MHz is again both AIC and DCLC-like character. This is ob-
substantially less than the J depressed value for 8 served in Fig. 11-5 as a rapid phase variation with
=~ 10%. The phase spectrum shown in Fig. 11-7b frequency between the interfering mudes. At the
indicates a phase angle of #;, = -1.28 (73°) between lower frequency, f, = 6.1 MHz, the measured
ER and B, where the sign is consistent with left cir- phase difference is #;, ~ -0.3 (m = 6 propagating
cular polarization. Thus, the loop measurements electron diamagnetic and presumed to be AIC)
are consistent with the left circularly polarized AIC which rapidly changes to # = 1.2 (m = 18
mode. Additional loop data is being analyzed to propagating ion diamagnetic and presumed to be
compare the measured fluctuation levels with AIC DCLC) near the second peak at f, = 6.56 MHz.
theory and the electrostatic probes. The tentative These values should only be considered indicative
conclusion at this time iy that the AIC instability is of the structure present and not as precisely deter-
present ir: the TMX end cells. mined values. Additional data analyses are required

Under certain conditions, modes which appear to separate these effects and determine if they are
more DCLC-like in nature have been observed. real and under what conditions they are present.
Since the drives for these two instabilities (loss cone Note that the same structire does exist for phase
for DCLC and anisotropy for AIC) are so different, spectra determined from data simultaneously re-
it would not be surprising to have conditions where corded at probe tips with greater separation as is
they occur simultaneously. The data presented in shown in Fig. 11-5.

Fig. 11-5 clearly exhibits the simultaneous ex-
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FIG. 11-6. Phase variation at dominant oscillation

frequency versus probe separation.

11.3.2  Central-Cell Fluctuation Measurements

A variety of fluctuations have buen observed
in the central cell of TMX. Figure 11-8a is typical of
the high frequenc fluctuation spectra observed in
the central cell. A comparison of Figs. 11-8b and
11-8¢ showing the spectra recorded in thz 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 cent.al
cell. Note also that the lower peak in Fig. 11-8¢

11-9

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 MHz is generated in the
east end cell and propagates the length of TMX
where it appears at a much reduced power level in
the west. Similarly a mode at f = 7.1 MHz is
generated in the west end cell but veivy little of its
power appears in the east.

The end-cell tf probes 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 propagate 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 b) the
probe is located at r = 30 ¢m in the central cell
10 ¢m in the plug. Since the
potential fluctuations increasc rather rapidly as

which maps to r
probes are moved closer 10 the hot plasma, the end-
cell generated Fluctuations which have propagated
to this central-cell probe ought to be larger in amp-
iitude (even though attenuated as they propagatel
due to this field line mapping. The presence of
these modes in the central cell dues, however, con-
firm their ability to prepagate through TMX. Note
that the relative magnitudes observed on  the
central-cell probes with the inferred
tapability of mode propagation from east to west
but less vo from west to east for this data. Note aiso
the existence of a low frequency spectrum in Fig
11-8a. A poriion of this low frequency nuiselihe
spectra calculated with data recorded
simultaneously at a slower rate tand therefore with

agrees

greater frequency resolution) is shown in Fig. 11-
8d. This 1s presently under study and ic believed to
be associated with turbulent drift-wave phenomena
though positive identification has not yet been
determined.

At very low frequencies (~15 kHz) oscilla-
tions have been observed on many TMX diag-
nostics,2%%7 notably the beam attenuation detectors
(BAD'’s), end loss analyzers, and the w-band en-
velope of rf fluctuations in the end cells. Two
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FIG. 11-8. Cross spectra of potential fluctuations in TMX (a) central cell, (b} 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 center cell
and end cells and an m = 1 mode in the central cell.
The oscillations can be very intense. The density
fluctuation signal, Fig. 11-9a, detected on the cen-

TABLE 11-2. Relative power in one frequency
resolution bin at peaks of spectra.

Power-relative uW

f-MHz  End cell (E) Central cell End cell (W)
6.54 62.46 109.3 2.596
6.88 1.254 105.4 4.460
7.08 0.003 38.16 663.7

tral cell BAD channel at the edge (v = 24 cm) ex-
hibits a peak-to-peak amplitude 7/n, > 50% for ny
= 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 oscila-
lions are present but generally at a reduced level.
i/ny < 10%.

The data has been processed using auto- and
cross-correlation techniques,®® the time series
equivalent of the spectral calculations, with averag-
ing over an 8 ms period during steady-state opera-
tion (12 ms to 20 ms during shot). A typical
autocorrelation function is shown in Fig. 11-9b for
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FIG. 11-9. Line density oscillations (a) along the central-cell chord at y = 24 cm and (b) autocorrelation
function for the same oscillations, averaged from 12 to 20 ms.
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the data shown in Fig. 11-9 where 1 (y,. t)
= {nirydl along chord at y = v, The low fre-
quency content is observed to be yuite coherent and
extrapolates to a root-mean-square (RMS) am-
plitude of A/ng ~ 25% Correlation techniques have
been used to distinguish between the m = 0 modc
atf - 12kHz and the m = 1 mode atf ~ 7 kHz in
the central cell. The BAD channel through the avie
tr = 0) discriminates agamst odd modes and is used
to probe  the m = 0 made whereas the BAD chan-
nel a1 v = 24 (m i« duminated by the m = 1 mude
The charalteristics ot the m = 0 mode will
now be discussed The azimuthal mode number is
wer. ified by three observations:
1 The phase observed on the BAD array
dues nut change across the as. indicating
m even

ts

During low gas feed operation this mode
dominates The signals on the " rotaton
probes located at 2 = 30 em # = 07 gid
+907 are in phase implying m = 0, 4, 8,

[~

The mode amplitude measured by the
HIBP and the end-loss detectors is a max-
imum at 1 = 0 indicating m = 0

The axial variation in amplitude and phase was
determined from cross correlations between the
central-cell BAD. the end-cell BAIDD and inter-
ferometer at the inner 10 kG 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 180° phase shift in the vicinity of the
inner mirror point and vast gas-box lacation. End

Interferometer
B : 10kG

Osctltation amplitude

~

——

& cc N
/ =0 N
\
Plug
- L /fl 1
~320; \Gas box zlem)
(East).£ Mirror {West}
- Plug

FIG. 11-10. Axial dependence of the line density
along chords through the machine axis, (m = 0
mode). Found by cross correlation with the line
density oscillations at 2 = 0,

losses are in phase with the low-frequency oscilla-
tions of the corresponding plug. As shown in Fig,
11-11 the envelope of | fluctuations in the plug is
in phase with the low frequency occillations. There
exists a high carrelation between the cenu il-cell
density fluctuation and the 1f envelopes. Ex-
trapolating the autocorrelation function envelopes
to sero 1o remave high frequency effects vields
LT

\\ /
y L by 1)
\ v,

()
vTo
=4ox 10/ (m 2V

which 14 In agresment with the peak amplhitude of
the cross-orrelation function  This indicates a
coupling of the m = 0 mode to the envelope of the
end-vell tluctuations and thus a woherency of in
teraction between the end cells This correlation
suggests that the m = 0 mode may be . conse-
quence of end-plug fluctuations and would
pussibly be absent in microswable <loshing-on end
plugs such as in TMX Upgrade
Turning now to the m = | made identibiation
anses from three observations
Tutning now to the m = 1 mode dentibia
tion anses frum three observations
1 The 7-kH/ component ot fluctuations ob
served by the cental-cel! BAD (hanges
phase acros. the machine avis
2 The three rotation probes echibit o ap°
phase difference corresponding tom = 1
3 theosallating part of the hne dienssty has
the same sign for all chords on the same
side of the ax:s, consistent only with
m=
The mode amplitude 1s observed to be large at the
plasma edge. r 2 25 cm The HIBP measurements
indicate E; ~2-10 vZim in this region The

TABLE 11-3. Rotating mode and gas feed.
Gas feed Density profile Observation
Low Gaussian m = 1 mode absent
m = 0 mode present
Medium Flat topped m = ! mode present
to sightly hollow  and coherent
m = 0 mode present
High Strongly hollow m = 1 mode”
{surbulent)

m = 0 mode present

because of turbul

IMode identification
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azimuthal phase veloaty in the lcboratory frame is
in the ion diamagretic direction at roughly the €
x B velocity. The mode omplitude and pl.ases were
measured in the end cells using the BAD's. The
results. Fig. 11-12, indicate the density vscillations
in the end cells are in phave with those in the cen-
tral cell but reduced 1n amnhiude by a factor of
about 20 HIBP measurements confirm the large

,~CCBAD {y =24 cm)

East BAD Sidy
ity - 8em) [V
! /’—- vlh\\
4 I ~
Ve i N West BAD
4 , N\t ty=8cm)
T e e ey
320 Q
{East) (West)
FI1G. 11-12. Anial dependence of the line density

tor the m = 1 mode.

amplitude central-cell oscillations as indicated in
the radial potential sweep in Fig. 11-13. The oscilla-
tions at r = 25 c¢m are dominated by the m = 1
mode. The extremely large potential amplitude
medulation (100%) is in agreement with the large
density tiuctuat'ons observed on the BAD's near
the plasma edge.

The m = 1 mode is not present for all
operating condition~. Table 11-3 summarizes ob-
servations for three chots at diffening operating
conditions. For the medium gas input case. the
calculated particle deposition and the measured ion
11-14. together
with the average and uscillating densities obtained

cad losses are compared in Fig

by inverting the line density measurements We see
that at large radii there ic a large discrepancy be-
tween \':-pw-m'd ions and the measured end losees
implying @ significant radial tiaesport. The am-
phtude of the m = 1 mode i« large at these cadii
and 1t ~eems bhely that the mode 15 a <igniticant
contibutor to thas transport. Thie i contrast wo

lowver was input without such a discrepancy.

- Wy
300
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150 Parabohe fit: 1
. R Kl
S 100 T Phi try phi {0} kr
L Phi {0l 325 Injected beam
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0 N H
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FIG. 11-13. Measurement of the space potential by » radial sweep ot the HIBP.
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SECTION 12
RELATION OF FLUCTUATIONS TO
ION END-LOSS ENERGY

(D. P. Grukb, T. A. Casper, and W. M. Nevins)
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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. Qur
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 dersity 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
processes 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
12-1a 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., Wp|. of roughly
1000 eV.

Since—for tandem operation—¢_ must be leso
than bp- the value of Wg = 2¢, would imply very
poor confinement of the central-cell ions if Wg
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 kT,
of 75-100 eV, a factor of ten less than W, .

This point is reinforced when we observe the
change in the Wg of the west plug end-loss ions

12-1

when the west-plug neutral beams were turned off.
After turnoff, the energy spectra rapidly evolved to
that shown in Fig. 12-1b, showing that the west
plug potential dropped and the end-loss current
through the west end cell increased. At the same
time, Wg; 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. The energy
distribution of the east-end losses, however, was
nearly unchanged when the west en 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 100eV. tnose passing
through the east plug had an energy of 1000 €V, 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.
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FIG. 12-1. Measured end loss energy spectra.
a} lons passing through plugged {bram heated)
mirror, and b) lons passing through unplugged
{without beams) mirror.



Based upon these measurements we now
believe that the plug rf heats the contral-cell ions in
two locations. Previous measurements have shown
that T, = T, 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, < 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-
imarely the ratio of Wy to W, that is expected for
the measured values of beta and Tep (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 , 2 E .
This is a necessary condition because an ion with
E| > ety (~500eV) at the plug midplane is trap-
ped in the plugs. This violates our assumption that
the end-loss ions simply pass through the plugs.
(¢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
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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 ey m 5O
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 = o
Since ey, ., 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.
(Reczll that our measurements indicate that 1-keV
ions were being lost only to the end wall adjacent to
the neutral-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



Cone) modes calcuiated for typical TMX
par 5.1 The fund tal of the DCLC mode
is labeled w ~ w; (n, = 0), the higher harmonics of
the DCLC mode (w > w_) are labeled harmonics (n,
= 0), and the A1 C mode is labeled ALC (n, = 1). A
mode is stable for values of n,,/ny, T,,/T}, which lie
above the marginal stability line for that mode.
(n,,/ny) is the ratio of the warm, streaming plasma
density (n,,) to the hot-ion density (ny). T,./T}, is
the ratio of the temperature of the streaming
plasma (T, to the hot-ion temperature (T;). We
see from Fig. 12-2 that the DCLC mode (of the
three modes shown) typically requires the greatest
value of n,/ny, T, /Ty, and, therefore, the fargest
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 corrsct 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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ions occurs. We must, therefore, assume models for
the energy of the end-loss ions as they pass
through the plug midplane.

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, =~ 1/3-1/2 T,
(Ref. 2). These ions provide a warm plasma density
at the plug midplane 0 = n_ e*®/Tic with perpen-
dicular energy kT, In Fig. 17-2 we show a region
labeled "'Classical TMX.” Values of (n,/ny,, T,./T})
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-~de 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-
tior:s. Most notably, the two-component mode is
predicted to occur with w > «; 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.> The heating of
the central-cell jons allows them to escape the cen-
tral cell more casily. This also changes the charac-
teristics of the end-loss current (n,, T,). In Fig.
12-2 we have traced out the locus of points (n,/ny,
T,/ Tyt which the code predicts as the value of the
fluctuating rf electric field in the code varied be-
tween 0 to 00 V/cm. Within the factor of two un-
certainties in the calculations of the _tability boun-
dary and the Monte-Carlo results, it is possible that
the rf heating of the central-cell ions could provide
an cffective 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
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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 madel arc 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 plasina potential.) When
they finally escape the plug, the high-energy and
low-current density 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 a factor
of two of predicting DCLC stability. We conclude,
theretore, that additional analysis and modeling are
necessary if we are to understand the apparent
stability of the DCLC mode in TMX.

We are presently evaluating the DCLC mode
stability boundaries for a wider range of plasma
parameters. In particular, we are evaluating the ef-
fect{s) of increasing the ratio of R /a;. Delailed
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 Rp/aigreater than the value
of 5 used in Fig. 12-2. Previous reported studies on
2X1B have shown that the stream requirements of
the DCLC mode decrease approximately as
(Rp/aiJ""" isee Ref. 2). 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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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 {raction of the input power in a fusion
device. In some extreme cases, hollow electron tem-
perature profiles have been caused by radiation
from impurities.? 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
tokamaks;!7 as a result, impurity behavior is fairly
well understood in these devices. In contrast, there
have b en very few impurity measurements on
linear devi-es. Simple mirror machines are expected
to expel impurities® because of the positive am-
!ipolar puteniial present in the center of the mirror.
In addition, low-energy impurity ions are expected
to rapidly scatter (7 ~ Ni E‘y‘" Z-) into a region
of phase space where they are not confined by the
magnetic mirrors.? The first detailed impurity
study® of a beam-fueled linear machine was per-
formed on 2XIIB.!® The major results were®!!: (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 OlI brightness scaling with
the beam current as I} °, (c) a small fraction (<5%)
of the deposited power was lost through impurity

TABLE 13-1. Power loss by impurity radiation.
Device Input powes lost, %  Date, yr. Ref.
C-stellarator 30-50 1962 1
ST tokamak 30-40 1974 2
ATC tokamak 220 1975 3
TFR tokamak 40-60 1975 4
PLT tokamak 15-25 1976 5
Alcator tokamak =20 1978 []
2Xl1B 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.)

Woe present here the results of a major im-
purity study on the Tandem Mirror Experiment
(TMX)!3; it represents the second study on a beam-
fueled linear device and the first investigation 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
confinement!? 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, & . An impurity 1on
existing in the central region of the plug, on the
other hand, may flow into the central cell ur out of
the machine depending on its energy and position.
with the majority expected to flow out. The pu-~-
pose of this impurity study was to experimentaily
measure the impurity characteristics in a tandem
mirror device, with emphasic on the central-celt

electrostatic

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 Appendin 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 2X1IB device; in particular they were
consistert 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 prefiles 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 ot cold liners are discussed. This data shows
that the density of light impurities in the central ceil
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-
vyen and neon into the plasma are presented. There
s a summary of computer models and overall con-

dusions

13.2 EXPERIMENTAL RESULTS

13.2.1 Spectrograph Survevs

A normal-inadence and  grazing-incidence
~pectrograph (Appendin B} was used to record
emissions from the central-cell plasma. Typically. a
large number ot plasma discharges (40 ta 30) were
recorded on a photigraphic plate, this was to in-
sure that even the weakest impurity emissions were
recorded. The spectra obtained on the photo-
wraphic plates were then digitized with a recording,
densitometer. A sample portion of the spectrum be-
tween 273 and 310 4 obtained with the grazing in-
adence <pectrograph is <hown in Fig. 13-1 (the
total scan was from 150 to 1300 4). Note that
weverdl ttanium lines have been identified. In addi-
tion. emissiuny from ionization states of oxygen
and nitrogen were present in this spectral region.

Figure 13-2 shows a segment of a spectrum
vbtained trom the normal incidence spectrograph.
The total spectral range from 1700 to 2000 4 was
covered on this scan (first order wavelength), the
wpectral region shown is from 1675 10 1940 4. Car-
bon emissions are identified in this region.

In summary, primary impurity con-
stituents identified by the survey were carbon,

the

nitrogen, oxygen, and titanium; these are the same
impurity species that were identified on 2XIIB.
[onization states up to hthium- like (CIV, NV, and
QOVI) were observed. The absence of He-like emis-
sions from these light impurities is caused by the
expected low density of the 7S state at the clectron
temperatures found in the central cell.

While the survey study was extremely useful
lo identify the must prominent impurity species, it
was difficult to determine impurity densities and
radiated power from these measurements as the in-
struments were uncalibrated in sensitivity. In addi-
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tion, plasma parameters often varied from shot to
shot. Furthermore, observed intensity ratios were
valid over only a shoart wavelength region.
Therefore, the absolutely calibrated mono-
chromators were used to measure the emissions
identified in the survey study.

13.2.2

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
0
ground state resonance transitions 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

Impurity Line Study—General

{carbon, nitrogen, and oxygen) there are An

some ijonizatian states of Ti which can be observed
in this wavelength range.

Each transition was carefully scanned and
identified. Sume 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 1 similar to
2X1IB, so it is important to compare the two One
characteristic of the emissions from 2XI1B and the
TMX plug is that the spectral lines are quite broad
shot-ta-shot spectral scans of OV-030 4 and
L,-1210 A are chown in Fig. 13-3. The instrumen-
tal resolution in this case was approsimately 1 4 a«
determined by the entrance and exit slits, the spec-
tral line is broadened substantially. As discucsed in
Ref. 9, this 1« consistent with the model that high-
energy neutral oxygen is introduced by the neutral-
beam injectors.

The typical time history of the hght imevrity
emussion in the TMX plug is presented in Fig 13-1
(The sum of the radial chords for OIV-5354 A 1
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
5ms) is caused by the stteam-gun plasma, the
decrease after approximately 3 ms is duc to the
turnoff of these 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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emissiuns.

The radial protile of the boaghtness of OVI-
103 4 as o tunctian o ume s shownon big 1325
[here o samu intiuerar fTom the siream gune in
the tiret = ms ot the shat, atter this the protile 1«
approvmately a Gagssian shape As was found in
SNIB e

sarmen hat

width ot the bnghtness pronde e
than the
prratide tor the hagh somization <lates The behavion

narraner electron  denwaty
ot the ctreanung plasma is even more evident in the
emisions from deuterium at 1210 4 Figure 15-01a)
shows the chord brightrese of L a1 9 mein the dis
Chatge nate the large prake which correspond to
the posption of the stream gun plasma At 10 me
the strram guns are turned off-and the profile at 1o
m- {Hig 18 o)) e quite smooth The time hustary
ot the radial brightness profile is summarized 1n
Fig 13-7 here the influence of the emission at the
edge due to the stream guns is seen.

In both 2X11B and TMX the most abundant
AmMpUnIty 10 most drcumstances was oxygen For
this tedson it s unportant w compare the oxygen

; a o
P o it Wbt S

C It 1923

1915 1925 -935

A

Spectrum between 1875 and 1940 4 from the normal incidence spectrograph showing carbon

density in the TMX plug wath 2NB Tabke 13.2
chows the absolute brgluness ot the ovwgen
iomization states from June 14 1975 on 2XHEB and
fron, September 200 1980 on TMX The electron
ten perature was about o0 ¢\ s vach case and the
stream guns wore on for both meas vemer 1o Noee
the brightness of each ion1zation state in the TMX
vase has been muluphied by arout a tactor of 2, this
was necessary because the instrumental resolution
ol the monochromator was lees than the width of
the Doppler-broadened emie on Iine-

The that
plasma conditions the OI6 dersities are «omilar in
the

companson shows under  theee

two machines  while the woal density s
sumewhat tess in the TMX plug The ovygen con-
centtations Giffer by abuut a tactor of & Note that
the densities have been t'(\mpult‘d using un[y the
resonance lines—no metastable contributions have
been added- <o that he actual densities and con-
centrations are about a factor of 2 higher Because

the neutral oxygen ionizes almost immediately, Ol
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FIG. 13-3.  Shot-by-shot spectrum scan of OV-
030 4V and L,-1215 4V chowing Doppler
broadening.

(ainsiy wonized) 1 indicative of the sourcc of ox-
vigen (note it s a small fraction of the total). while
the total denwity is influenced by the confinement
. ¢ the higher 10nization «tates. These data should
also be compared from the star. point of beam-
wrjected ovygen. as resulte on 2XI1B!? indicated
that the oxvgen current swas a constant fraction
) of the total neutral beam curren®. A madel
«milar to that developed for 2XIB cun be used
which accounts for the sources and sink« v: beam-

{~2%

injey ted oxyvgen

t, 1 - Ty = = 1 n_n, 5, dV
where
f, = ovygen fraction of the neutral beam
I, = neutral beam current
T = oxygen transmission through the

plasma
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F1G. 13-4. Time hsstory of OIV-554 A in the east

plug of TMX. The timing sequ ~~re is also shown
tor reference.

density of Ol

ionization lifetime of OIl

n, 5, = (electron density) {ionization
rate}

-

-

¥ a constant fraction 1< assumed to: INIB and
TMX and the above cakulatior is performed for
the plasma conditions of Table 13.2

n, (2\IIB)

ny (TMN) ©

where the bar denotes the volume average This
il ulation s accurate ko about a factor of 2 due to
the uncertainties in the expenimental salues used.
The experimental ratio (factor of 2} was 08, <o
within a factor of 2 the results are conwstent with a
beam-tyected onygen <outce which i a constant
fraction of the beam current A« mentioned above,
the differences in the total density mav be due tn
Jdiffaencesin tl Lunrinement af the higher ioniza-
tion <tates

13.2.4 General Characteristics—TM\
~entral Cell

The main focus af the impurity studv in TMX
w1 to determine the general characteristics of the
impurity enussion in the central cell. As discussed
above, some preli: iinary measurements were ob-
tained with a single chord calibrated mono-
chromatur, but the majority of the measurements
vere obtained with the 22-channel SIDS instru-
meut.
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Typical Time Historivs. Figure 13-8 shows the
typical time histories of OII-539 4, OlII-703 A,
OIV-551 4, OV-030 A, and OVI-1032 4 for both
the central-cell plasma and the east plug. For the
ceniral-cell, data signals near the central chord of
the plasma are shown; the time histories of the
other chords are similar. The cast-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.
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Radial brightness profile of OVI-1032 A in the east plug.

Radial Profiles. The radial profiles of four
ionization states of oxygen-Oll-539 4, OI\V-
554 A4, OV-030 4, and OV1-1032 4 at 1o ms are
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-
vgen, or an indication uf transport effects on the
impurities. Computer modeling is being used to ir
vestigate possible mechanisms.

Spatial profiles were also measured when the
gas puffer was 1sed to fuel the central cell. Figure
13-10 compares the radial brightness profile of
OI11-539 A during puffer (top) and gas box (bot-
lom) operation. Note that the brightness profile
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during puffer aperation 1s quite broad, the volume
vmission rate computed from a matrix inversion s 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 next
section). The difference in these profiles indicated
that the impurity source or source-plasnia interac-
tion are not identical in the two cases.

Rudial Profiles—[nversions. The radial profiles
of 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 quantity measured by the
spectroscopic instrument is a chord-integrated
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brightness. The brightness is the flux received per
unit solid angle per unit projucted area, with units

"or L In the simplest case, the

of photons ¢m 2 sec
conversion of instrumental counting rate to ab-

solute brightness B(y) is given by:

ICR) D},

Bly) = 57y AR,
where

(CR) is the observed Lounting rate

1QT) is the efficiency of the instiument

A_ s the area of the entrance «it.

Ay is the area of the plasma that 1~ viewed. and

D)‘ 15 the distance from the plasma to the en-
trance slit

Without modehing of the spatial distribution
of the emission source the brightness profiles are
useful only for qualitative smparisons The quan-
ity regquired for impurty density and radiated
power calculations 1 the spatial distribution of
cachionization state In the cvlindngaliv svmmetric
inverted

case thedata can by to vield the volume

cmussion tate Mathemangatly

Bivy | Fend]

where Fir) s integrated along the hine of sight v s
Jnd ]‘l

Assuming cvlindrical svmmetsy the common tech

the chord heght s the plasma radius
nigue used to obtain Lir) i the Abel transform '*
We have used 2 matnin techmigue which e
but

the plasmg s

equivalent ta the Abel inversion i~ much
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divided into shelle, each data point is centered on a

taster - As <hown in Fig
shoell The outer-most shell has no contribution
from other shells w0 b, =47 B, L;, The next
chord sees contributions from two shells, by wub-
tracting the contribution from the outer shell E,
can be abtained. This subtractive technique can be
forrrulated in matrin terms: B = LE . where Lis
the “fength  marrix 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 le.g., brightness profiles versus
time) all having 4 common geometry are required.
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13.2.5 Impurity Density Determination

The impurity ion density can be calculated
trom the volume emission rate profiles In the TMX
plasma it is appropriate to use the coronal model to
describe the eacilation and subsequent emission
pracess. This made! 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=mn,n av,,
where

n, = electron density,
n, = jon density, and
av . = rate coefficient for excitation.

——30

Stream guns

Three dimensional graph of L ~1216 A versus radius and time. Note the influence of the stream

In the central-cell plasma, electron impact ex-
citation is the most prominent mechanism, av 15
the cross section averaged over a Maxwellian elec-
tron energy distribution. A convenien* expression

is given by Davis!® for optically allowed transi-

tions:
X 107° t, g
by o Ao X IO NGB kr
ev AE (KT)' 2
where
£ absorption oscillator strength,
AE = transition energy (eV),
KT = vlectton temperature (eV), and
I3 average Gaunt factor.

The Gaunt factor is a semi-empirically deter-
mined quantity 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.



TABLE 13-2.

Comparison of the oxygen emissions ..n 2XIIB and TMX.

2XHB (6-14-78)

TMX (9-26-80)

Brightness Brightness
(full line) Density a4 Full line Density
Species TV ax (x1018) (em™3) (x1ctd) (x101%) {em™)
on 37 x 107° 0.2 6.3 x 10° .0 78 0.8 x 10°
om 9.7 x 1077 Le 2.4 x 1010 8.0 192 8.3 x 10°
o 1.4 x 1078 19 20 x 10'! 10.0 80.0 2.4 x 1010
ov 27 x 1078 56 3.4 x 1o!! 0.0 88.0 1.5 x 1010
ovl 17 x 1078 43 3.7 x 10! 100.0 3400 8.4 x 10/0
Total 9.4 x 10! 1.4 x 101!
Plasma conditions
2X1IB (6-14-78) TM\ (9-26-80)
Te (eV) 50 ©0-70
Ty, (Amps) 405 115
ingdl {em™2) 8.5 x 1014 3 x 104
g (em™) (R, = 10 cm} ~3x 1013 ~1 % 1013

Note: Densities are only from measured emissions and do not include metastable states.

Emission Model. IUis useful to characterize the
impurity emission and therefore its density with a
mad -l. This facilitates comparison with other data,
and in manvy cases greatly simplifies calculations. In
particular. these simple models for the ion density
were tried:

1. Constant Density Model: n(r) is -
stant. Since

con-

1
B = 37 J‘ ndrn, av dl
the brightness profile is proportional to fndl as
long as the T, profile is sufficiently broad so that

av

w = constant.
2

2. Constant Concentration Model: n(r)s
n (r) is a constant. so the shape of ni(r) is the same
as that of ngr). Hence, the brightness profile is
proportional to the density squared: for a Gauss-
ian profile, the width of the brightness profile is
less by a factor of V2.

3. Shell Model: When the ionization states
exist tn narrow shells, the brightness is given by:

1

B = 7z n, n; 2AW
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where AW is the width of the emission shell and n,
and n, are assumed roughly constant over the width
of the shell.

Figure 13-12 shows the radial brightness
profile of OV-030 4 and the volume emission
profile oblained from it by matrix inversion In ad-
dition, the chord average ( l'nl,dl) profile obtained by
neutral beam attenuation is included. The fn.d]
profile is well characterized by a Gaussian profile,
so the n_ prafile 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) o E(r) @ n (r) which implies that a
constant density model is the appropriate choice for
this data. A similar result was obtainrd 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

= 4wB
f l\'dl TV gy

n
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where B is the central chord brightness. Table 13-2
presents the concentrations of the oxygen states
obtained during a single run on November 1. 1979,
during gas box operation. The OV metastable to
ground state density ratio was measured to be 0.7 in
these conditions, the other metastable ratios were
assumed to be similar 1o the 2X11B case. Note that
most of the onygen density is in OIV and OV, with
a smaller amount in OVI

Similar calculations were carried out for car-
bon and nitrogen, and the results are sununarized
as follows (factor of I uncertainty)

. T T
" ‘a)Puffer operatic.aq.,..,,.n...-'-'.
8 et
= *
g *
] .
R I S

(b)Gas bo:: operation

Brightness

[P I i
40 30 20 10

Radius (cm)

FIG. 13-10. {a} Ol radial brightness profile at 16
ms—puffer operation. {b) OIl radial brighiness
profile at 16 ms—gas box operations.

Osyvgen 047
Carbon
Nitrogen 0 2%

Q08

The woncentration s defined tobe n ) whery

ALY T !
n, = n, rdr | rdr
0

o

For a Gaussian protile n = 0.032 ;‘. 1;\l, = peak
density). It should be noted that this emphasizes
the sectiont < 1. this was chasen because the im-
punty and electron density behavior are less well
known outside of this region. However, if one
defines the concentration to be n, (total) n, (total).
the result is anlv 40% greater. Comparisons with
data from other runs indicate that these results, to
within a factor of 2. are typical densities ot the light
impurities In some cases. the relative populations
of the ionization states changed (which would be
expected if the clectron temperature changed). but
the overall density remained fairly censtant

13.2.6  Radiated Power

Radiated Power from Light Impurities and
Deuteriunm. As discussed above. it is also important
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The matrix inversion technique,

FIG. 13-11.

to deternune the amount of radiated power caused
by line radiation from the impurities present in the
plasma One approach would be to measure every
spectral emission feature and its radial profile; the
~um ol these megsurements waould be the total
tadioted  power  This is impractical with «
monochromator as shot-by-chot  spectral scans
would be required over a large spectral range.
However certam simplifying assumptions can be
made <o that measurement of the radial profiles ot
only the resonance and metastable transitions is
sutticent These assumptions are justifiable from a
Enowiedge of the atomic physics of the ionization
~tates Namely

1 The prindipal excitation mechanism s
electron impact exditation.

2 Onlv ground and low-level metastable
levels are populated significantly

A An = 0In = principal quanium number)
ate the most wignificant transitions, followed by An
=1

4 For An = 0 transitions, the effective
Gaunt factor g in 1he excitation rate cocefficient is
nearlv 1. tor An = 1 transitions it s less. We will
assume g = JforAn=0and g = 05fordn =1,
This 1s based on results by Davis.’®

With these assumptions, by measuring the
resonance transition and the metastable transition
of a cortan jonization state, the radiated power
from all of the transitions can be calculated.
Speafically  the volume emission rate is propar-
tonal to av . so the radiated power is given by

[“ 17T T r‘ir"“;

Q
48 12— OV - 630 A}
E 5 ® Brightness
o2 ; . o fn dt
E.E 0.8— 8 o . e. _
E'g 0.6— 2 y o ¢ Emission rate_
g5 04 ..o -
S & 0.2~ . o _
Z 1

S L L R I “lx %9

Radius (cm)

FIG. 13-12.  Spatial profile of brightness and
volume emission rate far OV-630 A. The best fit of
Ingdl is also known.

P = A WV
v A,

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 i't transi-

lion in terms of o equals

‘\1 v,

Tu compute the total radiated power P must
be summed over all of the relevant resonance and
metastable transitions. In turn. to compute the total
power from one species. all of the power 1n cach
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 onygen. the majonty of the power comes from
OV and OV recall these ionization states also con-
tain most ot the density. The power loss from
deuterium radiation was estimated in a similar
tashion.
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TABLE 13-3. Central-cell oxygen
concentrations.?

TABLE 13-4. - Impurities in TMX central cell.

Concentration, % Radiated power,® kW

Shot Species %

a7 on 0.06
26 ot 0.06
20 oy 0.20
13 ov 0.11
40 ovl 0.01
Total 0.4

ANovember 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 survey instrument 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 lines on the same plate. Dur-
ing the discharges, the absolutely-calibrated
monochromator measured the oxygen emissions.
By adding up all of the titanium emissions (nearly
300), an estimate of the 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

[t is well known that wall conditions in a
plasma device can significantly influence the
plasma conditions. Normally, a low temperature
plasma {discharge cleaning!”) and/or titanium get-
tering is used for wall preparation. In addition, it
has bren shown by the Alcator group!® thal the
wall temperature can influence the light impurity

13-13

Species {factor of 2) {Factor of 2)
o 0.4 6.0
N 0.1 L5
C 0.08 LS
Ti o01b 10,00
D-La - 5
Plug oxygen concentration, %
T™X TMX scaled® 2x11B
0.25 LS5 3

4Tvpical irapped beam power = 150 kW.
bEgtimated.
Lincar 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
cffect of wall conditions on the plasma.

13.3.1 Gettering

The first experiment was to measure the effect
of titanium gettering on the oxygen density in the
central-cell plasma. On 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). On 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. On 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



TABLE 13-5.

Impurity brightness before and after localized central-cell gettering.

i
Wavclength, Brightness Getter

Shot Species 4 phatons/cm?-sr Before After Decrease”
1 on 539 3.3 % 101 x

8 2.7 % 1013 x

a 2.5 % 1013 x
" 2.5 % 1083 x
2 ax ol
ie ol s3e 1x 10h? N 0.60
s oul 703 1% 108 x
" 1% 102 x 0.00
o 1 apy t x 10" '
I 8 x 1012 N 0.2
- o arr 32 x 10t N
20 8 x 10!? N 0.75

A e

B""hl"(”gﬂ!er B'“‘h'"‘”nungollcr

Bright nES etter

used only on alternate shots. During this time, Oll-
539 4 emission was monitored and changes in the
brightness were observed 1o correlate with the get-
tering That is. B (ndl way approximately 40%
greater on nongettered shots than on those with
gettering. This sequence usually persisted until
shot 13 to 20 of the run (often, a switch to gettering
before each shot was made when this mode was
detected). after this time, the emission dropped to a
platecau and was quite constant even if gettering
was performed on allernate shots. This result
suggests that the centrai-cell wall conditions in-
tHuence the impurity density in this region.

13.3.2

As discussed in Ref. 19, liners filled with lig-
uid nutrogen 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. Emissions 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

Liner Experiments

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
monochromator was also mounted on the central
cell, but at approximately Z = 40 ¢m; 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 ror
OIN-554 4, OV-030 4. and OV1-1032 4 are shown

A
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in Fig. 13-13. The beam current injected into the
central cell was 60 4, 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 OIV 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 Olll

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 higher ionization states with a
corresponding decrease in the lowest states would
be expected. Because the spectrometer is well
separated from the injectors, the increase may be an
indication of the bulk electron behavior. as op-
posed 1o a local effect present only near the beam. [t
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.

Oov1 1032 A

Olv 554 A

Brightness - arbitrary units

T T T
0111703 A
L '
[¢] 8 16 24 2
—-i |——CC beams on
Time — ms

FIG. 13-13.
heating experiment.

Impurity behavior during the central-cell beam-
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with 1, = 100 4 per plug and I, = 60 A, the
dramatic increases were not seen.

13.4.2

A series of impurity injection experiments was
performed on TMX to study three main issues: (a)
impurity confinement, (b) impurity sources and
penetration. and (c) sadial transport in the cendral
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 [ast-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.
-4 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. [n 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 initiallv chosen for injection
because it is not an intrinsic impurity in TMX. Ox-
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.

The 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:ofiles of several ionization states of neon,
oxygen, and deuteriumn 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
shot, ionization stales

Impurity Injection Experiments

the emission from the
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FIC. 13-14. The radial profiles of Ne 11 and Ol
at 25 ms.

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 OII density is less than that of Ne Il by a factor
of 5 while the amount of oxygen injected was
greater by a factor of 2; this suggests that the cx-
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. The 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 penctrate into the plug.
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FIG. 13-15. Radial profiles versus time for the in-
jected oxygen density.

Finally, these results are currently undergoing
comparisons with a simple computer model
Further analysis should yield information on the
confinement times and recycling rates of smpurities

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 vonstant
impurity velocity in the ditfusion equation. While
both models are quite simple and are steady state,
they do allow qualitative observations to be made

13.5.1 Steady-State Confinement Time Model

The sources and losses of a particular ioniza-
tion state are expressed in this model as:

dn,
O= g4 =n,n ;5 ,;+nn,mn0

-n.n S -n.noa -

n, = clectron density (a function of radius)
density of the it ionization state of a

particular element (a function of radius)
S, = ionization rate out of the i state {a

1
function of electron temperature)

3
I

a = recombination raie to the 1'" state (a

,
function of electron temperature}

7, = confinement time of the it! 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 S, and «, are also functions of
radius as T, is a function of radius.) The coef-
ficients for ionization (S) use the generalized form
due to Lotz®® and the recombination coefficients
are a generalized 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 dersity profiles
from the code for oxygen are shown in Fig. 13-10
In the code they are multiplied by the (radially
dependent) electron density and the excitation rate
(discussed earlier) to obtain the synthetic volume
emission rate profile Finally. the chord lengths of
the cylindrical source are taken into account—
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 15 {airly good qualitative agreement be-
tween the synthetic profiles and the expenimental
profiles. Variations in the code—such as ditferent
neutral oxygen-dencity profiles—are being n-
vestigated to understand their affects on these

Oxygen density

10 20 30 40
Radius (cm)

FIG. 13-16. Oxygen density as a function of
radius from the steady-state code.
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10 abtain the brightness pratile, which is the actual
quantty that 1w measured 1n the experiment.

protdes Inoaddinon coadc runs have been per
cormed o dotermine the sensitivaty o these profiles
teovanidtions - bctron temperature and density

atomuc phvecs fates and conbinement times

13532 Constant Velacity Steady-State Model

s model ss also an evaluaton ot the sources
and dosses  with 2 one-dimensional constant
velodiy approamation w the mpurnity transport
This model i» winudar to o mode) used to charac-
terize impunity tadiation on the TFR tokamak (Ret
225 The saunce and losses canin this case be wrt-

ten
st \
c dr f 4y in T o0 Ny nonoa
n
N N0t e N n, -

The # term s again a general confinement
ume thoss termy and a and S have the same defimi-
tions as above A flus of neutral impurities 1s inci-
dent at the edge of the plasma so this system ot
equatiuns 15 subject to the boundary conditions

I 2ma = 27a nlalv,
and

nial = 0
where

I', = neutral impunty flux
= neutral impurity density
a = plasma radius

The system of equations 1s solved numerically
on a tomputer A set of radial points 1+ established
and then the impunty density ot each wnizatnon
~tate i+ calculated by starting at the boundary and
working inward  That 1+ the boundary value 1c
speatied and the equations enable o calculation ot
the derivauve By knowing the slope the vaiue at
the next tnner) radial point can be determined
This procedure s contimued untd the zadial protiles
are computed

In.tial resedte trom the code have <hown that
‘na& qu.iht.\(xn sense the resulte are sime"ar to those
diowussed tor Sec 1331 Vanauoa of nput
parameters  ~uch as the veloaty 1+ being in-
\l‘~’l):.lll'\i to v to attamn ¢ Joser agreem 3t with the

ovpenimental radial protiles inothe sas bov case

13.6 DISCUSSION OF
CONCLUSIONS

The results presented here are the tirst com
prehensive impunity study ot a4 tandem nurror
machine The impurity measurements in the TMX
plug show that th. emission trom the wons s
signiticantly Doppler broadened with an etrective
energy un the order ot 10-13 kel this indicates
that oxvgen s angected by the neutral beams
Furthermore the soutce ot oxvgen tractor of 21~
similar on 2AIB and TMA

The major tocus ot this study was impurnity
behavior in the central-cell plasma Time resolved
radhal emission profjes were used to calkulate the
density ot ight impurities tfactor ot 2 uncertainty)
Q47 oxygen O 1% mitrogen. and 0 08% carbon
The total radiated power from the impurnities was
estimated to be 20 0 30 KW which 1= app1n-
imate!y 10% of the input powe In gencral the
central-cell impunty cuncentration was found 1 be
influenced sigmficantly by vacuum vessel condi-
tons such as gettering and in some tases use ot
wold liners

Finally owygen and neon gases were 1n-
troduced inta the plasma to study the details of 1im-
purity behavior While the analyses of these results
are incomplete, the spatial profiles o* 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

INTRODUCTION

Passive solid-state probes have been utilized
on several tokamaks'* to measure plasma
parameters in the edge region. The basis of lhe
technique is that energetic atoms and ions incident
on a probe inserted into a plasma are trapped and
later analyzed to obtain information sbout 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
as functions of probe positions and orientations.

The at the
deuterium (12 incident on a grounded prabe atr
20 «m vaned markedly with probe orentaton

14.1

measured  energy central-cell

Deuterium incident on samples taong radially in
ward had an energy of 30 £ 15 ¢V into the cuttace
while the analogous energy tor D nadent on
sample fading the vast end was ~ 1530 e\ We also
ubserved vanations of Huxes with anentation The
measured flux to an mward faung sample i the
central cell decreased with increasing radial post
30 (m owas ~4 X 107

ton su that the flux at «

Dan s s Pandate = d0ematwas ~ 13X 108
Dem-o!
Impurities were observed with a probe in the

central cefl at 1 = 30cm O Ti Fe and sometimes
Cu impurities were present on samples but no N
was suen

Other measurements showed that under ver
tam conditions east end-cell losces were ~25% of
total cast axial losses ard a sigrutieant poition ol
the trapped cast neutral beam current was lost ax-
1wlly rather than radially

The remainder ot this introdudctory section s
concerned  with trapping
~urtable prube materials and appropriate analytical
techiugues following this Introducton there is a
more  specific discussion of  the expenmental
procedures used for TMX A detaided compilation

ot results with discussion concludes this part ol the

lhl’ Lhdl’dkt(‘l istics ot

report

The experience gained in this initial effort has
aided planning for future expeniments on TMX-
Upgrade The adaptation of surfare probe tech-
nigues to the different geometry of a tandem mirror

device has opened several new areac tor further ex-
ploration

t4.1.1
Carbon and & kicon

Trapping Characteristics ot

Carbon and sthion are similar in thor

deutenium trapping  charactensties For a ynven

the non-retlecid

energy and angular inadence
portion of the 1Y flux s retained in the matenial up

W a saturation trapping level At that point nooin

crease an the retamed D evel s abserved e tor
cach new ncident D retamed one i released Thi
saturation level increases as the madent enetgy

s g 14 D For g spread of aden:

energies and .mg]m the apProd h toward <atura

Lredases

uon s more praduad thig 142
Phenumenological madels™ < have been deved
\‘pl‘d 108 Lh.lfﬂ\ wnzve lh\\ \\L’hd\‘\\ﬂ pros bd)ng a
curate prcdutmns ot D retention under o variehy ot
conditions The models ate generaliy baced on the
concept ot a satutation D concentrason Once the
~aturation level s reached within the matenial the

total retention begins leveling ottt (sce
Fig 14-3;° The greater the range ot the inadent 1
the |\1gi\cr the tatal retantion

The ~aturation curves of Frgs 14 1 and 14 2
can be used to determine the energy of Donadens
on carbon This s done by exposing separate sam
ples to speatied numbers ot wentical plasma ~hots
and measunng the DY retention tor each campie
The tluy and energy are then determined by hitong
the measured data to the D actention behavior
curves Once the D energy and angular madence
have been established  the 1) retention measun
ment s all th at 15 necessary to derive the maden:
tlux e itic aot nevessany o reproduce the swhole
curve tor each flun deternunation

Anather way o establih inadent D enerpv -
to measure the depth distnbunon ot retained

This Jdistribution may then be compared o
measured and "or calculated profiles for known in

cident D energies and angles
Incident impuritivs may also be retained on the
malerial surface and later be analyzed


http://tli.it
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14.1.2  Analysis Techniques
Nuclear Reaction Analysis (NRAY and Elastic
Recol Detection (ERD) measure the absolute

amount ot D trapped in carbon vamples For NRA
4 750-keV *He beam normally incident on the car-
bun sample produces protons and alphas via the
dt*He. «)p nuclear reaction ™ At a scattering angle
ut 1o5°, 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

14-3

alphas and-or protons produced per incident *He
wn the total amount of D near the carbon surtace
may be measured

ERD works by wattening hydrogen isotopes
from a sample using ¢ *He analvzing beam ® The
iHe beam strikes the sample surface at a grazing
angle. dislodging H and D from the sample The H
and 1D are collected and encrgy anabvred tor mas-
separatiun The vields are established using cahibra
tion standarde The low rnadent and ot angles w
the surtace require a smooth sample tor accurate
measurements

The same 'He beam works tor Ruthertord
Backscattering Spectrometty (RBS) 7 The normaily
inadent THe sons scatter ottt of impunities on the
~ample vurtace are collecied at g ~cattening angle ot

Ihe

punity can be determined from the energy or the

Josr  and energy analyvred mas~ ot the im
~cattered PHe the amount of the mrpus o s dete:
moned from the vield at that enves,

15INS)

pravides 4 measarement ot the depte rotide or D

Secondary fon Mass Spectiometiny

implanted i sdicon B The shape or s protide

mav o turn be related o the inodent I energy

thirougk comparison with iloulatons or samples
smplanted at o wnown enengey Far SIMS the sem
ple s sputtered usme a T ke AT beam Sputiered
and  the D

monttored o g nu ton ot depth oo the surtace

ons dre tass analvred signal s
This depth s caltbrated as g tunctoon or the sput
tenng beam tHueno by measunmg sputter depths
on standards SIMS relies ona constant sputtetng

rawe so g smooth unitorm \.lmrh i N essary

2

14.2 EXPERIMENTAL PROCEDURE

14.2.1  Samples

Three ditterent types ot samples wete used in
the TMN passive probe measurements One-halt-
mm thick. polished. high puriy sthoon discs!'? were
(ut into o-mm-square samples to be used for SIMS
analysis These Si samples were annealed at 030°C
for several hours in vacuum <3 X 10 ® torr) prior
to their exposure in TMX. Papyex. a flexible, com-
pressed flaked carbon tape'? was cut into 1-cm
diameter samples and used for all NRA and RBS
measurements. Seventy-five- ug/cm” carbon films,
vapor deposited on glass slides,!® were used for
ERD analysis. The glass slides were broken into
~ l-cm squares for exposure. These films were used



(rather than the Papyex) since surface roughness
could adversely affect ERD measurements.

2

Probes

A probe was designed to sequentially expose
mived pairs of C (Papvex} and Si samples to the
ITMN central-cell plasma and to then protect the
samples while 71 was deposited on the TMX in-
e for gettenng The probe was a demountable
~aphe holder connected to the end of a support
tube A Wilsun vacuum seal allowed the probe to
be postioned at different depths (TMX radial posi-
2:ons) or withdrawn completelv to reload samples
A rotatable <hutter served the dual purpose of

i4

seheng which samples were exposed and coverng
the sampies Juring gettering ycles The chutter
allowed seguential exposure ot ane. two. or three
pairs ot vamples amultaneously An alternate shut-
ter exposed one pair at a time The shutter rotated
t'w means ot a shatt concentric o the suppurt tube
which passed through a second Wilson ceal and
to o Geneva mechanism which
Four

was connected
drove the
microswitch cam assemblies sensed the four shut-
ter positions of interest, and a tifth assembly sensed

shutter 1n 00° increments.

when the gear motor-driven input of the Geneva
mechonism completed a cycle A shutter control
~vatem was in the TMX control room.

Another version (probe 2) included the
«apability of mounting the additional pairs of sam-
ples at 90° intervals around the outside edge of the
probe  Thus sample paws facng five different
ditections could be expased to the plasma
simultaneously

Each of these two probes could be mounted on
TMX port ¥W1lle near the center of the machine
(#W120 on the top of TMX prior to 8/80). 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
face was not parallel to the centerline, but tilted 5°
so that samples mounted on the probe face faced
slightly toward the east end of TMX. When tf an-
teninas 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
(45° below horizontal, toward the north).
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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
tor=0and r= 10cm.

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 uf impinging D was determined
using both NRA of the saturation trapping
behavior of C (Papyex) samples and SIMS
measurements of D profiles in Si exposed in TMX
for the saturation measurements, 3 carbon samples
were exposed at r = 30 ¢m in the central cell to a
senies of identical TMX shots We chose the num.
ber of shats for each sample so that. following
NRA. the data would be fit to established satura-
non curves (as described in Section 14.1 1) to deter-
mune the incident D energy. Simultaneously with
the €, Si ~amples were exposed to the plasma
SIMS was used to measure the D depth distribu-
twn in S to determine incident D energy from
calculated stopping
powers and trapping behavior. The SIMS energy
measurement was also conducted as a function of

and previously measured

arientation {using probe 2).

14.2.4  Flux Measurements

During the course of this work, D flux
measurements were made as a function of position,
onentation, 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 <ample 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.



14.2.5 End Loss Analysis

One 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 central 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 east-
end wall at positions that mapped tor = O andr =
10 cm in the end tell, and by comparing these two
five-shot sets, we get information as to the origin of
end losses (i.c., central cell ar end cell). A third <et
of samples exposed to five shots with no gas box
fueling was used to eotabhish a background level for
these measurements

14.2.6 Impurity Analysis

RBS determined the quantity of heavv (Z > o}
impurities deposited on carbon samples exposed in
TMX. This analy:is showed which impurities were
present in the plasma and verified that the samples
had not been exposed to gettering cycles.

14.3 RESULTS AND DISCUSSION

14.3.1 Data Compilation

A chronological summary of 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. I[n
general, for radial-facing samples in the central cell,
the data have been consistent 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.
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14.3.2  Radial Energy Measurements

Measurements, in the central cell, of the
energy of D incident on radial-facing samples at
r = 30cm 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 encrgy 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 polyenergetic D in-
cidence. However, at these low energies, it is hard
to distinguish these condiuons 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 simultancously with the C
saturation samples yield similar results when
analyzed using SIMS. These data correlate well
with a 25-eV to 50-eV Maswellian energy wiih a
cosine angular distribution as seen in Fig. 14-0. In
this figure the SIMS data are compared w =
TRIM calculations for both Maxwellian ai.’
monoenergetic distributions. The shape of the D
profile appears to be Maxwellian rather than
monoenergetic. The TRIM calculation'® is the
product of a Monte Carlo computer code which
takes into account nuclear and electronic stopping
powers to determine the initial depth distribution
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 NRA 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



TABLE 14-1. Summary of deuterium measurements with a passive solid state probe.

D-cetention via

auclear reaction Incidem
Dale PMasma Radiuy .m.ll_\sia‘(NRAI (luvxh1 Incident energy e\ )
shot numbyrs onditions tem)? 13 cm 2 (o shuts) Deem 587! NRA  SIMS
1A G putfer 50 - .
[IRTIANIT
2o w2at ey
- 18- 1089
Arverage
21 10" shot Ls o« aole
12 2R s b 34 LRI IENTT 50 - 100
5. 10'% 3
20- a0ty
Arerage:
2o x 10'% hot CERr
St 1ok gas b N se 25.50
2042 1oz« 10" n 1aa g0l
(AR 222 - 108 1)
(R 3075 10'% 20)
T n-No 1-k€y gas box 30 0
“- as s 10053 22 g0l
sqn 201 = 10" (1)
oo 2875 10'
B 22-RQ0 k€ gran o 40 - -
-2 m2 0ty
FEY 213 x 105 e
e 50 x 101% (33
Average:
1= x 10 shot 12 % 10'°
1-kG gas box 30 o0 -
1.83 x 10000 122087
335 x 10! (1o)
102 % 1019 {37}
8-29-80 §-kG pas box 3 - -
12-10 Low ICRH 1.10 x 10'% (5) 15 x 10!7
7-30 High ICRH a6 x 1970 4y 2.0 % 107
9.24-80 1-hG gas pufter
53.55 38 134 x 1015 (3 31 x 1010
47-50 10 117 x 1043 (3) 27 x 1o'*
38-45 0 1.34 % 1015 (o) Lo x 10l®
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TABLE 14-1.

{Continued).

D-retention via

nuclear reaction Incident
Date Plasma Radius analysis (NRA) ﬂu\b Incident energy {(eV)
shot numbers conditions {cm)? D-em™* (= shots} Deem 257t NRA  SIMS
9-25-80 1-kG gas bor 20
Radual 1 10' e so 10!’
East 20> 1017 (2) ~1s0
West 21> 10" @ - 150
Up 0.0~ 101 (2)
Donn 20> 101°(2)
§-hG pas bon
AT [FIEETIANEY 15 A 108d
10 [RIENTIRNEY 20 % g0lf
50 1310 el 102 1007
10-1-804 -G gas bon }ast-end
wall
=378 D central celt [ 0.0 » 10'45)
al.05 H central cell roo 20 - 10'5)
100-104 Streamguns and 1 0 14 0tds)
neutral beams
anh
"4-TH D centrat cell r e et x 10" sy
oy.us H centeal cell [N a0 10's
jeo-104 Streamguns and 1 10 ERPETI

neutral beams
onh

Al samples faced radiallh inward in the central cefl unless othensise noted.

PAssumes 4 50-¢8 Maawellian energy distribution with 2 cosine angular disiribution. All shols were 0.024 « long except tor shute

~9-8c on 10 4. 80 which were 0.017 &

“No saturstion in NRA or peak in SIMS (Secondary lon Mass Spectrometr ).

d,

v O0and r =

on arcumstances, not all data are directly com-
parable a limiter at 1 = 38 cm was installed at the
vnd of 7780, the central-cell plasma was fueled by
cither the gas box or by a gas puffer near the probe.
the plasma density was altered on 10/4/80.
However, the general trend of decreasing flux with
increasing radius is evident, with a flux ~4 X 10'7
D:em *+s ' at 30-cm radius and ~1.5 X 10V
D-em 2:s ! at 40-¢m radius These values are con-
sistent with other central-cell fueling studies.
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10 cm map 1o the end plug which was fueled with [ tor all of these shots.

Orientation Experiment

On 9,
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

5/80, probe 2 was used at r = 30 cm in
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F1G. 13-4, TMN 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-¢V to 60-eV incident energy.

3000 eV

1500 eV

A 71780 -
07 18 80 1000 eV
O 8 23.80 500 oV
b o
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T '
o ,
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1 G fiehy
{ qas box fuehng
16
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VIS ) s [ O PR ..,..L.J
1016 1017 1012 o1
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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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Log D concentration (arb. units)

kT = 60 eV

2

FIG. 14-6.

10 20

Depth {nm)

Comparison of SIMS 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) monoenergetic 50-eV D at normal incidence, (b) Maxwellian 25-eV D with a cosine
angular distribution, and (c} Maxwellian 50-¢V D with a cosine angular distribution. The data correlate well
with a 25-eV to 50-eV Maxwellian D flux having a casine angular distribution.

uriented toward the east-end plug and 45° below
hotizontal ( down ) Evidence of this component
was absent in the radially vriented sample and was
not clearly seen in the other two samples ( west
and up )

The interpretation of these data is complex
Any tomplete description of the plasma parameters
responsible for these results must account for the
combination of the plasma potential, probe «heath
potential E X B drift, wn 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 theoretival viewpoint.
These studies will be pursued further in TMX-
Upgrade
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14.3.5  End Loss Experiment

Table 142 shows the data obtained in the end
loss experiment on 10 4780 described in Section
14 2 o Because of the low magnetic field at the end
wall. the inadent D was primarily normally 1nci-
dent, with an energy of at least several hundred e\’
(Section 3) Under these circumstances the reflec-
tion coefficient is about 10%. Thus, the inadent
fluence 1s about 1 1 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 shats, with no central-cell gas
bux fueling. Thus, with 10% reflection, the average
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FIG. 14-70 1) tus to C prabes expased to TMY

tacing radially inward. Al data ure analvzed
assuming a 50-¢V Maxwellian energy flux with a
cosine angular incident distribution. a: Gas box
tueling, normal plasma density, various dates. b:
Gas putter tueling, 9:24°80 and 12.4,79. ¢: Gas
bax tueling, low plasma density, 10 1/80. The
lines are linear regression tits to the three data

aets.

TABLE 14-2.

D comentration farh unes)

HIG. 14-8.  SIMS depth profiles of D retained in
three Si prabes exposed to the same two dis-
charges at different orientations in the central cell.
la} Probe aligned in a radial direction. (b) Probe
facing east-end plug. (c) Probe facing down. In
profil»s (b) and (¢) a peak is observed at 4-5 nm
depth, which corresponds to a D energy, for nor-
mallv incident and monocvnergetic particles. of
about 130 eV,

End loss experiment.?

-
Dats (D «m™ =)
T t HY T

113 end plug and oo - told cu - tol? P s gelt
0 wentrai cell

0 end plug and 24 10 o - aeh? yee el 1ol
H centeal cel?

3 Neutral beams 14«10t 1. gef?

and plasma guns

IFsve shals per sample. N
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RA and elastic recnil analvans on
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flux to the end wall after the <tream guns were <hut
off (e during the final 17 me of each shat) i
given by flux = (f bg) % X 17
me <hot} The retained fluence. £ the background,
by and the background-subtracted value (f - by)
are given in Table 14-2 for cach weries At = 0 the

11 ¢35 shots

flun 1 then o x 101" Decm “on T tor cenes 1 and
2x 10D iem ¢

The Faraday cups and the end-loss analyzer
The

currents measured by the end-oss analyzer and the

N

<o Horsenies
measure the on current to the end wall

varhan probe for senes 1 oare about 70% ot the
current measured by the Fataday cup at the ap.
propriate tadial posioon There are thiee posable

explanations tor this

b Errors in averaging The averaging inter-
vais tor the aree diagnostics are dif terent
Calibration errors The Faraday cups
should be accurate o within 10% The
surtace probes were analveed notwom
dependent taalioes and abeolute cahibra
tons wer - pertormed simultaneously

D = It
hvdrogen or impunities or buth account
ot the Faradav cup agnal

current won current vither

for 307

o 5

these measurements are consistent
Hvdrogen might be present by isotope ex
change as observed iIn DITE ALCATOR
and PILT TMN swas toward the end ot
deanup duning these shots and vacuum
vandittons were puat

N

In the analvaie of wenes 2 the surface prube

result will be assumed 1o be correct but the im
phoanons ot a 30% larger D cutrent will also be
Betore
tahen but there was no long series of shots to Clean
the walls of 1D The DD current measured by the

probe decreased by o tactor ot 3 the 1on end-loss

N

asseased series 2 some test shots were

curtent roughly doubled Thus  with hydrogen
tueling the central cell the D cerrent was
10 ot the total end losses at 1 = 0 (15%

probe s alue s 50% low) One purpose of the sevond

aboul

it the

seres wds to dlreully measnre the L'nd-plug losses
and compare them 10 calculations For these tive
shots the cast plug had beam current I; = 120 £
15 A and hne density nndll =32+03x 104
am C It the probe measurement 15 compared w
results from the radial Fokker Planck code by
Archer Futch the D end-loss cutrent measured by

14-1

the probe iv about twice the end-loss current from
the plug predicted by the code The discrepancy
may be due to isotope-exchange or other ex-
perimental and modeling factors

The results of series 2 can aleo be applied to
sertes 1 The sources and losses i the end-plug
~aale approvmately as beam current ames line den-
sity Fnosenies 1D = 122 Aand onde = 2 e X 10t
Thue using the measured end losses
caleulate that the 10 kG flux was 0044 A-cm = in

«m - [{})

3

series 2 the losses trom the end plug i series 1
should be

Ly nde, .
QO] X == X === 0030 A -« ~
e onde

This s 13% at the lose current induated by the
Faraday cups and 23% ot the loss current indi ated
by the probe 1o 12 A cm - at 12 kG W conddude
that in ordinary TMN operaton (D beame D gac

bony the end-plug losses are leas than o oo

cell Tose but mav not alwass b meglabe

14.3.0  Impurity Analysis

The results ot impury sieae s on
Tabi 142
I. ke

were present on the cazbon sampies

samples are reported
meses indiate d that O

posure to TMY plasmas Toepresenceer Toand He
was notsurpnsing since MY was Toogettered and
the probes were made of staniess stec. Coppet
WITEeS WeTe Prosent in Lo getter structure and veher
parts o TMN Osvgen was obsenved in the plasma
by (HL\Y N

would also be expected on that basis buat none

extreme  ultraviolet spectroscapy
(<022 107 N-um “) was observed on the carbon
Radwing wnpanty retention to plasma unpurity
level s ditficult most useral may be comparative
analyses and the basic ubservation that O To Fe
and sometimies Cu seem to be present
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TABLE 14-3.

Impurity analysis.

Radius (cm)
Date Plasma ori i Impurities (X lols-cm'z)
shol numbers conditions (# shots) [+] Ti Fe Cu N
1-kG gas Lox r= 3
3) - 0.7 - P -
32,40-49 (1o} v.5 2.25 0.27 0.26 -
32,40-72 (26} 15.4 6.0 0.29 0.97 0
1-kG gas box r =30
Radial (2) 5.5 0.52 0.07 - -
Bottom (2) 123 1.7z 0.63 - -
West {2} 7.0 1.19 0.24 - -
Last (2} 21 5.7 0.56 - -
Lstimated lower limit of detection 0.2 0.02 0.02 .02 0.2

25IMS measurements indicate that the O extends into the silicon samples studied.
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15.

INTRODUCTICN

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 electrons). It was also the first ex-
perimental observation of secondary electron
production; although, secondary electrons have
been of primary interest in s.veral theoretical
studies concerning scaling to fucion reactors.'~*

The emitting probes indicated a plasma p sten-
tial with a characteristic value of approximately
8V measured at 2 and 10 um 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 sheath potential

15.1

changed 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
iomzation of gas and in part to a truncated species
of electrons able to escape from the mirror. and the
other due to enidssion from the end wall of sec-
ondary electrons with a density of about 5 X 10°
cm 4 and a temperature of about 7 V. The cold-
clectron species in the sheath was between 1 and 10
‘imes as dense as the bot ion species, but it was still
1 orders of magnitude less dense than the electrons
in the plug. The tempera‘ure of the cold electron
species was decoupled from the temperature of the
electrons in the plug.

A sheath was established .
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 18
postulated to balance the total density and thus
maintain charge neutrality outside the plasma-wall
sheath Comparison with a theoretical oodel! 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 esraping from the two end plugs was
lost to a large surface area at the end wall, which

“he wall to balance

15-1

End-Wall Plasma Characteristics of TMX

was approximately 400 cm from the center of the
mirror. The magnetic field at the wall was 70 G,
down from 10 kG at the center of the mirror and
20 kG at the mirror point. The density of escaping
jons at the wall was 0 X 10% ¢m * down from 2 X
10" ¢m * 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 kV. The spread in energy for ions escaping to
the wall was found to be of the order of 1 keV (see
Sec. 12).

Consider first the simple mode! in which there
is no cold-gas recycling off of the end wall and.
hence. no croation of a cold plasma away from the
wall. The end-wall sheath characteristics are then
determined by the hot electrons and hot ions that
leave the machine. At the wall the net current is
zeru (if there is only ambipolar radial diffusion).
and outride the plasma-wall sheath the densities of
the two species are equal. [f the electrons in the
sheath have a Maxwellian velocity distribution. one
would expect the electron lemperature to be of the
order of one-tenth the ion energy. Hence. the elec-
tron thermal velocity is approximately 10 to 20
times greater than the directed velodity of the jons.
The density of electrons must be reduced by the
sheath at the wall by about ¢= 2, and ¢ sheath poten-
tial of 2.2 times the local lectron temperature, or
about 400 V. would be expected.

Data presented in this paper indicates that the
potential of the plasma measured 2 and 10 ¢m from
the wall was only of the order of 10 V and that
there was a loval distribution of cold electrons with
a density of about 5 X 107 cm ™ and a temperature
of about 10 ¢V. The cold electron density measured
here was consistent with previous measurements.?
In additon, 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* cm™3 and an energy spread of
no morc than 7 eV.

In a computational study of large mirror ex-
periments and fusion reactors,! Parter 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.* The experimental data is



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 emictting probes located at 2 cm and 10 cm
from the wall were used to monitor the plasma
potentizi during cach shot, using the floating-
potertial method. Figure 15-1 shows traces ob-
tained during a typical shot. Note that the potential
morease from © V (the potential of the wall and the
<heath) 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 8 V. occurred. The potential
difference between the two probes was approx-
imately 1V during the shot, with the 10-cm probe
the more positive. (Note that the traces in Fig. 15-1
have been arbitrarily displaced for clarity.) This
small potential difference strongly suggests that the
plasma-wall <heath, where the potential changed
from 8 1o 0V, and where charge neutrality was
violated. occurred within 2 cm of the wall. The
region between 2 and 10 cm can then tentatively be
identified as being part of a presheath. The cast
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 muore slowly than the potential at the
10-cm probe; in fact the potential measured at
10 ¢m became more negative thaa 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 culd 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.
Bevause of this <ensitivity, the emissive probes can
indicate when the stream guns and neutral beams
are actuated or other parameters change.

It is also apparent that the potential fluctuated
during a shot. The absolute potential was about
+8\, with about a 3V 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

2
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>
Cu
]
I3
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o
. S
0 5 10 15 20 25 30 35 40 45 &0
Time {ms)

FIG. 15-1. Potentials measured by the 2- and

10-cm probes with getter shields grecunded. The
two traces have been displaced vertically by an ar-
bitrary amount for clarity.

oscillations are observed in the ion current
measured by the end-loss analyzcrs 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 prohes, bution pro and 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 1o the cylindrical probe at 10 ¢m went from
-15 to +15V during a time sweep from 15 to
We can determine two “knees” on this
trace: vne associated with the local plasma potential
at +o Vand oire at 0 V, characteristic of secondary
clectrons (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 10°
cm ¥ and the cold electron temperature is about
7 ¢V. The species of secondaries for this trace has a
densily of about 2.7 X 10% ¢m 3 and an energy
spread of about 5 eV. Evidence ot the cold electron

bes,

20 m:

E i
3
5
2
=3
a
| |
O e e e
15 16 i7

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. ~


http://typic.il

TT T T T T T[T T T T 1711

£
g
3
S
Zero current-l
AT S IS A
-10 5 o] 5 10
Applied voltage (V)
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sured by a cylindrical probe located at 10 cm.
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FIG. 15-3.  Current-vollage characteristics mea-

sured by a butlon probe located at the wall.

apecies was lirst nated when the emitting-probe
filament was Debye-shielded trom its getter shield
during plasma shots in which a voltage bias had
been placed on the getter shield.

The clectron saturation current density. j,.
multiplied by the Roltzmann factor. exp(-e¢ /T )
where ¢, is the potential of the sheath (6 V), ¢ is the
clectron charge, and T is the temperature of the
cold electrons, agrees with the ion current density
measured by the probe, j. This measured current
density, which included both hot and cold ions, is

(a)

Collected current

L ]
-17v n ,} \ / 17V
- KA [T 7" Tlon saturation current

thy

Collected
current

j
7V nv 7V

FIG. 15-5. Current-voitage characteristics mea-
sured by a 0.95-cim-diam disk probe located at 2 ¢m
(a) and 10 cm (b). The vertical scale for (b) is 2!:
times the vertical scale for (a).

also within a factor of 2 of the ion current density
measured by the end-loss analyzers wituated at the
wall at zero radius For Fig. 15-3.j, = 1072 A/cm?
and j, exp{-e¢ /T } = 8.0 X 10 * A/cm? 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
oV, was established to balance the ion-beam flux
and the cold-electron flux to the wall; ie., 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 (sce Sec. 9).

The lower knee n Fig. 15-3 is situated at 0 V.
Unlike the upper knee tor 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.” 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



sharper breaks of the collected current at the
plasma potenual and a separate adentificaton of
dectrons that may be emitted at the wall,

Figute 15 1 s a typical current-voltage trace
wenerated with a copper button probe located in the
plane of the wall This probe monitored charac-
ot far from the plasma-wall

Teristos plasma

~heath  Secondary electrons produced by ion-wall
bombardment are not readily apparent on the
~ignal trom the button probe. However, there was a
02 om wide space around the button probe. with a
surtace secessed Oooom deeper than the wali. that
might have been responeible for supplying some
secondary electrons The knee at the plasma poten-
tral i« more readily apparent on data from the but-
ton probes than on data trom the cylindrical
probes and the energy spread ot the electrons s
vasiet taascertam For the trace shown in Fig 15-4
the cold election temperature s sbout o eV

Tven better current vhtage charactenistics
were acdueved by oincerting coated disk probes at 2
and 1o om These probes were caated on one side
with arcimsulator alfowing us to preferentially ob-
~etve plasma ematted trom the wall or the plug A
tvpual cutien, voltage curve s shown in Fig. 15-3.
Phie uppet trace = a 1 ms 31V sweep of the 2-cm
probe whichs coated 1o ook at particles emerging
P the plug A sharp knee s apparent at 4o V.
Note agamn the darge density Huctuation . There is
no sccond knee at 0V on s trace ot on any trace
vienecrated by the 2-om disk probe

[ dowa tracein Lig 1323, trom the probe at
(0 cm which Jooks toward the wall, shows a knee
0N This race was recorded at the same time as
e upper ttace However, when the daw was
tahen the bias on the 2oone probe was swept from
17\ while the bias on the 10-cm probe
17 V1o + 17 V. We have reversed

the honzontal axis of the 2-cm-probe Jata to im-

T e

Was sweptirom

prove clanity tor the comparisons made here. Note
that there 15 no visible jon current on the signal
tiom the 10-um probe. Furthermore, for small
negative-bias voltages, the electron current, which
i the difference between the current collected by
the prube 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
coming from the plug. This is expected because the
10-cm piobe is coated to collect clectrons coming
from the wall.

Because the cylindrical and disk prabes oc-
cupied the same position and used the same sup-
port structure. the two kinds of probes were not
used simultaneously. The cylindrical probes were
used to measure the fraction of secondaries as com-
pared to primaries (incident plasma electrons); the
dick 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 ¢m 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 the region occulted by the
probe. The radius of the disk probe is 0.47 ¢m,
whereas the hot-ion gyroradius is 1.7 ¢m and the
cold-electron gyroradius is 0.09 ¢cm, thus only hot
ions and secondary electrons can pass freely into
the shadow region. A density gradient occurs at the
interface of the plasma-shadow region, and hence
the actual sheath structure around the probe
{which determines the collecting avea of the probey
may be altered. The energy spread of the electroas
collected by the probe at 10 em should be accurate,
but the absolute density may be off. Secondary
clectron density obtained from 10-cm-probe data.
is plotted against hot-on density in Fig 15-¢ The
density ot the secondary electrons appears 1o be
proportional to the density of the ions  with the
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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 caa be
produced by both ions and electrons. Although
wall bombardment by electrons with temperatures
like thuse in the TMX plug could certainly 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 tov low. There
does seem to be a correlation between secondary
vields and incident hot-ion energy, as is shown in
Fig. 15-7, a plot of ¥ versus weighted ion energy,
where 7 is the ra*io of secondary electron current to
incident-ion current. (The weighted ion energy is
used because the ions enter with a minimum er<rgy
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 4 versus ion energy of monuenergeltic ions inci-
dent on a clean surface, is from Hall.2 Tk end wall
of TMX is gettered with titanium before the shut
and hence is clean.

For all the data recorded with the probe array,
the values for secondary electron density, n,
plasma electron density, n, plasma electron tem-
perature, T . and the sheath plasma potential, ¢,.
(measured at 10 cm) are in the following ranges:
3

® 5x107<n,<2x10%cm *
s

[ 1><10"<np<4><10’°cm 3

TaN)

0 05 1.0 1.5 20
wI
Weighted ion energy, b+ = (keV)
FIG. 15-7. Plot of v versus weighted ion energy,

where v is the ratio of the secondary electron
current to the incident-ion current. W is the energy
spread of the ions. The data points are experimental
data, the curve is for monoenergetic ions (from
Ref. 3).

® 1<T <15¢eV

® 2<¢ <15V

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 wwall
remained close to 5 eV. Attempts were made tc find
hot electrons at the wall by sweeping the collecting
probes frorn -40 to -5 V. Because most of the cold
clectrons 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,,, .. 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:

T

Nehot =
chot

Al
X
expl-e(p, + S)/T,| - expl-elw, + 40)/T,)

where Nehat is the hot electron density (in cn A,
T b 18 the hot electron temperature (in eV), Al is
the net change in collected current between -40 and
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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.



-5V (in mA), b 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
2X107em™

A qualitative picture of th. electron distribu-
tion functions, oblained by combining all the infor-
mation gathered with the end-probe arrav, i-
presented in Figs. 15-9 and 15-10, whichsh. "~
versus E and f(v”) versus ¢ at 10 cm from t/
The distribution of secondary elections
Fig. 15-9 is inferred from : small bum- or knee in 2
Langmuir trace (see Fig. 15-3 and 13-4).Not. '»
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, hence the cutoff of the
curve for the distribution of hot electrons is
assumed. However, the fact that the total distribu-
tion goes to zero just below vy = Z(Te/me)l/Z is
measured, and can readily te 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 plasma potential and the

{a)

o

=

g

< {b)

z

~(c}
Energy
FIG. 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,
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FIG. 15-10. Qualitative graph of the electron dis-
tribution function f(vy) 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 velacity 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./m,)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
wneasured 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 uncertzinty in that
measurement, so that we infer an upper limit of the
current density of the cold jon species to be j. < 0.2
jh where j_ and jj are the current densities of the
cold and hat 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 fons 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



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
current.! As indicated above, such a low cold-ion
current cannot be measured with the end-loss
analyzers. Values of f; between 15 and 20% {where
f is the ratio of the cold-gas current emerging from
the wall to the hot-jon current incident) seem
plausible for a freshly gettered Ti surface. A sum-
mary of the data and the corresponding agreement
with the model follows

Figure 15-11 shows the experimental depen-
dence of the sheath potential (normalized to the
cold-electron temperature near the wall) on the
secandary 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 van be inferred
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 seeninFig. 15-11,
where all data points lie to the left of the space-
charge limit. labeled A = A_ ;. Finally, to achieve the
agreement between the model and the experiment.
it is necessary to assume Lhat the mean energy of
the cold ions entering the ~hweath 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 th:
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
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FIG. 15-11. The normalized sheath potential

{,/T.) 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
", 100 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 The parameter n/ny, is the ratio of the
cold-ion density to the hot-ion density.

potential difference between the mirror peak and
the vnset 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.'? 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 1979, when the principles of the tandem
mirror were succassfully demonstrated. TMX ex-
periments continued until October 1980, when the
facility was shut dewn for modification into TMX
upgrade. Figure A-1 shows the major components
af the TMX device.

This appendix describes the various TMX
subsystems: the physical facility, the magnet

P

visible in the cutaway portion cf the vessel.

FIG. A-1, Artist's drawing of TMX showing beam sources on the sides of the vessel. The plug magnets are

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 «las.
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
(1. 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-2. Vacuum-sy
diagnostic trunk lines, and some diagni stic devices
occupied the lower level of the pit beneath the

e componenis, utlty and




FIG., A-2. Photograph of TMX, looking west.

A-2




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 alongside. 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 supplies, modulators, 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-

nient auuess for mamtenanoe.
A3, MAGNET SYSTEM

(). C. Davis)

The TMX magnet system is described in Refs.
4-7. A major criterion in the design of the TMX

/ Baseball
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Solenoids™

FIG. A-3.

Inner plug C

86° transition C
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=

transition

magnet set was to ensure that end-plug perfor-
mance would correspond closely to that of the suc-
cessful 2X11B experiment. This constraint, together
with considerations of overall experiment size,
power available, neutral-beam footprint at the
plasma, and MHD 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 magnels 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
region between plug and central-cell had a field-
curvature that was inherently unstable. A
magnet transmon set was designed to in-

resulting magnehc confxgunhun was |ndeed
MHD-stable was demonstrated in TMX experi
ments.

The variation of the magnetic field on axis is
shown in Fig. A-5 for a 0.1 T central-cell field. A
field-live plot is sl.. wn in Fig. A-6.

The magnet system was controlled by a
microprocessor system® that set all coil currents

180°transition C

Octupoles

180°
/ transition C

: / Basebal!

86'0

Computer-generated drawing of the TMX magnets.
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TABLE A-1. TMX magnet parameters.

Magnet 1ype

- Plug Baseball plus C-coil pair
- Transition 2 (-coils plus actupole
- Central Cell Solenvids
Distance between inner mirrors 53m
Distance belween | lug micrors Il m
Plug central field 10T
Central-cell field 005t0 02T
Maximum plasma radius
- In plug 0I5 m
- In central cell 0.37 m

and magnet on-and-off times and me nitored coil
currents and voltages, ground currents, and
conling-water temperatures Magnel pewer cup-
plies were regulated by silicon-controlled rer Gtiers
(SCR's). and were arranged in series where
neceseary to provide adequate power. The supplies
were sequenced on and off at different times to
minimize line transients at the start and finish of
the 3-« magnet pulse. The 23-ms, neutral-beam
pulse was fired near the end of the magnet pulse
when coil currer i< had come 1o equilibrium. When
the colenoid field was 0.1 T, power to the coils was
about 13 MW.

The TMX magnet set, which comprised 18
coils in 12 individually movable units, was well
enough aligned that there were no evident
deleteriwus effects on the plasma traceable to
magnet geometry. During the initial assembly of

E
i il . —— Neutral-Leam
g cofls Plan view source modules
a2d
- & ‘
).\ N
Elevation view
FIG. A-4. Neutral-beam access in plug magnets.

TMX, cross hairs were used for alignment. This
initial magnet alignment was judged to be accurate
within 0.45 ¢m of translation ard 1.5° of rotation.
After several intermediate aligrm .its, the magnetic
axes of the east and west plug ma, nets were deter-
mined by means of an electron becm from a 500-V
clectron gun enclosed in an evacuated glass tube.
At low energies the electrons followed field lines
well. The beam trajectory was visible, because the
clectrons 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 ard 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-
finem.nt seriously.

Ad4. NEUTRAL-BEAM AND STALTUP
SYSTEMS

(]. C. Dauis)

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 11 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-1 and A-4. The ion
sources and accelerator-grid structures were up-
graded versions of the 20-kV sources used on
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Anxial distance from midplans of central cell, z {cm}

FIG. A-5. Magnetic field strength along the a..;
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.

2XIIB. Fmprovements'? 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 power!® were supplied by
banks of 12-V lead-acid batteries. Accel and decel
voltages came from electralytic capacitor banks and
were regulated by hard-tube modulators'd17.
Details of the power supplies are described in Refs.
13-17.

The TMX startup plasina-gun system con-
sisted of four titanium-washer stack guns loaded
with deuterium. There werc 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 the 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 6375-
¢F capacitance of the lin. was typically charged to
600 V. A small capacitor was discharged by an
ignitor through a seven-to-one step-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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FIG. A-7. Map ot 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, detaiis of
the startup guns were unimportant.
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A5. GAS FEED SYSTEM
(A. L. Hunt)

AS5.1 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 Ffour piezoelectric-crystal-controlled
valves connected to a gas-supply manifold. The
quantity of gas introduced was the product of the
change in manifold pressure, AP, and the manifold
volume, V. The change in manifold pressure was
measured as the difference between recorded
manifold pressure before and after the shot. The
crystal-controlled 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

LN-cooled panels

Differentiar-pumping
chambers
=Tt

PN \ T

\
N \

)

vy

Vacuum
tank

Quter annulus

Inner annulus

FIG. A-8. Schematic drawing of TMX, showing the plasmas, gas sources, and differential-pumping system.



spring constant as well as on the 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 = t,, where t, 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 “amperes” 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 1071% C, gives the “ampere
equivalent.”

AS.2 Puffer Valves

The puffer valves were magnetic-solenoid-
operated gas valves directed radially inward in the
central 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 only one. These valves were
calibrated by meacuring the pressure increase in the
TMX volume (after saturation of the getters) for
pulse periods of 10 ms to 40 ms.

A6. TMX VACUUM SYSTEM

A6.1 Vacuum System Description

(J. C. Davis}

The TMX vacuum system 18-29 congisted 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 g-ttered by
high-surface-area titanium films that were vapor-
deposited on all interior tank surfaces and on the
lignid-nitrogen (LN)-cooled liners. The plug tanks
were divided into mobile and tixed 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 re-
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.?
LN-cooled
gettered area, Warn. gettered
Region Volume, ¢ em? wea, cm
Between outer liner and
vacuum tank 3.0 x 10° 0 [
Outer annulus 18.2 X 10° 6.07 X 10° 1.53 x 10°
Inner annulus 12.1 % 10° 3.47 x 10° 1.95 x 10°
Plasma chamber, inside the
baseball coil, including
the holes through magnet 0.92 X 10% 0 421 x 104
End-fan chamber 16 x 10° 2.6 x 105 6.6 % 10%
Gas box 13 ] 0
Fixed dome between the
water- wooled liner and
the central-cell tank 8.5 % 10° 0 31 % 105
Central-cell tank 65 % 10° 0 1.6 % 10°

2See Fig. A-8 for configuration of these regions.



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 107° Torr. After getter-
ing on cooled liners, the base pressure dropped to
1 X 1078 Torr. The TMX vacuum syster.: had many
similarities to the 2X[IB system.2?

The volume of each TMX end-fan chamber
was 16,000 liters. The LN-cooled surface area in
each TMX end-fan chamber was 26 m?, 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.?* These
objectives have been met as described in the follow-
ing section.

The D, gas introduced into the TMX end
tanks had to be prevented from reaching the end-
plug plasma. To satisfy this requirement, the D,
pressure in the plasma chamber could not exceed a
few times 10~5 Torr. Somewhat more gas can strike
the plasma if a “plasma shield”” is present.2> We
used baffles, gettering, and LN-cooled surfaces to
maintain a iow D, pressure in the end plug.'®

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-alioy 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. ]. 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, 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
behavior of the data. The quantitative differences

shown in the figure are believed to have resulted
frum 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
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FIG. A-9. M d and comp rdeled gas

flows in TMX. The solid lines show the measured
pressure change during and after a 55-ms injection
of D, gas through a pulsed valve in one neutral-

beam module. After p 1 but before getter-
ing, the effe<t of the baffles is shown in (a). Getter-
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(b). Dashed lines show the results of computer
modeling.



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-11 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 certral-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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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.
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FIG. A-11. 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
107° Torr. At this pressure the flux of D, 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. L. 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° 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,
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
ms.

tew perature. 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-avirage 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
serivusly 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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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 detecter
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 SED 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, versus Ngas 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, 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,
declines as n .. increases. In fact, the general
dependency ofsTe On ng,; 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 50
eV as the indirect measurement of the neutral gas
impinging on the plasma ng, increases by arelative
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.
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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, can be
affected by n,,. 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-1
lists these diagnostic systems and Fig. B-1 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 Scatiering (R. K. Goodman)

Thomson scattering of ruby-laser light
(6943 4} was used on TMX to measure the electron
temperature and density in a small volume (about
30 mm?) 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). The 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 by filling TMX to a known
density of N, and measuring the total scattered
light. In generzl, both the electrcn 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-) ruby laser which was focused at the
center of the plasma. The system viewing the cast-
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 light-
calibration source could be introduced through the
polychromator input optics to normalize the gains
of the photonwltiplier 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 “'stan-
dard deviations” were used by the computer to
calculate the error bars for the electron temperature
and density for that shot.

B2.2 Beam Attenuation (J. 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.’"% 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 1, stalled for that purpose. Fifty-four
detectors of the secondary-electron-emission type
were mounted near the vacuum-chamber walls,
where they 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
fractior: of the neutral-beam particles attenuated by
the plasma, using

T = exp(-ayg Indl) .

where T is the particle fraction transmitted (1 -
fraction attenuated) and a,¢ is the average cross
section for the loss of neutral patticles from the
beam because of interactions with the plasma,



TABLE B-1.

TMX diagnostic instrumentation.

No. of diagnestic channels

East Central West
Plasma paramelers Diagnostic systems plug cell plug

Electron temperature and density Thomson scattering 4 1 -
Plasma density profiles Beam attenuation detector 23 7 24
Electron line density Microwave interferometers 4 2 2
Plasma energy and g Diamagnetic loops 2 6 2
Axial loss current, energy and ¢p End-loss analyzer (ELA) 2 - 2
Central-cell plasma potential Heavy-ion beam probe (HIBP} - 1 -
End-loss current profile Faraday cups, button probes 20 - 13
Exterior density and temp Emilting and collecting probes 4 - -
Potential fluctuations of probes 16 28 13
Density fluctuations Microwave scattering 3 2 1
Charge-exchange flux Secondary emission detector (SED) 1 2 1
Neutron production rate Neutron detectors 1 - 1
Neutral-gas pressure Fast vacuum gauges 1 2 2
Impurity concentralion EUV spectromelers 22 22 1
Ton energy UV and visible spectrometers - 3 -
Visible light Light monitor 2 1 -
Electron encrgy X-vays 5 1 1
Powes losses Calorimeters 17 8 16
Power losses Pyroelectric probe - 1 -
Wall interaction Surface probes 1 1 -
Neutral-beam power and focus Neutral-beam calorimeters 1 - 1
Magnetic field strength Magnet currents 6 6 6
Neutral-beam power Beam voltage and current 23 - 24
Plasma-gun output Gun current 2 - 2
Gas-feed current Gas-valve timing and output 4 2 ]

165 K3 116

calculated for the existing plasma conditions. The
value of g typically used for the east plug with
deuterium was 1.54 X 10715 em?.

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 along chords through the plasma
in the direction normal to the axis, each with a
field-of-view Full width at half maximum (FWHM)
of 1 ¢m at the plasma. Figure B-3 shows these sam-
pliag intervals and directions. We regularly
measured radial {or vertical) plasma profiles ex-
tending 12 cm above and below the magnetic axis.
The mea.ured axial profile in the east plug covered
the axial range of 19 cm from the plug midplare

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.

The output from the various detectors was
read and stored by the TMX computer system,
which fitted the radial profiles of ndl data with a
Gaussian curve at selected times during a shot and
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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 fndl
results for the plugs, at selected times, wera also
plotted. In addition, there was a computer program
that calculated Gaussian and quadratic fits to the
axial-profile data.

Plots such as thos: described above were
usually obtained during the between-chot 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 inter[erometers include three 2-mm inter-
ferometers, two 4-mm interferometers. and two x-
band interferometers. The locations and several
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Locations of most of the diagnostics on TMX.

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-6 shows the sin #
and cos ff output for the central-celi interferometer
and compares beam-attenuation line density with
microwave line density.

To experimentally investigate the radial
transport of Yushmanov-trapped p:rticles and
other plasma effects in the magnetic field fans, the
4-mm (1 fringe =5X 103 cm- Z) 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
used on any one of the horns at any time.

B2.3.2 Microwave Scattering. The per-
turbed plasma density may be calculated by a
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procedure de* =loped by Powers and Simonen.® The
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-
frequency fringes while the other half is amplified
before passing through a band-pass filter. The per-
turbed de.sity is then calculated as in Ref. 5. Using
the appropniate terms from the dispersion relation
for the DCLC instability gives

-

S~ pe
AT en, = -

e
Here w,, w,. and w refer to the plasma frequency,
electron-cyclotran frequency, and wave frequency
{due to the plasma inctability) respectively, and R is
the plasma radius. Suk:tituting and solving for the
perturbed potential &, one obtains
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Locations of the Thomson-scattering systems on TMX.

The first term of Eq. (B-1) was neglected in the
analysis in Ref. 5, but is much laiger 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 depender:-ies.

B2.4 Diamagnetic Loop
{W. E. Nexsen, Ir.)

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
Jocated 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 sinall com-
pared to the plug loop dimensions; conszquently,
the flux, caused by plasma currents, that links the
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data fitted with a Gaussian curve (peak line density
= 3.89 X 10" cm~2, 1/e radius = 9.14 cm). The
negative values are below the centerline, the
positive values above it.

-4-mm interferometer

loop can be approximated by the flux from a dipole
of magnetic momentm. 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 ceatral-cell loop
because the central-cell plasma is long compared to
the diameter of the loop; therefore for this case a
solenoidal approximatior to the plasma’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.

Following the shutdown of T.AX, 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 loops
near the center plane was convoluted with the axial
distribution of the plasma magnetic moment m(z),
assuming a Maxweilian central-cell plasma for

at max. [B]
East x-band West x-band
interferometer Radiometer interferometer
Central-cell 2-mm [_\
interferometer
1
Gas !
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\
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at W . resonance
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FIG. B-5.

2-mm west-plug
interferometer

The location of the microwave diagnostics in TMX.
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FIG. B-6. Sin # arnd cos 8 outputs for the central-

cell interferometer and a comparison of the line
densities measured by microwave interferometers
and by beam attenuation detectors.

which m(z) = 1/B*z), the agreement with the
calculated loop response was within 10%.

The magnelic moment measurements can be
combined with measurements of the plasma dimen-
sions and densities t» obtain values of plasma g (=
8rnW | /B2) and the average energy of an electron-
ion pair. For the plug plasmas, which are quite
similar to those of 2XIIB, we assume that the
diam .:gnetic signal is due to ions only and that, as
in 2XIIB, the ion energy is independent of radius
and z. Then, for low 8 (<50%) and assuming that

both radia! and axial density profiles are Gaussian,
we find

_ 045 m

=T TR (B-3)
P LpRprp

3

where L, and 13 are the 1/e halt-length and the
radius ot1 the plasma, B, is the plug field at its cen-
ter (in gauss), and m is the measured magnetic mo-
ment in A/cm?. The average perpendicuiar ion
energy V_Vl, is given by

2 X 10%° mB,,

W, = = eV) (B-4)
4 Lo nl

where nl is the line density through the plug
diameter in units of cm™2.

For the central cell, further assumptions are
required to reduce the Jdata. If we assume that the
ions and electron« both have Causeian profiles with
temperature scale length 1 and dens ty scale length
1. we calculate

10'° mB

T

N

3.55

X -
w P (1 + /e ) . (B-5)

1

and

0.8 [1 + (rr)]
3 =—7"c-

¢ B 2 iB-0)

Because we have neither » measured value or a
good mo 1. for r_ at present, we have a<;umed that
r,, = 1 for the purposes of data reduction.

B2.5 End-Loss Analyzers (D. P. Grubb)

In a tandem mirror machine, the contral-cell
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 wall thus provides infor-
mation about the plug potential and the central-cell
ion temperature. Electrostatic end-loss ion
analyzers {ELA’s), shown in Fig. B-7, can be used to
determine these parameters. In addition, the
current density measured by ELA's can be used in
particle and power-balance calculations, and can be



TABLE B-2. Location and several characteristics of TMX microwave interferometers.
{ndi for Distance b, plasma
A¢ = 2xr  between homs path length
Name Location Frequency (em™ 2 (cm) {cm)
East x-band 147 cm from wall 10GHz 7.4 X 1012 3s 32
West x-band 142 cm from wall 10 GHz 7.4 X 1012 3% 32
East plug, 2 mm Midplane of east plug 140 GHz 1.04 x 10M 71 14
Yushmanov Betwaen east mirror and center of
east plug 70GHz 5.0z x 1013 1z 3.5
East-plug mirror At mirror between east plug and
central cell 70 GHz  s.0z X 10" 12 19
Central cell, resonance point At 1-T point between east plug and
central-cell midplane 70 GH:  s.02 x 1013 30 3.8
Central cell, 2 mm Midplane of central cell, through
center 140GHz 104 X 10" 86 44
West plug, 2 mm Midplane of west plug 140 GHz 1.04 X 101 71 14

NOTE: Plug lp's are scaled for Ip(central) = 44 cm.

/—-TM
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FIG. B-7. An electostatic 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 loss-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 cn 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, tiat 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 toy = -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 operatian, 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.
loss analysis.

Comparison of TMX and 2XIIB end-

T™MX 2X1B?
Major source of  Central cell lonized neutral-beam
end-loss ions cucrent and stream-gun
current
Average current 0.5 A/cm? 0.1 Afem?
density at center
of mirrar
Current density 3 mA/em? 30 mA/cm®
at analyzer
Pitch angle of 30 22¢
end-loss ions
B at analyzer 65 G 2 kG

2Data is for piasmas during stream-gun and neutral-beam
operation on'y.

B-9

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 program.mable,
high-voltage power supply to ramp the ion-repeller
voltage over a specified range. Figure B-8 shows
the ELA current (I} as a function of the ion-repeller
voltage (V) for the ideal case of a perfectly quies-
cent plasmad. 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). Ti:erefore, the flux of the end-
loss ions will not be attenuated until the ion-
repeller voltage is greater than p- For higher
voltages, the current versus voltage cuive is a
measure of the energy di~tribution of the end-loss
ions. The exact relationship between the slope of
the curve ard the assigned ion enerzyv, W, depends
upon the assumed distribution function of the
central-cell ions. At present, the central-cell ions
are assumed to have a Maxwelliun distribution, and

}’/—%

End-loss analyzer current {1}

|
|
|
[
l
I
[
|
I

lon repeller voltage (V)

FIG. B-8. End-loss current-voltage charac-
teristics. The break point is a measure of the plug
plasma potential, ¢; the Fall-off rate is an indica-
tion of the ion temperature.



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 the central-cell jons 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's. The plug potential can usually be deter-
mined within £50 to 75 V. Typical values of @y
have been in the range of 300 to 800 V after the

plasma has reached equilibrium. The same data
yields values of W; in the range 100 to 1200 V.

The output from the ELA’s was reduced by a
computer code. This code determihed the end-loss
current density j, in A/cm?, the plug potential L
in V, and the mean energy of the end-loss ions W,
in eV. Some typical end-loss current results are
shown in Fig. B-9. The quality of the fit to the data
deper.ded 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-ramping
time,

1.0 T T T T T T T T T T 1 T T T T T
o At {us) 10360-10750 - At (ps) 10750-11250 E
’.., - -4
3 .
= [ d
E
2 0
K-y
I B 1
o~ i al 1 | L, i | J. 1 1 . Lo 1 1 I L
E
2
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FIG. B-9. West end-loss spectra at four different times.
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B2.6 Heavy-lon-Beam Probe
(G. A. Hallock,*R. L. Hick." *and R. S. Hornady)

The TMX central-cell space potential was
measured by actively probing the plasma with a
heavy-ion-beam probe (HIBP) developed by
Rensselaer Polytechnic Institute. Measurements
were made within a small sample velume, about
1 cm?. The depth of the confining-potential well in
the centrai cell was obtained by comparing these
data to the plug potential obtained from the energy
spectra of end-loss ijons. 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. lons 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 vultages applied to the ion gun and the
fi-sweep plates allows the observation point to scan
the plasma cross section (Fig. B-11). Diameter scans
of the plasma could be made during a single shot by
sweeping the f-deflection voltage. The injecticn
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,

*Rensselaer Polytechnic Institute, Troy, NY

Energy i
analyzer 1

Primary
beam detector
Straight
through
detector

TMX
central
cell

Z sweep

@ sweep

FIG. B-10. The heavy-ion-beam p:obe (hiBP)
used on TMX.
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FIG. B-11. Radial scan lines obtained by the
HIBP in the central cell.
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R* + e - R¥* + 2¢ . (B-7)

The 2+ ions (secondaries) left the plasma with an
increase in cnergy proportional to the space poten-
tial at the reaction point,

E=Ey+ et . (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 MHz for short intervals) could be followed with
a resolution of approximately 2 V. Calibration of
the system probe allowed space-poiential measure-
ment with an absolute accuracy (with respect to the
vacuum wall) of approximately 25V. 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
—[p‘f! noa(T) . (B-9)

Density profiles from the neutral-beam-
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 gs 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 25, 1980, are represen-
tative * sinormal tandem mirror operation. The

secondary ion current level for .z 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 sirong. A quasi-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 up 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 TMX 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 described in Fig. B-11).

The 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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calibration parameters, not yet included in the data
processing, could introduce an error as large 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 us). 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(T)} are ex-

20

Time {ms)

B-13

24 28 32 36 40

Typical HIBP temporal profiles of the central cell at r = 0: (a) space potential, () secondary ion

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.

The amplitude of potential fluctuations is
about 30V, yielding bl ~ 10% but e&:/kTu ~ 1.
The nf(T,) fluctuation amplitude is about 50% of
the total nf(T,) signal and is probably dominated by
density fluctuations.

B2.7 End-Wall Flu 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
fram the machine, the net current reaching the end
walls, 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
collectors (disk at ground voltage) 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.

*Deceased.

Parabolic fit:
Phi(r) = Phi{0)— kr?
Phi(0) = 325

33.8 26.619.412,149 0 95 16.7
Down sweep Up sweep

Radius (cm)

FIG. B-14. A typical HIBP radial piofile of the
central-cell space potential and electric field at an
average time of 19 ms.

Comparison nf the current density measured
by a Faraday cup (FU) and by the east ELA yielded
jtc/igLa = 0.68 * 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 scoupe calibration). The statistica
and systematic errors are combined as rms.

B2.8 End-Wall Emitting
and Collecting Probe Array
(P. Coakley* and G. D. Porter)

The 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 10cm from the
wall; and seven button collecting probes in the
plane of the wall. The probe array was recessed ap-
proximately 15 cm from the main-chamber end
wall and could be valved off from the inachine with
a gate valve. The probes were positioned in the
midplane of the mirror fan and mapped into a poi..t
4.5cm from the axis at the plug midplane. The
emitting probes, which were designed at the Un-
iversity of lowa,® were used to measure the local
plasma potential and the collecting probes were
used to measure the electron distribution (a
localized measurement if the potential of the sur-
rounding plasma is relatively uniform). The
magnetic field at the wall where the probes were
located was 70 G.

*University of lowa, lowa City, fowa.
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FIG. B-15. Temporal fluctuations of the central-cell (a) space potential and (b) secondary ion current,
nf(Tg), 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 (t0 a wire tem-
perature, T . 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 £20 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
Jocal plasma potential. If the floating potential (the
potential at which a probe draws no net current) of
acold 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 emittins, probes were heated
and allowed to float, and the potentials at which
they floated were monitored.

Two types of collecting probes were ased at
the positions 2 and 10 cm from the wall: 2-cm-

long. 0.09-cni-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 Jocal 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 disk
probe radius was 0.47 cm; the cold-electron and
hot-ion gyroradii were 0.09 and 1.7 <m, respec-
tively. Thus 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 collacted
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 w..:!

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 5eV and a cold-
electron density of about 2 X 10% cm™2, while the
hot-ion density al the wall was about 6 X 108 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.

1013 ¢m~2. The electron temperature measured at
the wall was dccoupled from the temperature of
clectrons in the 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 f otential, an energy spread of less

than 7 ¢\, and ¢ density of about 4 X 10% ¢m ?

B2.9 Radio-Frequency (rf} Probes
(T. A. Casper, D. P. Grubb, and P Poulsen)

The TMX diagnostics for rf studies are shown
in Fig B-18. This complex diagnostics array
reflects the diversity of frequency, wave number,
and location of the plasma instabilities that might
exist in TMX

The west 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 t. long wavelength perturbations. This prabe 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
cight tips each—six high-impedance probes to ob-
serve electrostatic fluctuations and provide perpen-
dicular wave number measurements, and two
magnetic pickup loops oriented to be sensitive to B
and B,. These probes were located at z = £150 cm

and could move radially along the # = 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, , for comparison with plug
values. Their axial lu-ations 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, B, 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 310 MHz) before they were
analyzed. Each signal :as fed into a prak-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 each of the signals wa«
also stored in faster transient recorders, this
allowed us to analyze the freauency of the recorded
signals from 3 kH/ to 23 MH..

B2.10 Secondary Emission Detectors
(T. C. Simonen)

Secondary-emission detectors (SED’s) were
located at the midplane of each end plug. These
simple and reliable detcctors were used to guide
machine operation, monitor system timing, es-
timate plug density, and estimate neutral density
surrounding the plasma.

The SED design is shown in Fig. B-19.
Charge-exchange atoms that strike the detector
cone release secondary electrons. Ultraviolet light
alsn releases secondary electrons, but tests on 2X11B
indicated that the charge-exchange (omponent
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. During neutral-beam injec-
tion, most of the neutral particles present were the
atoms of the beam. In this case the SED signal was
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FIG. B-18. Location of the r1f probes.

TABLE B-4. Radio-frequency diagnostics usually monitored.

Parameter
Diagnostic measured Information gained
2 tips of east 5-tip probe P (1) of envelope at wjp, 2wgjp and broadband for 41 ms

2) frequency spectra for 41 us
(3} wavelength estimate

1 channels of east-end-fan probe array Bhn Broadband rf envelope for 41 ms ai two selected radial positions and
froquency spectra at these positions for 41 us

2 channels of central-cell probe array b Frequency spectra for 41 us, and low frequency (<1 MH2) "pectra
for 512 us

1 central-cell midplane, pick-up disk probe @ Broadband rf envelope for 41 ms and frequency spectra for 41 us

3 channels of central-cell pickup disks T Low frequency (f < 30 kHz) oscillations in central cell near mid-

plan: for 41 ms

4 channels of ballooning pickup disks Prcansition Low frequency (f < 30 kHz) oscillations in these regions

1 tip of west 5-tip probe » (1) ff envelope at weips Wicipe and broad band for 4 ms
(2) frequency spectra for 41 us

2 channels of west-end-fan probe arcay 5(1] Same as east-end-fan array
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proportional to the product of rneutral-beam
wurrent and ion density. When the neutral beams
were turned off, most .{ ihe neutrals present came
from background gas impinging on the plasn.a sur-
face. In this case the signai was proportional io the
background gas density. By turning the neutral-
beams off rapidly, we could determine the amount
of charge-exchange current due ‘o backgronnd gas
by ncrmalizing the SED signal te the value ob-
tained during beam injection, when the charge-
exchange current could be calculated fairly well.

B2.11 Neutron-Yield Measurements
(2. R, Slaughter)

Two time-resolved neutron-yield monitors
were instailed on TMX, one on each end plug (Fig.
B-20). The design and calibration of these detectors
(Fig. B-21) are described in Ref. 7. Each recoil
oroton detector consists of a liquid-hydrocarbon
scintillator (NE213). The difference ir their
fluorescence decay time was used to discriminate
neutron- and photon-induced scintillations. The
light output 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. That allowed us to aetermine 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 monitcr 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 TMX en-
vironment was determined by a neutron-energy
spectrum measurement on TMX. In addition, the
background radiation (due to nearby neutral-beam-
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Secondary-emission detector (SED).

jion dumps) and the charge-exchanged neutrals that
strike the vacuum walls have been found
equivalent to less than 5 X 0% 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 ov is a rapidly rising function
of the ion energies (at least 3rd order), W,may be
determined from ov with only slight dependence
on the model assumed for the ion-energy distribu-
tion. This calculation w.s carried out for selected
shrts on both end plugs.

Figure B-22 shows neutron spectra measured
on July 17, 1980, at the east and west plug:. Spec-
tral intensitv in these data shcws that ccattered
neutrons contribute approximatei; 40% of the
neutron intensity above 1.0 MeV. The energy
threshoid estak lished for counting was normally
1.0 MeV, in order to partially suppress the
monitor’s response to scattéred neutrons.

The dispersion in the peak of a fusion-neutron
spectrum is due to the Doppler effect resulting
from center-of-mass moticn of the reac 'ng ions.
For D-D fusion, the spectral width due to Max-
wellian motion is E, (FWHM) = 827 \/'T‘ (keV),
where T, is the ion temperature in keV. Since the
instrument line shape has a width FWHM of ap-
proximately 200 keV in these data, the broadening
due to W ,in the range 4 to 7 keV is not sufficient to
provide an unambiguous measurement of Wi di-
rectly. However, the observed spe-tral width is
consistent with V_Viinfe:red from the yield.

B2.12 Vacuum Gauges

B2.12.1 Fast lon Gauges. (A. L. Hunt) The
fast ion gauges wvrere of the now-conventional
Bayard-Alpert, nude-ion gauge design. The term
“fast’” 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 10> Torr.
These gauges were installed in the central-cell
region, at locations depending on the central-cell
c mfiguration. The gauges were operated with the
central-cell fields nominally at 5 X 1072 107}, ind 2

B-20

X 107! T. The gauges were very sensitive ta the 2 X
1071 T field but the results were usable at the lower
central fields of $ X 10"2and 107 T.

B2.12.2 Penning Discharge Gauge. (G. W.
Leppelmeier 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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A TMX neutron monitor. The neutron detectors are enclosed within a copper rf shield and a

soft iron magnetic shield so that the stray 0.01-t0-0.02-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 effects
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
bicause of changes in the spatial distribution of
current density. In the present gauge design, the in-
huinogeneous magnetic field of the C magnet em-
ployed appears to have elimirated the pressure-
dependent mode effects that are present in uniform
fields.

The gauge was constructed by modifying a 2-
I/s ion pump (Fig. B-23). The pumps come sup-

plied with titanium structures that are sputtered by
the discharge onto the interior surfaces of the
pumps. These free, active titanium atoms
chemically pump active gases. To use these pumps
1s 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~ Torr.
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-inciderice spectrograph was a commercial
vacuum spectrograph equipped with a 35-mm film
cassette (see Fig. B-25). It had a 1.0-m focal length
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FIG. B-22. Neutron-energy spectra measured at
TMX end plugs. The data were accumulated during
30 shots on July 17, 1980.

and an £/50 (harizontal) by f/11 {vertizal) field of
view; external baffles and a vacuum beam line per-
mitted a £12-cm vertical view (along the radius) of
the plasma and a £12-cm horizontal view (slong z).
This spectrograph was located on the north side of
the TMX central cell at z = Q.

Two gratings were used in the survey instru-
ment to cover different wavelength regions. A 1200
gr/mm gratng, blazed at approximately 1500 4
(the peak of the ¢fficiency curve is at the blaze
wavelength in f.rst order) gave a useful spectral
range of 250 4 10 3000 4 with a 0.1 4 resolution; a
600 gr/mm x:ating, blazed at 5000 A, covered from
250 A to 6000 4 with 0.2 4 resolution. UV sen-
sitive film in 35-mm cassettes was used to record
the spectrum; typically 800 4 would fit on the film

o

ip

f

o

1: Feed through
2: Cathode

3: Anode

4: End plate

5: Mini flange

FIG. B-23.  The 2-/s ion pump that 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 source® was
mounted on the beamline of the instrument; a 45°-
mirror could be inserted into the beamline 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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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 {rom 50 to
2000 4, 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-c¢m field of view. The instrument’s resolution was

Maoveable
mirror

—= TMX

Platinum
calibration
lamp

Grating

Film
cassette

{Not to scaie)

FIG. B-25. Diagram of the normal-incidence UV
survey spectrograph.

approximately 1.0.4. UV-sensitive plates were
used to record the spectrum. This instrument was
also Jocated 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; zments
on the central cell and, later, the west plug. This
same instrument was used for impurity studies on
the Alcator A Tokamak®1© and 2XHB.!! It was
developed by Johns Hopkins University, and its
operation is discussed thoroughly elsewhere.1? 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 calibratior. was performed at Johns Hopkins
University and is traceable to the National Bureau
of Standards. 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 4, but most ex-
perimental conditions required only 1 to 24
resolution. The system was equipped with

“Johns Hopkins University



TABLE B-5. Diagnostic instruments for measuring plasma UV in TMX.

Normal-incidence

Grazing-incidence

survey survey Single channel 22 Channel (two)
Spectral region {4} 250-30007 50-2000 300-1700 300-1700°
250-6000 30012
Spectral vesolution {4) 0.15 1.0 (;il.‘:e (:ile
Time resolution - - 70 ps 125 ps
Spatial scanning - - Shot-by-shot Single-shot
Spatial resolution {radiaf) - - - 1.6 cm;
0.7 cm
Calibration ®) (3] Absolutely calibrated Absolutely calibrated
Detector Film Film Photomultiplier Microchannel plate
Location Central cell Central cell West plug Central cell/east plug

21200 gr/mm grating.
60, gr/mm grating.
Central<ell instrument.
dEast plug instrument.
€Maximum instrumental resolution.
‘Typica! resolution used in experiment.
BEstimated 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 1078 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
Monochromator. (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!® (SIDS) developed by
Johns Hopkins University was added, so that
22 chords of the plasma could be observed
simultaneously {see Fig. B-26). The SIDS allows
acquisition of a UV image of the plasma every
125 ps. It 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 University
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Because the SIDS system has been thoroughly
described elsewhere,’31% 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

Al

Grating drive

\—Microchannel
plates

Electrcnics

FIG. B-26. Diagram of the 22-channel, grazing-
incidence, UV spectrograph.



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.

82.13.5 Location of the UY-Spectroscopy
Instruments on TMX. (O. T. Strand* and S. 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 198G 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 radial scan of botn 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-
3ion 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 Speciral Survey 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 spectremeter 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 5 ms by
a microprocessor with a 10-bit A/D converter.
B2 kground levels were subtracted by the
nidcroprocessor and data were sent o 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 5004 with a resolution
(intensifier-limited) of 30 4. Wavelength calibra-
tion with a mercury source and known deuterium
lines allowed snectral calibration to better than
+5 4.

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 D, 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, Lormau, MS.

B-25



Solenoid coils

N

54\ |

22 chord

N

“ “Startup
plasma guns

FIG. B-27.

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, bands at A = 646.8 and 678.8 nm.
The brightness of these lines was correlated with
the N, level of the residual-gas analyzer (RGA).
The band at £46.8 nia was the strongest, up to 10%
of u.- D, emission. The D, and total light emis-
sions from the east-plug 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 stop. A second lens

22 chord

Single chord

Baseball coil

C coil

L

- Plasma flux tube

- Neutral beam

injectors

Location of UV diagnostics on TMX.

collimated the light before it passed through the
Fabrey-Perot etalon into the photomultipiic: tube
as shown in Fig. B-29. The etalon was scanned
piezoelectrically 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 4 at
4686 A. The instrument line width was determined
by scanning the 4880 A line uf 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 4. The instru-
ment width was subiracted in quadrature from the
measured line widths. The minimal resolvable
Doppler temperature for the helium Hell line
width was 15 eV and for the hydrogen Hg line
width was 7 eV.
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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:

ANy, = 716 X 1077 MT,/A)V2

where

A = wavelength of the observed transition in
A,

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 Il (He Il ionization potential, 54 eV)
line widths gave temperatures up to 95 eV (Novem-
ber 29, 1979), whereas deuterium 4861 4, 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 recorded 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 4000-4 to
10,300-4 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 Oy and Oy 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. Olk, and C. E. Frerking) An
imaging system that provides high sensitivity, time
resoluzion 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 um), Al (0.2, 0.4 gm), 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 10 the 0.5 X 0.5-cm, 5i-photodiode
array. The variable gain of the MCPI (1 to 109
greatly enhanced the UV/x-ray sensitivity of the
imaging system.

The camera 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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varied. The minimum exposure time (temporal
resolution) was determined by the time gate of the
MCPL 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 instancly. Raw data and data with the
background sub.. ‘ted (background frame taken at
-5 ms) could be presented as dot plots, frequency
plots (histograms), and intensity plots

Getter
shutter
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line
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> Lens
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' " Fabrey-Perot
etalon
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Signal to
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Diagram of the diagnostic for Doppler broadening of visible-light.

(row/columns). Ordinarily, the intensity was scaled
automaticallv 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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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 4000-4 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 1/e radii of these two images
are 13 and 17 em 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.

B2.15.3 X-Ray Spectrometer. (]. P. Stoering,
G. A. Burginyon, H. D. Snyder, A. Toor, C. An-
derson, R. Crabb, M. E. McGee, and P.
Poulsen) A medium-resolution (about 0.1 keV),

Getter valve
Filter wheel
Pinhole

// Flange

J

Fiber-optic

reflection-refraction spectrometer, 15 which allowed
spectral diagnosis of bursts of x rays from about
0.5 keV to 8.0keV, 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-slit 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 bonded 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 Jess than 1.5 keV
reflected by the carbon mirror. Any x rays below
about 0.17 keV were refiected from the detector
and undetected. The current from the
photomultiplier was a direct time-dependent
measure of the conients 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

Camera

Video analog
50 X 50 Si Photodiode array chip

Fiber-optic reducer
Microchannel plate intensifier

FIG. B-31, Diag

of the ti

d x-ray c:
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FIG. B-32. Plasma-image cross section with a

1000-- Be filter (a) and without a filter (b).

well as the translation stage and filier wheel, were
remotely controlied. Angular settings were accurate
to £0.01%, ard the translation stage could be set to
within 0.02% of full travel {about 12 ym).

Early 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 climi-ated by experiments using a
LiF Elter opaque to x rays but transparent to UV
below 10 ¢V. 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 not-
malized to signals from a four-channel x-ray detec-
tor. Three x-ray channels incorporate filters having

lower-edge-transmission half values at 0.63, 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. S. Hornady)

Calorimeters were used at a number of places
in TMX to measure power loss. Each of these
calorimeters was a 16-cm? copper disk, 0.025-cm
thick, with a precision thermistor and calibration
resistor affixed to the back side with thermally con-
ducting epoxy (Fig. B-34). The calorimeters were al
calibraed by discharging a capacitor storing a
known energy. The resistance of the calibration
resistor was large compared to line resistance, so
line losses were negligible. The di-charge time was
short compared to the thermal time :onstant of the
calorimeter, so the thermal Joading was similar to
that from the 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-
facc 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 used nearby. The sensitivity was ade-
quate to measure approximatly 0.01 J/cm? It is
expected that the errar is on the order of 30% 1o
50%.

Energy locs to the central-cell walls of TMX
was measured with an array ot eight calorimeters.
Four were located 32 ¢cm west uf the midplane and
equally spaced azimuthally at 52-¢m radius. Three
more were lovated on the same radius but 21 ¢m,
122 ¢m, and 193 (m cast of the mudplane The last
alorimeter was 13 cm above the centerline and
198 cm east of the midplane, above the flat part of
the plasma fan.

Another series of calorimeters was located on
the jaws (facing the plugs) of the cast and west gas
boxes (Fig. B-35). A single calorimeter viewed the
Yushinanov reglon of the east plug. An array of 12
calorimeters was located on each end wall to
measure the radial distribution of end-loss pawer.

From these calorimeters the energy-lows rate
from the plasma to the central-cell walls, to 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
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putfer ). In recent ga--
lost to

used (L.e. gas box or
box operation, approxmately 20 kW wa
the walle ot the central cell, 2.5 kW to the gas-box
jaws, and 100 kW 10 each end wall. The total

trapped beamn power was approximately 300 kW

B2.17 Pyroeleciric Detector (W L Barr)

The pvm(’ll'l(ru Jdetector measured the ab-
worbed fraction ol the total inadent power flux
which tonaisted ot photons und charge-exchange
neutrals. Because of the black chrome plating un
the detector, the absorption of photons should be
nearly complete (about 80%). The energy absorp-

Copper Shield
o—— Thermistor

¢ % plate
S . e (“ali .
Mount'ng Calibration

resistor

serew {1000 2, 1%)
Ceramic
standoff
FIG. B-34. A typical TMX calorimeter.

Yitreous carbon misror

Rotation stages

Scintikator mirror and
photomuitiplier tubs

Double-reflection x-ray spectrometer (DREX).

tion from DY dep--nds on inaident energy (For H
T or He on Cu. energy absorption varies tr ym o0%
at 50 e\’ to 80% at 300¢V b The pyroeleciric has
fast response and 1s rugged simple and not af-
fected by magnetic tield ar gravity its weak pomnts
are that it 1s very sensitive to microphonies  to
charge-up ot ats surtaces and o Gapacitive wou-
phng to 1ts surroundings

The detector was mounted on the bottom ot
the central cell about 1 o8 m tram the axis of the
machin:, and viewed about a 30-cm length and
width of plasma Calibration with & high-intensity
lamp that produced 5 Wcm- showed that the lead-
sirconate-leaa-titanate (PZT) ceramic detector gave
10nA per absorbed W:'m2 The current-to-
voltage (1-V) converter had a gair of 2 X 10°V/A,
giving a tinal calibration factor of 0.02 V/W e¢m 2

The equivalent circuit of the detecto: 15 a
current source in parallel with the capacitance, C.
ot the detec.or An [-V converter produces a
voltage proportional to the hez* flux. The advan-
tage of the {-V converter is that its low input im-
pedance allows it to be located far from the de-
tector. Then, a series resistor, R, at the input to the
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less steel shields.

I-V Grnverter can provide filtening by controlling
the response ume = = RC - On TMX, C | was
almost entirely due to the cable since C = 150 pF
for the detector The series resistor also cerved to
wolate the IV converter fram € which would
tend o cause the converter to osaillate

Fh
BNC connectore e sihoor, rubber, which gave
mect e solauon and also <huclded the wignal

cvimdrical detectore were cemented o

least tron wtray curr vt Sinee the signal current

amounte dooonl 10 0V Weom - the aignal lead
had 1o e swell shuelded trom plasma Also. the sides
Wt othe ovlindos tended to become charged and
produce noise Thie charging was apparently the
reason that the detector did net work on tiee end
Sohd the

mechanical

wall shiclding ot sides makes o

coupling and  wives much more
microphonie nuse

Normallv the <ignal was not detectable on the
pyroelectric detecior tless than 04 W (m? De-
tectable signals were usually obtained un the tirst
few shots ot the day or betore vooling the liquid
nitrogen (LN) liners. Because the vacuum improved
on July 15, 1960, we were able to observe that the
pyroelectric signal decreased into the noise level as
indicated in Table B-o. This behavior indicates that
the pyroelectric detector signal is 1elated to machine

vacuum conditions.

B3. TMX OPERATING
PARAMETERS

B3.1 Neutral-Beam Calorimeter
(R. H. Munger)

Calorimeters were raised to the center of each
plug when needed to determine ihe delivered

Locations of the four gas-box calorimeters, showing small holes for thermal isolation and stam-

power, focus, and aim of each neutral bearm Figure
B-3o shows a face of one of these calorimeters.
Incident neutral-beam power was indicated by
the temperature rise of a rectangular copper plate
110 by 340 cm) facing each vroup of beams
Cooling-water flow was stopped befure calorimeter
shuts, and the temperature rive was measured The
calorimeter was divided into two sechions. an inner
The o of inadent
d as a higure o}

plate and .n outer plate
power un these two plalc~ was v
ment tor beam tocus

The distnibution of the beam over the plate
was monitored bv a beam-profile
monitor'® that scanned the signale from 43
buttons  lucated
behind beam-sampling bhales in the copper
calonimeter plates This wian was repeated at tre-
Th-
calonimeter plate was accurateiy posttioned in the
plug by means of a lead screw turned by a stepping
motor .ontrolled by a digital counting unit

fast-scan

secondary-electron-emission

gquent intervals duning the beam pulse

TABLE B-6. Pyroelectric-detector data on July
15, 1980.
Pyroelectric-
N Central-cell pressure detector szgml
Shot biner< (Tors) (Wrem™)
- Warm 4.2 x 1077 2.5 to 2.0
27 Voarm 37 x 1077 0.7
e Cool 1.0 x 1077 0.2
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B3.2 Neutral-Beam Voltage and Current Ba. TMX COMPUTER SYSTEM

(R H. Munger)

T neutral-beam operating parameters were
read by the TMX dray 10stic computer acceleration
voltage (V) and acceleration current (£, )

The V. signal was obtained irom a *000-tu-
1 voltage divider connnected to the cathode of the
series-regulator tube. Current from that poirt was
fed 10 the first accelerating grid of the injector by
way of the leads to the wn-source filament.

The I, signal came from a current trans-
former through which the accel lead passed The
transformer core, as used on TMX at 250 AV was
adequate for the 25-msy pulse but not for a longer
pulse

B2.3  Magnet Current (L0 A Goerz)

The vl current was measured by noncon-
tacting de current transductors o the power sup-
plirs. The representative voltage signals were sent
over foil-shielded twisted-pair cables to the conirol
room, where they were clectrically isolated from
other control-troom signals. The limit of the fre-
guency bandwidth wzs 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.

(W F Cummuns and ]. F. Clauser)

A distributed computer adility acquired.
managed, and analyzed the data trom the TMX ex-
periment. The system consisted ot three ¢ »miputers
tas showr in Figs B-37 and B-331 with the tollow-
ing responsibilities

® TMX Exec processor This computer was
the system executive or supervisor and performed
tasks of data reduction and data-base management.
C ther computers in the TMX system sent their data
to the Eacc for storage provessing. and output.

® TMX diagnostics This
responsible for acquiring and archiving diagnostic
data. The data was sent to the Exec via a high-speed

computer was

parallel hin'..

@ TMX off-line devclopmen: and analyses.
This processor is used for software development
and data analyses. The TMX system was also
linked 10 the Beta Il computer to provide both ex-
periments with a degree of equipment backup and
tc provide extended processing capability in case
overloads occur on one of the systems.

B4.1 Data-Base Management System

Drewing on our experience with the 2XIIB ex-
pet.ments, we designed a data-base management
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FIG. B-37. Schematic of the on-line computer system for TMX.

system for TMX/Beta Il 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
managemert 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
librery 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.

® Autoialic 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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processing system or in off-line, interactive. or
batch modes.

@ Data retrieval and anaiysis system, for in-
teractive data retrieval, analysis, and graphics.
User programs and subroutines are provided to
retrieve data from journal, processed-data. and
raw-data files. Using appropriate system controls.
the journal and processed-data files may be
modified.

This data-base system was designed to be
relatively "open.” with security measures applied
unly where necessary to protect the prime data.

B4.2 Configuration of the
System’s Software
The TMX computer system was set up to
provide for :apid data acquisition and intershot
processing, as well as to provide convenient access
1 the data base. Through experience, we evolved a
system for data flow to effect these features. The
Jata base is composed of three types of files: raw-
data files, processed-data files, and journal files.
The data-acquisition system acquired the data
at dircet-memory-access (DMA) speed via a

B-35

Schematic of the off-line computer system for TMX.

CAMAC parallel-brancn highway (and a variety of
other interfaces). and wrote the raw disgnostic data
directly onto the raw-data hle. along with the
assoviated diagnostic parameters The subsequent
processing of the data occurred on several levels.
First
processors read data from the raw-data files for

a series of programs ualled primary

vach diagnostic and produced numbers in physical
units that were representative of a given
diagnostics measurement of the plasma. These
resulls were then written to the processed-data file.
Next, several layers of secondary processors read
data from the processed-data files. These results
were accumulatel onto the processed-data tile.
Therelote, the system was podular, so complex
celculations that required data from more than one
diagnostic and/or preceding calculation could be
made. [n 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.



B4.3 Computer Graphics

The following types of graphics output were
available on TMX:

(1) 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 current experiment.

(2) Both hard- and soft-copy graphics were
available between shots upon a user’s request to the
computers. These were displayed on differen!
graphics terminals, and could be used io obtain
graphical outputs not included in (1) above.
Graphical vutputs could be thus produced from
raw or processed dala files that were still on disk
(typically the preceding 20 shots).

(3) A complete set of graphical outputs and
data tabulated in “standard form™ was available
{usually by the day after it was acquired), bound in
notebooks. These books are useful for quick access
ta data for any shots in the history of the machine.
Additional “non-standard” graphical and tabulated
data can be added to this reference library upon a
user s request. This library is essentially a comple-
tion of (1) above.
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Appendix C.
Predicted Central-Cell
Confinement in TMX

SUMMARY

This appendix contains formulas used to
evaluate TMX experimental data on central-cell
confinement described in the main part of this
report.

An expression for (nr)c, accurate to £25% for
all TMX plasmas with ¢ /T, 2 1,is (in cm=3-5):

C1.

1/2

(nr), {7,4 X 1010 TW2 ¢, ({%)

L.R

2n L R,

&,
+ 108 —— =
(T, /A)! ‘} epT, - W)

A more complete and a.curate expression is

12
(n1) = {2445 X 10'0 T2 (Ai)
), poe 2R 2
X H(RJK(TI( + 10 (Ti(/A)'/Z exp T,
(2)
in which
x> + 0.25
Kix) =——F7535 . (3)
and
[ [
-1 = -1 < =
R = (BRI 2 K (£} e (-75)
R( o &
+ [G(Rp):] [1 - exp (— TT)] L 4)
with
+ 1
Gix) = —¢ In(2x + 2) (5)

In the above equations,

T, = central-cell jon temperature (keV),
A = central-cell ion mass (AMU),

R, = full central-ceil mirror ratio (B,/B,),
¢, = electrostatic-well depth (keV),

n_ = centrai-cell density (cm™3), and

L. = central-cell effective length (cm).

~

Equation (5) assumes Rp = 2, where Rp is the ratio
of the magnetic field at the mirror to that at the
end-cell midplane (Bm/Bp). The following sections
trace the historical development of the confinement
formulas.

C2. TMX PROPOSAL

The TMX proposal! gives an expression for
the Pastukhov confinement parameter:

- &,
(nr), = 107 TYZ o, expT—i: (6)

The units are keV and cm™+5. This expression
does not include short-mean-free-path effects. It
also .. glects mirror-ratio effects and is inaccurate
for ¢/T < 4.

C3, THE PASTUKHOV TERM

A complete Pastukhov-type solution to the
tandem mirror problem is given by “ohen, et al.2
Neglecting impurities, the expression they obtain
(in cgs units) is

(etb(
s, o )
Tnc 1 (Ti :

%)

e,

(nr), = (nr)o\/;_—; G(R) 7)



In this expression,

m\ 12
(nt)y = (7|‘)

The value of In A used in current Fokker-Planck
codes ig?

2
y=In [1.212 X 10'5<-ﬂT—iTL) ] ,
C

3/2
T ic

1
mellny;

(8)

InA n

9

where my; is in AMU, T isin keV, and nis in cm 3
The function 1is®

1 B 1
i) =1+ 5 VN exp (T)[] - erf (\7—:)] .
(10}
An adequate approximation to I is**
X
1+
= = 11
In) e (11)
4

This expression should give accurate results for
o/ T > with oo € 1.

If the peak of the plasma potential occurs at a
magnetic mirror, the mirror ratio R enters Eq. (7)
dircetly. Neglecting impurities, G(R) for ions is
given by?

(R +1)
—R  In@2R + 2)

G(R) {12)
Hawever, in TMX the potential peak is at the end-
cell midplane. There is no single mirror ratio that
conesponds to the Pastukhov losses. These losses
include angular scattering (mirror ratio R.) and dif-
fusion in energy (mirror ratio R./2 for R, = 2).
Cohen® has derived a physically plausible expres-
sion for G(R) in TMX:
C

Wl L t)]

R

O
exp -T

b,
[HR)I' = [GRYI! 2K (T—)

ot

C-2

[The designation H(R) is used to avoid confusion
with G(R).] Figure C-1 shows H(R) as a function of
¢./T;. for several values of R,

To evaluate Eq. (7), we note that In A; = 18
for TMX to within 5% [Eq. (9)] over the range of
normal TMX parameters. This gives (keV, AMU,
cm"'-s)

Ay 172

(nr)y, = 2.76 X 10'° (7) T . (1)

By combining Eqs. (7) and (i4) and replacing G(R)
with H(R), we obtain

10 a2 (B)
245 X 1007 T (—2-)

(n7), =
)|
X H(R,) =& by |11 20
c] Tic EXP(Tic) Tic
1+ 375
(15)

This can be written more simply by defining

2+ 025
Kx) = X

x + 0.5
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L
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FIG. C-1.  H(R) versus ¢ /T;; for R, =2 and R_

= 10, 20, and 40.



to obtain

A 1/2
(n7), = 2.45 X 10'° T3 (T)

X H(R) K (%)exp (—%:) . (16)

Figure C-2 shows K (¢/T,) versus o /T,. The
product H(R) K(¢/T; } is shown in Fig. C-3.

For approximate purposes, since H X K =
3¢, /T, to within 25% for | € (@ /T, <5, weob-
tain

, (A2 9 &,
(n7), = 7.45 X 101° T3 2 (—2‘) 7(; exp (-—If_l)

(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 are also important in TMX The
collisional confinement {in cgs units) is

K o /T, )

FIG. C-2.

K(¢/T; ) versus ¢./T;..

—_
vrn L

_vrode R fed
(n7)y = (ZkTir/mi)l/z Rp exp kT, . (18)

Using keV, AMU, cm*?, and cm, Eq. (18} is:

8 anLcR‘ 2 [
(nt) = 107 WR— exp -Tl—- .19

As also shown in Ref. o, the sum of Egs. (16) and
(19) gives (n7)_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. (19),
R(_/Rp should be replace&_i by an effective mirror
ratio given approximately’ by

Rl ' 1
R m R [ ()
-2, !
X exp (Tk er - 11)]

For all cases of interest in TMX, we may take R, =
R /R,

HIRIK (o, T, )

FIG. C-3. The product H(R)K(s/T,) versus
#./Tic for R, = 2 and R, = 10, 20, and 40. The
dashed line represents HK = 3 [ P
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Appendix D.
Radial and Axial Weighting Functions

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 weighting factors f, and f, in Eq. (1) of
Sec. 5; and finally, the neutral beam density, which
was important for Fig. 5-8. The weighting factor f,
converts a known gas flux into a loss rate, but will
not be considered here, since it is not needed.

The plasma ions have a significant Larmor
radius (r; ~ 2 ¢m}. In addition, they bounce back
and forth between the magnetic mirrors. The actual
ion confinement results from the interactions that

D1.

oceur throughout the volume traversed by the ion.
For this rc. son, one should average the processes of
fueling and loss axiallv uver a distance that includes
the turning points of most of the ions, and radially
over at least one orbit diameter. In addition, the
plasma-density diagnostics determine the average
density within the plasma core mure accuratelv
than they determine ihe density on centerline, and
thic also encourages radial averaging In the fullow-
ing. we averaged aially over the plasma density
e-folding length und radiclly over a o-cm radius.
W assumned the radial average was independent of
the axial average In addition, the radial line-
density profiles permit the plasma-density profile
within a o-cm radius to be flat slightly peaked, or
slightly inverted. We asoumed that the plasma-
density profile is flat for purposes of averaging

The axial weighting factors were computed by
integration over the plasma length. The application
of these factors is to evaluate the Coulomb density
limit, which s logarithmically insensitive to their
exdol values. We express the axial plasma-density
prufile as nogi7) and the neutral-beam density
profile as ng.z). We have measured both axial
profiles. The data fil well if we assume g,(2) = exp
(-22/£2), in which ( is approximately 13 cm for the
east end cell and 18 cm for the west end cell. The
function g.(z) is defined in Eq. (7). With these
definitions, we have

Fioavin Mply = v, NpNp 27
"l
X J( #(7) gt2) dz (1)
and
oY\ Tl IV N
f, T - kY
k 3 2
exp (‘_l—\) -1
g7} g.lz) ds
x oL (2)

ARG
To Ertz)

Bt exp [

We evaluated ) and f, for the data plotted in
Fig. 5-8 to obtain 1, f; = 07 The uncertanty in
the Coulomb density Iimit resulting from the un-
certainty in f, {) is small compared to the other un-
certainties.

The neutral-beam density along the radius and
the axis must be evaluated. and the radial average
taken. to the Coulomb limit

described above Inthe absence ot placma, the den-

obtain denaty

<ity of neutral-beam atoms as a tunction of height
tyi and (2} hiv gy

n, hty, 72) =

(3)

In TMX, we tound w >

neutral-beam current, Iy,. 15 in equivalent A. and the
velocity of the beam atoms vy 15 11 X 10% em s,

3Acmand g = 18 cm. The

The peak density of neutral-beam atoms is

h

" = ew Vi Wg



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

o

%) ew (-5)
X

[ n(x} dxn)

Y-

In this equation n (x) is the vlectron density along
the beam path to the point, and o is the effective

hix. v. 7) = exp (

.clﬂ
e

x - (4)

exp

N

croes section for neutral-beam attenuation. (For
TMX, a 1.54 X 10 %) We have evaluated the
radial average of the neutral-beam density atz = 0

n, = r}h ep (

The guantity Indlis the line density along a central

as

Indle
) F

chord through the plasma, and F is given by

[ndlo\ 4
F = exp 2 7al

a (aZ_yZ)I/Z
<[

—a

h(x, y. o) dx dy (6)

(a2_y2)1i2

In this equation, the integral is taken over a
circle of radius a in the x-y plane. To evaluate
Eg. (6), we approximated the line density profiles
as parabolas (Figs. 5-3 and 5-4) and Abel-inverted
to obtain the density profiles. For the TMX
geumetry 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 nin Egs. (1}and (2), as

)

Tndle
X exp 2

|N
e

8,{z) = exp (_

o

(7)

(1-e ’2"1)]

This equation was used to evaluate f, and f,.



Appendix E
Power Balance Formulary

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. In
Table E-1 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-1 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 terms in
+he power flow was obtained from analysis of ex-
perimental dz*a using computer codes. Where sim-

E1.

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 inter-
pretation of the measured radial profiles of the line
density from the beam attenuation diagnostic, we
have fit two different model profiles 1o the data:
Gaussian and polynomial.! 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 substitute the ap-
propriate formula from Table E-3 to perform a
puwer balance when the line density rrofile 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

Py sl Byl + ) (1a)

where 1, is the incident neutral beam current in
atom-amps, Eb is the current weighted mean injec-
tion energy, and f; and f,, 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. (1a). 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 f; and f_,.) The net
power input by the neutral beams is, therefore,

Poow =1 f, Ep + L, £, (B, - W) . (1b}

nel

The trapping fractions. [, and f... used in this
report were calculated using a beam trepping code
developed by Turner.? This code includes effects
such as finite plasma size, beam footnrint dimen-
sions, and reionization of charge exchange
products. It has been shown by Correll® that for
typical TMX parameters the values caiculated by
the beam trapping code can be approximated by

f = 028 X 10"-‘] Ql

For the power balances presented in Sec. 7D
exacl code results were used.

The current weighted. mean neutral beam ac-
celerating voltage is calculated according to

X

»\uv.l i

Xy

The values used for the ith neutral-beam current, [,
are obtained from calorimetry performed just prior

{3)

\uv



TABLE E-1a. Symbols and appropriate units for
equations in Appendix E.

Parameter Description Units
r ndr  Linc density cm?
n Densits em?
Te Eleciron temperature eV
[P Central cell ion temperature eV
w Plug ion energy keV
o Gaussian (plug) radius om
L, Gaussian (plug) axial scale

length m
I Ltfective length of central

cell (314) m
] Lnd Loss current density Azem? at 10 kG
o Plasma potential Yolts
wWh End loss jon encrgy eV
R Manx. radius of parabolic

function om

1 bquivalent current Atomic Amperes
Jonization traction -

Charge exchange traclion -

t Energy keV
B, Plug vacuum ficld strength at

minimum of magnetic well Tesla
B, Centeal cell solenoidal

magnetic ficld sirength Gauss
Tmax Maximum radial extent of

Gaussian protile cm
M Magnetic moment A-m?
I, Axial scale length of plug

magnetic field (55 cm) cm
4 Beta -
P Power kw
e Central cell plasma potential Volts
A Secondary electron

multiplication factor —

" Constant

Used in thermal barrier

calculations
LI
244
1 1=
()
P \Zqe
w o+l
[# G o= win
2 L
" w® = 1 + Rz
R Parallel mirror ratio

z Zetfective

to or just .fter the experimental run. I{ this data is
not available the current drain from the ac-
celerating power supply; I, . isused.

The mean injection energy is calculated ac-

cording to
- Va
LT w

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 X0.7)+ (2% 02)+(3X0.1) = 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
plug) was calculated according to

1
Ib = EZ lAuel_x (5)
1

TABLE E-1b. Subscript and superscript mean-
ings for the equations in Appendix E.

E East plug

w West plug

cc Central cell

< Central cell

P Plug

- {Bar} Average

" Hat) Value at, r = o

1 Petpendiculas to B,
I Paralle! to B,

[ electron

i on

EL End loss

H Hot ions

of lon cyclotron fluctuations
b Beam

Accel Neutral Beam acceleraling voltage (current)
D Drag

o charge exchange

v see Ref. 7

s secondary electron
scl space charge limit



file:///olts

The assumption 1n Eg. (51 1~ that the net electrical The mean {volume average) plug 1on perpen-

efficiency, defined as the current delivered to the dicular enorgy is calculated from the total plasma
plasma divided by the accel drain current, is 50% diamagnetism according to

Calorimetry in TMX has shown that—on the

average— 50% is an acceptable number However, "m |‘ Frma

the electrical efficiend v of individual beams ranges MB, = Yo 0 nir 7

from 20 to 70%
®  Mean plug ion energy X W_ 1. 7) 2ardrds

TABLE E-2. Gaussian radial profiles.

® Plug density?

[

v e

2 LR
aplen Tl oty

[
® Plug ion mean perpendicular energy

15
. 11X 1077 M, By,
W, —

3
n 'F-: - Irman 'p’]
® Plug bets
.- 0.45 M,
Sy T ——
' I, By

® Plug ivn to electron drag power

o a2

2 K 3

Py - 280 4 i072° "3:\ g, [1 - e man ]
Py

ep
® Plug ion to end loss ion power transfer (per plug)

.

32
2’

N . .
PiH - ) = 1077 FIWEL -l + okTy)

® Central cell electron axwl loss power
2
~ xr
v - .
Pep lec e} = 107 .\_. 5 et + kTeo)
EW ©

® Puwer loss due to secondany electron emission from end walls
2 1
" ' Vec JEL
w0 Y ZF

l'u"d &) = -
tw it Aa

®  Power transferred by rf from plug ions to central cell sons

Py = }_ 1o x 10717 B3 n 42
Ew

® End Loss ion axial power loss
N
s P .
Pgy. ecip = 10 — I (e + kTt
Ew 2

*All parameters are assumed to have radial profiles of the form Fir) = F r‘(""!‘z. {Exception is plug ion energy.)

E-3



TABLE £-3. Polynomial r. 1l profiles.

Ibe hne denats 1s ossomed 10 hase the torm

»II,.du.. _l'..uv Wil - 6 B3} - B[ o- v RP)
theretore

et 73“ _|4..Il SR etk e stk R

[T o
The ylue depsty s assomed to have an avual dependence of the torm npls)  ne 77 All other parametees are assumed to have a

radial protile deserthed By bt HE (e R1S] (1 xeption s plug on energs )

®  Plug on mean perpenduular ener

B,

N

W creooqel® where

® 7 othe tetdd umibsr of sons mothe pluyg

o Tod Kb, 1A - e 2 B

®  [Mug bets

®  {lay won to vhectron drae poswer

e I(‘, u,:,lr PR A

Ppy a2 e st ! . 2-rdsds
- Cot T
when
AN
i, Imegration pertormed oumencally
I e forre e eV

®  luy sen to end loss wn penaet transter tper luge
KT A O L R I SR

@ Central ol clectron avial powet fuse

N

. . .
Prp e e 10 T e

i

®  Puner love due ta secondany vlectrnn emission f1om the end walls
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For a Gaussiar, density profile in ¢ and z and
Wt - W
We find

we can ~olve this equation for V_\"

{o)

T'he total mean jon enengs 1= octyned trom the per-
peoodicular energy and the mrasurement ot the

plasma Jengtl

W _
W= R o
whia
2% ;
¢ = (3)
W
and
I i ! ) ,
- T, _ “h
roos, I-
Q)

Fg 110) 1~ corect for 3 emall Since the beta in the
TMVX end celle was b micatly 3% o 10% (as s an
acceptable approvimation

® Radial Scale L ngth

A least-squares best tit o the radial denuy
profile a~ determined by the beam-attenuation
protile was pertormed to caliulate noand T 4
uirdlng to

‘ ndéiry = ' ndr exp| (r I‘J'] Wit
and
AN
J nd¢
n = (12)
wr

®  AxiilScale Length

The length of the hot plasma was determir.ed
by a least-squares best fit or the axial-beam at-
tendation profile according to

_‘- Q{ epl-ts L,

»

ndt ¢y =

The asterich 1in Eq (131 means that the measured
value of the line deasity has been muluplied by o
term which carrects for the change in path length
as g function ot 7 wiich i caused by the
quadrupale fanning ot the field lines

In actuahty  the anial vanation of the plug
plasma van be more accurately desoribed by two
tor the plasma on the end fan

tor the

weale lengthe one L,
side ot the plug midplane and one |
plasma on the central-celi side The reason for this
1~ that the cold plasinag from the central (ofl leans
won the hot plasnia This desult s a longer seale
leneth on the central-cell side The neutral-beam
interaction with this cold plasea o dictinaty dit
the anteraction with the hot-plug
plasma input by cold
plaema s large because the term Woin by (s ap-

terent than

Posver mnieraction with

provimately equal to zero A charge exchange

event theretore inputs cnergy T N
thisinteraction has the potential o agmit anivan:
crease the power input to the plags In additior
\hdrgl- chhangv ob an energetic neutral with a cold
10N 1S 3 SOUTCe O energetc ions B(‘A alse (h{"*(' ons
horn gwav trom the center of the plug they

are i essence sloshing .ons which mav ad the

are

~tabihty ol the plugs

It should be noted that the efteces of neutral-
beam interachion witk the cold plasma leaning inon
the plug plasma 1s accentuated in the west plug by
the fann.ae of the feld lines and deaccentuated in
the cast pluy, by the same me hamism The ieason
tor this s that the hieid lines entering the central-
cell fan from the west plug are in the plane of the
reutral Brams This increases the effective line den-
wity of the plasma and so increases the trapping. In
the east plug the fanning is perpendicular to the
plane of the beams =o the path length i< decreased
and, therefare, s0 is the trapping. The combination
of increased particle input and a possibly more
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_

In TMX the gas box jaw: were cut so that they
formed a radial limiter equivalent to r = 15cm
a1 the plug midplane. Thomson scattering measure-
ments at r = 15 cm indicale low density plasmas (n,
< 5 x 10T ¢m ) with low electron temperature (T,
< 10 eV} Fur thisreasonr, = 15 cm was used in
these calculations.

® [rag Power

The total (valume integrated} power
transferred trom the plug ions to the plug electrons

by Coulomb drag 15 given by

] i o nr, 7) ngr, 2) Wir, 2)
Py = K =
L %0 TS 2)

X 2nrdrdz
For the assumed protiles this becomes

280 X 105 n? Wl |
Ph= " T 1. T
Tur -

X {1 - o VI (14)

®  Plug-wn axial loss

In the presence of charge exchange on neutral
beams and background gas there is no simple for-
mula for the axial-loss power 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 code and a gas-fueling
code. Values presented in the text come from these
studies

We can use the secondary electron detector
{SED) siznals to estimate the power lost by this
mechan..m. Before neutral-beam turnoff the SED
signal. V.. is proportional to the sum of the power
lost by charge exchange between plug ions and
energetic neutral beam particles (I, f_, W) and the
power lost by charge exchange (cx) with
background gas (P ,). Soon after the beams are
turned of f the remaining SED signal, Vi, is propor-
tional to the charge exchange with background gas
and only the beam-attenuation-diagnostic (BAD)

beam. We can, therefore, relate the power lost by cx

on gas, P__, to the power lost by cx with beam parli-
cles, Py, according to
)
T
b
P = p 5
. ey (13)
where
-
€« = ’
\Il
and
P, = I, f. W

® RF heating of central-cell ions

In our power balance caliulations we allow
power to be transferred from the plug wons to the
central-cell ions by means of the plug driven 1on
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 walls 1o
carried by ions which escape the central cell These
ons escape the central cell with then Kinetuw
energy; then fall down the potential hill created by
the electrons such that they arnve at the end wall
with a total kinetic energy equal 10 (w, + akT
We have tound that the ions reaching the end walls
of TMX have energy in excessive of this value
This difference in energy 1= aitributed to rf heating
of the end-loss 10ns as they pass through the plugs.
For this reason we include a power drain on the
plug ions given by

PH -t = | I (Wen - e

+ kT, &m0 Zardre

When detailed measurements of these protiles are
unavailable we may approximate this term by

PIH - EL) > 10° 3 i},

A . .
X Wy - ¢ + kT, ) (le)
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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 lust 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 calculations of this power loss obtained
from the gas-fueling code indicate that it is also a
small power loss.

The bulk of the power lost by the plug elec-
trops is caused by the 1nteraction between the plug
electrons and the passing electrons from the central
cell. The power exchanged belween these two
classes of particles 15 given by Cohen. et ale
Cohen's formula for the time derivative of the total
energy content of the plug electrons reduces to

3 d _ 2R T T o+ p
3 dt ln‘l",J = _-(] inT), (nTy +
(R ]
where

(nT), = 453 x 1o =3 T

T,, n lnl, na T T,
x (TL
T(

inW (m' P =P in the TMX plug
When the power transferred according 1o

Ey 119) exceede the total drag power input to the
plug electrons we can use Cohen's code to estimate

the harrier density, ny, necessary to satisfy P =

3

Py

E4. CENTRAL-CELL ELECTRONS

There is drag power exchanged between the
electrons and 1wns 10 the central cell. However. for
tvpical TMX parameters T = T, so that the drag
power exchanged between these two classes ot par-
ticles iv generally small.

(T, - T

Ppfe - i) = 38 X 103 g2 | 2 —
T2
.
x [1 e 3 2y l‘l"]

The dominant power input to the centrai-cell
electrons comes from the plug electrons as pre-
sented in the previous section The domir.nt
power loss is by anial loss of the electrons:

-— -
Pilece ) = 2 _| Jn)
EW

X {o ) + KT an)j 2xrdr

where the summation i« performed ove: the east-
and west-end loswes Note that we have allowed for
the fact that J4r) 1s not necessarily equal to J(r).
When detaided profiles of these parameters are not

avatlable we approvimate this lose by

: ﬂr':
Pptee 12 10 }_ ",

Fw L2

X g v KT (1)

The power lost by the central-cell electrons
Jdue towmization of the gas which i< itroduced to
fuel the central cell i« calculated trom the gas tuel
ing code The additional power lostin [ vman alpha
radiation assouiated with the 1ueling process e ob-
tained trom FLV spectrametry

The emission ot ~econdary ehectrons from the
end walle aleo represents an ciedtron power Joss
Duning «ome ot the TMX tunnimy we ueed
emissive probes near the end wall o ecimate the
magnitude ol the secondary vlectron currenr The
power loss is given by

pi2md ooy = 10 f .‘ Juarny Ty 2=edr

When measurements of the secondary efectron
current are not available we estimate thee power
loss by ascuming that the emission of secondary
electrans s hmuted by space charge limited flow
from the end walls®

where

1
My = 1= A Tyt
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and
A1) = (@15 (n Bir) + 0630 F
w.th

I,y

By = - —
! N F LN ST B A N4 ¢

Foo TN patameters B = B o

lin - fopn

Ihe posses loss assacaed with secondary electrons

ot

-
(R

Ew
(20)

15)in i MX have
<hown that the enussion of secondaries 18 limited

Detailed measurements (Sec

by wall condimons and not space charge buildup, so
the abave equation s known o overestimate the
power Joss by secondary electron enussion in TMN

ES. CENTRAL-CELL IONS

As noted earlier the central-cell ion and elec-
Ho 0 IPec Ll s i generally equal in TMX so
that the power exchanged between the central-cell
wn~ and electrons by drag was. tyvpically. small
The prnimary power input to the central-cell ions,
therefure, appeared to be rf heating by the plug 1on
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perature and density at the edge of the plasma. For
this reason the gas fueling cade is used to alculate
the power lost by this mecharsm
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Appendix F.
An Orbit-Averaged Computer
Code for Radial Plasma
Buildup in the Tandem Mirrors

Fi. INTRODUCTION

This appendix describes an orbit-averaged
computer code for plasma buildup in tandem
mirrors {TOARBUC). The introduction starts with
a brief description of other numerical codes which
have been used to model different attributes of the
TM\ plasma.

The TAMRAC! code, which was used in the
dedign of the TMX experiment. also provided an
initial comparison with experimental results
TAMRAC solves for the time-dererdent plasma
para..eters on the magnetic axis in both the central-
cell and plug regions. Heating of the central-cell
1ns by it activity was added to model the effect of
the jon ovdotron instability on the central cell can-
finement With this addition, parameters calculated
by TAMRAC on-avis agreed with experimental
results to within a facter of 2

A cecond code. TANDEM.® has been usaed to
calculate global parameters by averaging plasma
parameters over the plasma radius, using analytical
modele for vanous radial profiles Rognlien and
Matcuda® used a Monte Carls code to maore ac-
curately modet the effect of an electrostatic 1on
cvelatron wave on central-cell confinement They
denved diffusion coefficients for use i Fokker-
Planck codes and a simple formula for modeling rt
effecte i particle codes. A radial-transport code
TMT ! has been developed to accurately describe
1esonant-neoclassical transport. Code results 1n-
dicate a radial 1on flux of about 3 X 105 cm <5 Tat
the plasma edge 1n the central eell.

TAMBAR and TOARBUC are two general-
purpose radial codes. TAMBAR® is a particic
buildup code that includes much of the gencral
physics needed for studying tandem plasmas, as
discuesed in Section 2

TOARBUC  {for Tandemy Orbit-Averaged
Radial Buildup Code) was developed 10 model 1an-
dem physics plasmas when the approximate treat-
menlt provided by existing particle and fluid codes

s madequate For example an adequate description
of radial tansport in the plug requires an orbit-
averaged wode. Both the TOARBUC (ode and
measurements mn TMX chow that 80 of the hot
wns deposited are lost from the plasma core by
charge-exchange diffusion Cenuel-cell confine-
ment and radiar profiles tend to follow the pattern
established in the plug because of the exponential
dependence on the plug potential Calculations at
non-Mavwellian plasmas in the central-cell
resulting from beam injection on cvelotron
heating teither externally induced or resulting trom
instability fluctuations), ete mav require a code
that indudes the distributon tuncuon <uch ae
TOARBUC

The TOARBUC model 1+ based on the tinite
orhit, Fokker Planck model REP developed by
A hutch o study conventional mirrors . The twa
major changes made 1o the REP code are (1) the
central cell has separate electron and wn contin
g potentials and the wign 0! the on potential i<
apposite that 1n « conventional muror and (23 a
two-clectron temperature treatment derved by
R Cohen™ s andduded to allow the pluy and central

cell to have difterent T, < as they were observed ta

5 B
Y Roow7
B
- . 8 o
‘ ‘ {
; ;" ‘. ‘R
1 rr
, H #
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[
v !
el et Central cell Endoen
FIG.F-1. The TMX magnetic field (B), elec-

trostatic potentials (»), and mirror ratios (R).
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Tuve m the experiment. The following sections ex-
plun these dhanges m greater detail.

The moditications ta the REP code allow the
plue and central cell plasma parameters of a tan-
dem muron 1o be calcalated during alternate itera-
tons At cach nme step the plug jon parameters are
A e tated tist follosved by those of the central-cell
aonsthen the sell consistent potentials and the
canster ab election particles and energy between
the

aondenaties i the plug and central el (. n). the

o tewions are determined. New values tor the

Sdecoon andon temperatures inthese regions (T,

ot

. ;
clectiostatic potenticls e the ventral cell (. w)

o
resprectiy clyvy and the won and electran

and plag tss =0+ o) are found for uee in the
nest ume step The magnetic tield strengths elec-
tostatic potentials and mirror ratios used in these
caboubanone are shownom by F-1R | and R, are
the ventral cell and plug, mirror ratios, respec-
tivehy oy

The TOARBLUC code ditters trom a paiticle-
cutldup code i severalimportant respects: some of
e basic ditterences between TOARBLUC and the
pariiche bnldup code TAMBAR “are listed in Table
b

In an orbait averaged code such as TOARBUC

patt b deposition Joss, and energy-exchange

Bt

tates are calculated by averaging them around an

arbat These arbit averaged quantities are then used

TABLE T-1.
and the particle-buildup code TAMBAR,

(a} b}
n,  Colison 0y, n
- PIEEI <0 A
- ~ i 4 L
4 / . !
3 N Comson .2
at - R ,/V.c !
[SRTHIIVIN 7“:‘111‘“\ —
FIG. 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—cach results in a dif-
ferent radial loss,

1o walculate o time-dependent distribution func-

tion  self consistently. Particle  codes. such o
TAMBAR. assume the form for the distribution
tunction. and do not average around the orbit since
the urbit i~ unknown. consequently, particle
depasition, loss, and energy-exchange rates are ap-
provmate Figure -2 illustrates this effect. Con-
sider the loss of a particle due to a charge-exchange
collision at «~ Thic charge-exchange collision
tesults tna loss in density over the range R
R+ p

averaged code (Fig F-2a) since the guding center s

Pt

which i correctly alcalated by an orbn-

Basic differences between the orbit-averaged code for the distribution function (TOARBUC)

TOORBLC

TAMBAR

t o Rate equations used for caleulating
atomic phyaics inddudes secondary
neulzabs (Statlard maodel).

2 Orbit averaped,

o Istribublion functn:
a Plug—calculsied
b Centeal cell-caleula

vnd loss:

o Coulomb end losses

b Quasichnvar end losses. o
mput psrameler which may be set
cqudl to 0 tur classical processes

? s un

only.

s Jon energy —cakoulated.

1. Three-dismensional Monte Carln
caliulation ot neulral resutions.

2 Finite-nrbit ettects generalls
neglected except tor beam deposition.
X Ihstribution tunction:
2. Plug—assumed
b, Ceniral cell-assumed.
4. lon end loss:
4. Spitzer drag with decreased
plug liletime to satishy
inear requirements.

Guasi-

5. don eneegy —sssumed By

< is the perturbed putential resulling from the ion cyclotzon instabilitics.

F-2


http://ienti.il
file:///MHAR
http://tell-c.iltul.ik-d
http://c-ciu.il
http://hret--dimc-nsion.il
http://neulr.il

known. For a particle code the guiding center is un-
known: therefore, the charge-exchange collision
could result in the lose 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 rate. Radial transport due to charge exchange
will be more uncertain for a particle code, since it is
the difference between trapping and loss rates of
approvimately the same magnitude. Similar con-
siderations apply to end lass, electron drag, and
other parameters. The importance of orbil effects
depends on the spatial gradients of parameters such
as the plasma density and the thermal gas densiee-
compared to the orbit <ize

TAMBAR acsumes that the plug ion energy is
fixed at the injection encrgy, whereas, TOARBUC
calculates the ion encrgy self-consistently from the
time-dependent distribution function.

Three-dimensional transport of neutral gas
and neutral beams is calcalated by a Monte Carlo
code” in TAMBAR. [n TOARBUC, atomic physics
pracesses are described by rate equations including
the modeling of secondary beams. '@

At present bath codes reguire approsimately
the time for a run. The more

same computer

F2. ALTERATIONS TO
THE RFP MODEL

F2.1 lon Loss Probability

In the plug region the ion lose probability de-
pends on a slowly varving fundtion of the mirror

ratio (R ) wiven by:

et

or

Ry =1 (h

whichever is larger. Here R s the mirror ratio.  is
is the plug plasma potential. and W,

the charge, o,
is the jon energy. In the central cell the wons are
confined by a negative potential, o and the lose
prabability is zero for all ions with W, < Jge | and

affects R to give

detailed atamic physics in TAMBAR appears to R, == W, < Iqu |
vompensate for the more complete plasma physics
of TOARBUC i the use of computer time.
Table F-2 gives a more general comparison lqw |
with uther numerical codes including TAMBAR. R, = RN - W WO g ) ()
:
TABLE F-2. Tandem mirror/thermal-barrier experimental modeling codes.
TAMRAC TANDLM Monte Carlo T™1 TAMBAR  TOARBLC

Time dependent Yes Yes Nuv Yos Yes Yes
Radial protiles No Radial averaged No Yes Yes Yes
Axial profiles No No Yes No No No
Heam trapping No Yes Yes Fixed profile input Yes Yes
Culd-gas fucling No No No FC neutrals Yes Yes
Neutral transport No No No Yes Yes Yes
FCRH Na Yes Yes M M M
Orbit averaged No No No No No Yes
Thermal barrier physics No Yes Nu No Yes M

“M means “Cou'd be modified.”

F-3



In addition to t's effect on the ion loss probability,
u4, affects the turning-point mirror ratio. For [qe, |
> W, the wrning point for potential-confined ions
i« near the minimum-B in the plug (where the
potential is largest), but magnetically confined jons
are reflected al the inside plug mirror. In order to
taalitate a smooth transition between these two
modes. the nurror ratio Rin Eq. 2) is replaced by

the expression

] H

< 2gd, )
opl T 5 . . (3)
TR, |

i the central-cell mirror ratio, R, is the
1« the central-cell ion tem-

wheie R
plug murror ratio and T

perature (see big C-1)

k2.2 FElectron Balances

Bevause ditterent electron temperatures have

observed in TMX, the
temperature formulas developed by R. Cohen®
were incorporated into the TOARBUC  model.
Cuohen « formulas provide for a group of “trapped”
electrons, confined by the potential ¢ and residing

been two-clectron-

in the plug, and a group of “passing” electrons,
confined by @, and occupying the entire tandem
wysteny These groups, with densities of n, and n_
respectively, can have different mean temperatures
(T,.. T, where the "¢ “subscript has been dropped).
These groups are connected by the fraction of
“passing  clectrons that occupies the plug region
during a fraction of their bounce period (density
designated by n,) 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

(4)

F-4

where the “e” subscript on the temperatures is
again omitted, ] is the total source of plug elec-
trons, and 7p is the Pastukhov time in the plug

{Ref. 3), which is given functionally as

1 L
TP:E v GIR) - p exp

where 1
ve

‘p(

, (5)
)

is the time between clectron collisions,
GIR) 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

din. T ) n
3 g
Sl e L ligp +T o= (T T 1=
2 di o n,
(1]
4o,
exp ( Tp (g, +Tk)
~tnTh, +inT), + P +IEL . (o)
(21 (3] [+ 5]

where the term« are as follows:

{1] the interchange between trapped and un-
trapped groups times the energy carried by an elec-
tron transferring from one group to the other
(meastred in the plug).

(2]
tween the trapped and passing groups in the plug:

(31
trapped electrons (because n, is small,
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

the ecllisional (drag) energy transfer be-

the cnergy transfer from ions to the
energy

cooling can be added as desired.
The electron energy transfer rate of {2] is
given by Cohen as:

n (T /TJVHT - T
(nT), =P <

Ty

(7)



where 7 is the volumetric temperature equilibrium
time, and

ZTp
-1 ———
Tv ™ VT R1“(q¢i)

Here R is the plug mirror ratio and r,, is the elec-
tron collision time in the plug. Since the primary
source of energy to the central-cell electrons comes
from the plug (Tep > Te). 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,
- cf

2n V
P
J‘V‘ + T
p

)

n
/2-<,
[1 ) (TP/T‘)l : Np

{2]
—n‘Vc ) ZnunPVp} "

TC l’l‘T.,

(3] (4]

where V_and V_ are the volume of the central cell
and the plug and r_ is the Pastukhov time in the
central cell, with ¢, being the confining potential.
The coefficient C is

nf

Cerro—Y—" . (9)
2n,V,+n V.

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_. The 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 (Nu) is

F-5

N,‘I =nV + Zn"Vp {10)
Thus 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,. [1t should be noted that a factor of
V, was divided through in the particle balance to
obtain the “density’ balance of Eq. (8), giving the
expression for C in Eq. (9}.]

The various terms in the central-cell particle
balance, Eq. (B), are as follows:

[1] the total central-cell electron
(local};

[2] the trapped-passing interchange term;

[3) the scattering loss rate for passing elec-
trons in the central cell; and

{4]
trons in the plug (primarily off of trapped plug
electrons). The loss time () is approximate for this
term, which usually represents a small loss con-
tribution.

The energy (power) balance in *he central cell
is given similarly:

n,
Vg (zvp- {;‘"—
r

source

the scattering loss rate for passing elec-

d(nT,)
at

[NR [~

T,-(T/T IR
p T/ T n,

t

+ (nT)“ - \'l nT),; + ]‘V( Eh
(2] EH (1
(n‘.V( . Zn"anp) .
-] +
T ot (qe, + T.) A1)
15}

where [1], [4). and [S5] 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



the energy transfer from ions to trapped electrons
in the central cell. All terme aie weighted by C as
explained earlier.

The passing-clectron density in the plug used
in both balances is found using Cohen’s formula:

1
n, =n explYy)- {vrﬁ(\/?j - (l —IE)

e L . - l'zl
exp (R_]) erl¢[{(RY/R-1) ], L 112)

where Y = goo ‘T R i« the plug mirrar ratio, and
cttc 1 the complementary error function.

@
k]
erfcir) = ﬁf expl-x*)dx . (13)
X

F3. SOLVING THE TIME-
DEPENDENT EQUATIONS

Fur times Jonger than 7. the plasma may be
assumed to satisfy conditions of quasi-neutrality,
particularly in the rapidly varying plug (if this is
not true, the potentials 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 o,
{provided ¢ << 4). which largely determine the
electron transport.

In the TOARBUC 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_;

. (14}

F-6

the value of An /At being determined by beam trap-
ping and various loss rates in the plug (using the
previous time step o). For Eq. (1) this gives the
formula

dny an, "p
dt T L

1 2N, 9o, _
1—(T',/T‘) 'n—pexp f +Jr' S {15

This expression car be solved for go by letting )
= ]P 3n, ‘At Then

np-JpTp
a0, = Toon | (M/T 2 [ ———

This expression for go, can be substituted into
Egs. (o), (8). and (11) to simplify them The energy
balanie in the plug then becomes

P

tlo}

n, . .
“Jyue + T --LlT,, =T anT), +1nT),

T

P

+P

aur

+ J,‘L,,‘ =0

1)
from which, by using n, = n. the ion density
{local) can be solved approximately for Tp, the new
plug electron temperature, in terms of T and &,
The central-cell particle and energy balances
become:

dn, . nVv, Znunpvp)
dt Jver ZJPV"_ T - n 7,

{18)
and



n

P . .
_ [——(Tp -Ta+ JPT‘ + (nTlﬂ,:l
p

VonT, + IV E,

n\, Znhn‘_\"\ ]
—t Aqu’»‘ﬁ-T‘)I 1o
T nr

Fquanions 118y and 119) can be wolved iteranvely
with bgs (170 (12) and (73 10 bind IV I

1~ already determuned by the plug won densiy)

and n

Convergenee of the solution s very rapid Tar 3t

<< eastof "’l' ror

F4. COMPARISON OF TOARBLC
RESULTS WITH TMX DATA OF
SEPTEMBER 24, 1980

An entenave analvas of the TMX data tor
September 24 1930 ic described and compared
with results fram the TAMBAR cade in Section ©
Figure I 2 and Table 3 chow an extension of this
analvais which indludes TOARBUC code reculte
Exeept tor the end-loss current | and the plug den-
ity both codes match the expenimental data
teasonably well TOARBUC gives o plug density
value that agrees with 1-\pvrim('nl.|1 data but Bives

n.

a value for the end-loss current that 1s toa low by
whereas TAMBAR
n ead-loss current that agrees with o

approamately a factor of 2,
Rves
perimental data, but gives a value for the plug den-
<ty that is tou fow by almost a factor of 3 Inadds
tiun both codes give somewhat higher electron tem-
peratures. especially fur the central-cell

Some additional obeervations on the radial
densty profiles should be made The comparisons
of line densines, 1nd! given in Fig F-3 obscure the
large differences between the experimental data
and TOARBUC (a~ compared with TAMBAR) for
the density profiles ve radius. In the end plugs. the
measured profiles correspond to plasmas that are
ightly hollow in the core. which agrees with the

@ £as1 vlug data

4 O West plug data |
. —— TAMBAR

Z - .

3 Rl % T TOARBUC i

i

)
~

o e density (10" e ¢

4]
0 2 4 b 3 10
End plug radius 1o
JCeotrg o u‘.v.j,
o) TAMBAR
[ — — TOARBUC i
TN - !
.1’ . \ i
| | {
a0 ag |
TThemm e~
- R
o P S
O 10 20 30 40 50
Cortra trad oo
FIG. 1-3. Line density profiles from the TAM-

BAR and TOARBLC codes compared with ex-
perimental data from the TM\.

TOARBUC [T I AMBAR

tesults the plasma densitv i very hollow

results (hig In the
with
peak o vallev densaty ratio o abour 3ovs 1 2 or
both TOARBUC and the ovpenimental

less tor

TABLE F-3. Comparison of results of plasma-
buildup codes with TM\ results.

Results
T™MY
Parameter 9 24 80
ir=o0 {shots) TOARBL ( TAMBAR
Tep leV) 80 L 107
Tep * Ty teV) 80 10 120
Tep o) 41 84 93
| 1A em?) 0.21 o 0.25
vp iv) st 485 000
Gp 13} M8 510
12 -3 -
ne (107 em™ ) 2.5 2 28
12 -3
L {10°% cm™™) 18 lo o.7
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FIG E-3 INMY plug and central-cell densitics

madeled by the TOARBLC computer code.

P oo weeean e bat e me asunc d data andd
FOAREBEUC b v B oinvve relativ v tlat pratides in
shasta e gend Coaus~ian tall ott an the

PAMBAR predits w0 hollow

Ve ond denaty poak near the plasma

3o boundan
Wt

Pos ot pear s presumably Jue 1o

I R I = cbecutar Dvdrogen ons In the

POVRHEL G

was assumed that these ons

ot

car

el ted becaus their very shaort

e ncatral was s modeled by Frandk

Condon atoms wlbwd have o longer mean tre

Pt sesulnm e density protiles without peaks A

amonnt ob e enefyy atoms (17 A a0 On
A e alsosndduded ac o soutoe impanging on the
Plasmu

the

Jare given an

TOARBLC tur
cmpatiear ot ba b

skl by ball
niected e the plug The halt energy com

o mput parameters
2and Table }
and halt-energy neutral beame
e
pote it was educed slightly o account tor a small
i thad s nayxy component - An enhanced Tos-
catc waeanttoduced inboth TOARBUC and TAM
LAR o TAMBAR the classcal loss rate was in
Croased By g factor of 10 In TOARBUC the radial

transpar vem was loslated by o term

1 & ( u)
R &R B «R
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TABLE F-4. TOARBUC computer-code input
parameters for comparison with TAMBAR and
TMX data.?

Plug Central cell
Ly = 18, 18.0 ket Epy = 3. 008 eV’
ling = 122 A Iy - 180 A 1T A
o = Ml (for Ja = Nl agy) o= 0
[ 10 s B © 3
ng = 1 107 JrappedInorm B -1 % 10%mm”y
{atems <<

CJ
T0 » 10 |atoms cd)

doce Fig 1 for results of comparnon

by

neutral-beam current density

whete 11w the gusding venter Js ynibution tunction
and B owas tahen to have the constant value ot 1=
om' ~

Cold
wnizaann have liston ally been neglected in mans

wns resulting trom backeround gas
buiddup codes modeling plug densities 1t has been
assumied that these ons would be expelled trom the
plisme immediately by the plasma potential wince
they ane born withun the foss cone as modibied s
the potentral It has also been suggested that o
these cold sons were induded as o ~ource and given
a Iitetme determined by the 1 transait time to the
~urrounding the

The
<hield the hot plasma trom the thernal gas enabl

mutrors a cold plasma or oo

hot plasma would be created falo would
iny the plasma ta build up with less beam inpection
or with higher baclground gas pressure

TOARBUC

wns~

fo test this theas war noditied
by including cald
assoctated clectrons were indluded previouslyy with
TOARBLC
this moditication asing the same input data (Table
b 3y lable }.5
parameters rof these two runs The retention of the
cald TOARBLC modified
parameters by oonly o small amount Figures F 4
F-2 and F-c show the particle Jenaities and tem

the as ¢ source (the

A tranat btetime wa~ then run with

COMpPpAares some mportant

wons n the plasma

peratures v radius for both the central-cell and
plug when the cold jons are retained
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TABLE F-5. Compariscn of values of several plasma parameters for the TM\
plug, modeled by two versions of the TOARBLC code, one ignoring the cold-ion
effect and the oth including it.

CoMd ions ignored Cold 10ns included
Parameter tno halo} {hat
Plug ‘ ndl Hooazas e oM 25+ a0l
[T RN PR L 220 - gl
1 20001m + 10t veed « 10!t
Tepte @ ETN 104 e\
e o 110 ket PL ked
pltro™ R 4~0 N
np Lt peak demans s Vo o+ qo!? e aett

v an indey measuring the vertead dwplacement o the chord through the plasma.

Time has permured onby o bimeted comparnison 1 The coolng eftece resulting trom wniza-
CEINIY data wath code results Beter agreement s san ot onveen impunty n the neutral beams
to beoevpeoted inothe tuture as moditcations 2 The penctration of noatralsasinto the tan
made to bath TOARBL C and TAMBAR woandiade resgons which noreases the number ot coid e
whditional 1 veics ot plus and contral cell contne troes creat - along tela ines throuch the plasma
ment Sevs sad procosses i luded i e TOARBLC vl
code wh ol end toiower e eleciion eomperature 0 T tethus through e coasma o cold
ate secondany elecirons tram the ond walls
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