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VACUUM ULTRAVIOLET SPECTRCSCOPIC STUDY OF PLASMA

IMPURITIES IN THE TOKAPOLE II POLOIDAL DIVERTOR EXPERIMENT

Richard Joseph Groebner

Under the supervision of Professor J. C. Sprott

Impurities in tokamak plasmas increase the plasma resistivity,
radiate energy out of the plasma, and are implicated in the disruptive
instability. Results of a study of plasma impurities 1in Tokapeole II,
a tokamak with a four-node poloidal divertor, are reported.

The main diagnostics were two wvacuum ultraviolet spectrometers,
which were used to identify impurities, observe impurity behavior, and
measure the line radiated power. Impurity concentrations and the ef-
fects of impurities on gross plasma characteristics were determined
with an impurity doping technique. The electron temperature was esti-
mated by a time dependent coronal model describing the time history
of the oxygen ions, and the ion temperature was obtained from Doppler
broadening measurements. Energy loss processes were studied with a
power balance analysis.

. . 1 -
For typical discharges (BT = 3.5 kG, n, = 8 x 10 2 cm 3,

Te F 100 ev, Ti & 17 eV), the impurities and their concentrations were
oxygen (3-5%), carbon {(~ 0.5%), nitrogen (associated with air leaks),

and copper (undetermined concentration). The maximum radiated power

of 35 to 70 kW was not more than 15 to 30% of the chmic input power.
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During the steady state phase of the discharge, the electron and ion
confinement times were about 200 to 250 lsec and 300 to 500 Usec, re-
spectively. The discharge current was not affected by impurity dopant
densities of up to 5 x ,’lOl1 cm—B; at higher dopant densities, the
current decreased roughly linearly with the dopant level.

The plasma can be conveniently treated as two parts: a central
current channel separated from a scrape-off layer by a separatrix.
Impurity radiation does not dominate the energy loss processes. The
energy confinement time of the central channel is comparable to that
predicted by two tokamak scaling laws; this observation suggests that
the primary energy loss process is anomalous electron heat conduction.
Tmpurity radiation does not limit the electron temperature. Instabili-
ties, probably internal disruptions, evidently limit the central current
density and Te.

The internal rings are major impurity sources. Generation of
metallic impurities can only be explained by inveking the presence of
sheath potentials, which are necessary for unipolar arcs and which en-
hance the sputtering vield of multiply-charged impurity ions.

The role of impurities in Tokapole discharges is similar to that
in recent tokamaks. Very likely, further reduction of the impurity
levels will permit operation in new regimes of energy confinement time,
electron density, and B (ratio of plasma pressure to magnetic field

pressure) .

-( b [ .,w:};}'f:fjs("’l»ﬁ‘ﬁ”
Profedspr J. C. Sprott
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CHAPTER 1

INTRODUCTTION

A. Background and History

Impurities alter the resigtivity and contribute to the power loss
mechanisms of tokamak plasmas., Impurities could have devastating re-
sults in a fusion reactor; indeed, they produce many undesirable ef-
fects in present-day tokamaks.

Post, in making perhaps the earliest mention of the impurity prob-
lem, noted that Bremsstrahlung from high-7Z (high atomic number) impuri-
ties would increase the difficulty of igniting a fusion reactor.:L A
calculation by Meade indicated that a 0.2% tungsten impurity in a
b~T reactor would prevent ignition at any temperature.2 More recent cal-
culations by Jensen, Post, and Jassby show that the restrictions on
heavy metal content in driven torcoidal fusion reactors are severe.3

The importance of impurities in tokamaks has long been recognized.
Vacuum vessel wall conditioning, consisting of baking and discharge
cleaning, was employed on the early Soviet tokamaks to produce stable
discharges and to reduce the power radiated by the plasma.4 More re-
cently, spectroscopic studies performed on a number of tokamaks have
shown that impurity radiated power is typically 10-80% of the ohmic in-
put power.S_lO Carbon and oxygen, in particular, are the most trouble-
some low-Z impurities, and limiter and wall materials can alsc play maior
roles in the plasma dynamics.

The enhancement of the plasma resigtivity over that expected from

a pure hydrogen plasma (by facters of typically 3-10) is due to the



resistivity contribution of the impurities.ll Low-2% impurities, which
recycle at the periphery of the plasma, cool the plasma edge by radia-
tion and ionization losses, increase the edge resistivity, and produce
peaked electron temperature and current density profiles.12 High-2,
partially ionized impurities radiate from the center of the current
channel. In extreme cases this radiation has resulted in a radical re-
duction of the central electron temperature and the production of a hol-
low electron temperature profile.13 Impurities can contribute to plasma
disruptions by ccoling the plasma periphery, shrinking the current pro-
file which decreases the safety factor at the edge of the plasma, and
thereby allowing the growth of the dangerous m=2, n=l tearing mode
which can lead to a disruption.14

Several studies have obtained detailed spatial information on the
temporal behavior of impurities.ls_l? The results indicate that the im-
purities diffuse inward, but the diffusion mechanisms are not fully un-
derstood.l7 Impurities also diffuse to the chamber walls in all of the
ionization states present in the plasma.

Light {low~Z) impurity release into the plasma is attributed to de-

18,1
8,19 Heavy metal

sorption by ions, electrons, photons, and neutrals.

production is strongly linked to the existence of sheath potentials at

the limiter and wall interfaces with the plasma. Metal production in
. , . . 2

DITE is explained as resulting from unipolar arcs. 0 Work on DIVA has

shown that sputtering and evaporation as well as unipolar arcs are re-
. , 21

sponsible for metal production.

Control of impurities in tokamaks is based on the judicious selec-

tion of materials which can be exposed to the plasma and discharge



cleaned to remove low-7 impurities. The Taylor discharge cleaning
22 . . . . -
method 2 is the best technique known for removing oxygen impurities
23,24,25

and has resulted in the production of Zeff = 1-3 in several machina&’

Titanium gettering of vacuum surfaces produces plasmas with low Zeff and

raises the electron dengity limit before disruption.26'27

. . . 2
Other impurity control technigues have been attempted. Bundle 8
) . 29 . . .
and poloidal divertors have successfully reduced the impurity flow into
the main plasma bhody. (PDX and ASDEX are two new poleoidal divertor ex-

. . . . 30,31
periments going intc operation now,

)  Electron injection into the
plasma has reduced heavy metal production by reducing the sheath poten-
tial at the wall.32 An impurity £low reversal experiment, in which an
influx of hydrogen gas was used £o reverse the inward diffusion of im-
purities, produced mixed results. The diffusion of neon impurities re-
sponded tc the gas flow but the normal light impurities were rather un-
affected.33 A variety of limiter materials has been used in tokamgﬁé?4'35
The results show that low-Z materials reduce the central radiation
which is present with high-Z (molybdenum and tungsten, in particular)
limiters. A carxbon limiter has produced very encouraging results on

26

PLT.

B. Statement of the Problem

This thesis addresses the question: What is the role of impurities
in Tokapole IT ochmic discharges and how seriously do they affect plasma
performance? The research to be described is not a detailed study of
any one aspect of the impurity problem; rather, it is an integrated
study of several facets of the problem. To characterize the impurity

problem, the following studies have been performed:



(1) the impurities have been identified or tentatively identi-

fied and their concentrations determined where possible;

(2) the impurity radiated power has been measured;

(3) impurity release mechanisms have been studied;

{4) the power balance has been guantified;

{5) a phenomenological study has been performed to determine

the effects of impurities on the plasma behavior.

A subsidiary goal of this work is to characterize the behavior of
the gross plasma parameters. This effort is composed of the following
parts:

{L) ion and electron temperatures have been measured by spectro-

gcopic means;

{(2) available data have been compiled and analyzed to provide an

overall picture of the plasma behavior and development,
C. Motivation

There are several reasons for the pursuit of the impurity study.
Tokapole II is a tokamak device; all such devices are characterized by
impurity problems which are machine dependent. This research hasg deter-
mined the way in which impurities affect plasmas in the Tokapole II
device. Furthermore, Tokapole II is a tokamak with a poloidal mag-
netic divertor; as such, the machine might be characterized by impurity
effects different from those of conventional tokamaks. This work is a
study of impurity behavior in a divertor machine. One of the research
goals of this device is the study of the plasma-wall interaction. This

thesis describes the initial work of that nature and is a prelude to



further detailed studies of the impurity problem. Finally, the results
of this research may suggest techniques of impurity control for Toka-
pole IT.

The more general discussion of the basic plasma characteristics
is included primarily because it has not appeared anywhere else vet,
since Tokapele II is a new research device. The background presented is
needed to put the results of the impurity investigation info perspective.
Also, spectroscopic studies of impurities were used to measure the ion
and electron temperatures, guantities which have not yet been determined
by other techniques, and these studies are presented here.

D. Preview of the Thesis

Chapter 2 is a detailed description of the Tokapole II device, and
Chapter 3 is a discussion of the diagnostics used to acquire the data
for this study. The impurities were studied primarily with the techni-
ques of vacuum ultraviclet spectroscopy, and in-depth descriptions of
the spectroscopic instrumentation will be presented. Chapter 4 is
essentially an introduction to the field of vacuum ultraviolet spec-
troscopy: it contains discussions of instrumentation problems and of
the use of spectroscopic information to measure basic plasma parameters.
A discussion of the time development of several plasma quantities in
Tokapole II discharges is presented in Chapter 5, and the results are
analyzed to provide a coherent picture of the discharge behavior. Chap-
ter & presents the basic impurity measurements: impurity identifications

and concentrations, Z impurity radiated power, impurity doping ex-

eff’

periments, and impurity sources. Chapter 7 introduces a computer code



to model oxygen radiation. This code was used to determine the elec-
tron temperature and te study the influx of impurities in the dis-
charge. Doppler broadening measurements of the ion temperature are

also presented. BAn analysis of the power balance, calculations of the
energy confinement time, and comparisons of the confinement time with
empirical scaling laws are presented in Chapter 8. The final chapter
contains a summary of the results, an analysis of the role cf impuri-
ties in Tokapole II discharges, suggestions for further impurity studies,

and suggestions for impurity control techniques.



10.

1l.

12,

13.

14.

15.

16.

REFERENCES
R. ¥. Post, Rev. Mod. Phys. 28, 338 (1956}.
D. M. Meade, Nucl. Fusion 14, 28% (1974).
R. V. Jensen, B.E. Post, D. L. Jassby, Princeton Plasma Physics
Lab. Rep. PPPL-1350, 1977.
L. L. Gorelik, S, V. Mirnov, V. G. Nikolaewvsky, V. V. Sinitsyn,
Nucl. Fusion 12, 185 (1972).
J. L. Terry, K. I. Chen, H, W. Moos, E. S. Marmar, Nucl. Pusion
18, 485 (1978).
Equipe TFR, Nucl. Fusion 15, 1053 (1975).
N. Bretz, D. L. Dimock, E. Hinnov, E. B. Meservey, Nucl. Fusion
15, 313 (1975).
K. Odajima et al., Nucl. Fusion 18, 1337 (1978).
L. A, Berry et al., in Plasma Physics and Controlled Nuclear Fu-
sion Research {(Proc. 6th Int. Conf. Berchtesgaden, 1976) Vel 1,
IAEA, Vienna, 49 (1977).
M. shiho et al., Nucl. Fusion 18, 1705 (1978).
E. Hinnov, L. C. Johnson, E. B. Meservey, D. L. Dimock, Plasma
Phys. 14, 755 (1972).
H. P. Purth, Nucl. Fusion 15, 487 (1975).
E. Hinnov et al., Nucl. Fusion 18, 1305 (1978}.
R. J. Bickerton, Culham Laboratory, Report CILM-R 176, 1977.
S. A. Cohen, J. L. Cecchi, E. S. Marmar, Phys. Rev. Lett. 35,
1507 (1975).

E. Hinnov et al., Plasma Phys. 20, 723 (1978).



17.

18,

19,

20.

21.

22.

23.

24.

25,

26.

27,

28.

29,

30.

31.

32.

33.

34.

T.F.R., Group, Plasma Phys. 20, 735 (1978).

T.F.R. Group, in Proceedings of The International Symposium on
Plasma Wall Interaction, Jﬁlich, 1976 (Pergamon Press, New York,
1977), p. 3.

P, Staib, G. Staudenmaier, J. Nucl. Materials 76 & 77, 78 (1978).
G. M. McCracken, D.H.J. Goodall, Nucl. Fusion 18, 337 (1278).

K. Ohasa et al., Nucl. Fusion 18, 872 (1978).

L. Oren, R, J. Taylor, Nucl. Fusion 17, 1143 (1977), and Univ.

of Calif. at Losg Angeles, Report PPG-294, 1977.

M. Murakami et al., Phys. Rev. Lett. 42, 655 (1979).

R. J. Taylor, J. DeVilliers, F. Martin, Bull. Am. Phys. Soc. 20,
1373 (1975).

E. Meservey EE.EE:' Buil. Am. Phys. Soc. gg, 1075 (1977).

K. Bol et al., Princeton Plasma Physics Lab. Rep. PPPL-1492, 1978,
8. J. Fielding et al., Nucl. Fusion 17, 1382 (1977).

J. W. M. Paul et al., Culham Laboratory, Rep. CLM-P 502, 1977.
DIVA Group, Nucl. Fusion 18, 1619 (1978).

D. M. Meade, J. C. 8innis, in Plasma Wall Interaction, Proc. Int.
Symp. Jalich, 1976 {(Pergamon Press, New York, 1977), p. 683.

G. Haas, M. Keilhacker, in Plasma Wall Interaction, Proc. Int.
Symp. Jﬁiich, 1976 (Pergamon Press, Mew York, 1977), p. 691.

R. J. Taylor, L. Oren, Phys. Rev, Lett. 42, 446 (1979).

K. H. Burrellet al., Phys. Rev. Lett. 41, 1382 (1978).

. B. Meservey, N. Bretz, D. L. Dimock, E. Hinnov, Nucl. Fusion

16, 593 (1976).



35. R. Bardet et al., in Plasma Physics and Controlled Nuclear
Fusion Research (Proc. 6th Int. Conf. Berchtesgaden, 1976},

Vol II, IAEA, Vienna, 259 (1977).



10

CHAPTER 2

TOKAPOLE I1 ~=- THE MACHINE

Tokapole II, the University of Wisconsin's newest internal ring
machine, 1s the successor to the venerable Wisconsin Supported Toroi-
dal Octupole.l The vacuum chamber and internal rings were construc-
ted by the University of Wisconsin Physical Sciences Laboratory ma-—
chine shop, much additional hardware was fabricated by the University
of Wisconsin Physics Department machine shop, and the machine was as-
sembled by the plasma physics group of the University of Wisconsin
Physics Department. The first plasma in this machine was produced on
March 29, 1978. This chapter discusses the design characteristics,
specifications, and noteworthy features of Tokapole II. Much more
detail about the hardware aspects of the machine can be found else-
where.2'3

A, Design Characteristics

Tokapole II is a toroidal magnetic containment device with a
sguare minor cross section and four internal rings, each supported by
three rods. Figure 2-1, a view of the cross section of the toroid,
shows the vacuum poloidal magnetic field flux plot produced by current
in the rings. The poloidal field strength is zero at the center of the
Tlux plot and increases as the cube of the minor radius.

This device was designed to operate well as a pure octupole or as
a tokamak. Good octupole confinement legislated that the amount of
poloidal flux inside the last MHD gtable flux surface be as large as
possible and that the area of the supports for the internal rings be

as small as possible. Good tokamak performance was suggested by the



Fig.

2-1:

Vacuum poloidal magnetic field flux plot.

axis is to left.
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. . 2 .
empirical tokamak scaling laws: ne o BT/R and TE o nea where ne is
electron density, BT is toroidal field strength, R is the machine major
radius, a ig the plasma minor radius and TE is the energy confinement

, . . 2
time. The product neT is therefore proportional to (Bpa/R) , and to

B
maximize this product a large toroidal field and a small aspect ratio
(R/a) are desirable. Thus, Tokapole II was designed with a major radius
of 50 cm and a 44 cm square minor cross section. This provided a ma-
chine with the largest minor diameter and smallest aspect ratio which
could reasonably fit inside the window of the existing transformer core.

The toroidal field was designed to operate up to L0 kG. With ex-
isting capacitors a field of 5 kG can be achieved; capacitors currently
being acquired will allow operation to 8.5 kG. A 20 msec L/R time was
chosen for the toroidal field to provide a discharge length much longer
than the energy confinement time.

Great attention was paid to magnetic symmetry and to the reduction
of field errors. A degenerate octupole magnetic field null was deemed
very important to allow easy start-up of the toroidal plasma current
and formatiqn of the desired Tokapole equilibrium. The machine was de-
signed to be as clean as possible and to operate at a high base vacuum
(low pressure). A clean machine is essential to reduce the severity of
the impurity preoblem in tokamak operation.

Another requirement was that the number of diagnostic ports be
large and that diagnostic access be adequate. A closely related re-—
quirement was that access for maintenance be good and that disassembly
of the machine be as simple as possible. Over-riding concerns in all

phases of the design were that components be as reliable and maintenance-~
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free as possible.

B. The Vacuum Vessel

Figure 2-2 shows a view from the top of the Tokapole II vacuum
vessel, while Fig. 2-3 shows a view of the tank cross section. As al-
ready indicated, the major radius is 50 om while the minor cross sec—
tion is square with sides of 44 cm. The minor diameter of the rings is
5 cm, and their positions are indicated in Fig. 2-3. The vacuum vessel
itself consists of two pieces -- a tank consisting of two concentric cy-
linders welded to the bottom plate and a 1id. fThis vessel is constructed
from three cm thick type 6061-T6 aluminum, which has a good compromise
of yield strength (40,000 lb/in2) and conductivity (45% TACS). The re-
sulting L/R time is about 15 msec.

Conducting walls have several advantages. For instance, machines
with conducting walls have a higher degree of magnetic symmetry than ma=-
chines with non-conducting walls. However, conducting walls require the
existence of insulated gaps to allow penetration of the magnetic fields
into the vacuum chamber. The toroidal and poloidal gaps are made with
4" viton sheet which has been compressed to 0.180". Shields of Macor
(Corning machineable ceramic) and stainless steel have been used to pro-
tect the gaps from plasma.

A total of 42 ports are located along radial lines at 30° intervals
around the machine. This layout permits good diagnostic access, allows
the toroidal field windings to be straight and short, and thus has pexr-
mitted a high degree of symmetry in the winding of the toroidal field

coil. See Fig. 2-2.



Fig.

AN

Top view of vacuum vessel, toroidal field coil
channels, and transformer core. Top leg of core

18 not shown.
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Fig. 2-3:

Vacuum tank cross section with dimensions and posi-
tions of internal rings. Midplane and midceylinderx

are indicated by dotted lines.
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C. Poloidal Field

Figure 2-1 shows the computer-drawn poloidal flux plot chosen for
Tokapole II. In this magnetic configuration, half of the poloidal flux
is common (is linked by all four rings) and half is private (is linked
by only one ring), so that a filament of current on the magnetic axis
links half of the total flux. Since the iron core saturates at 0.15
volt-gseconds (with cocking), the available pcoloidal flux is 0.15 webers.

Computer calculations showed that the degenerate field null is
very sensitive to ring positioning and that a movement of one ring by
L mm was sufficient to break the null into three non~degenerate field
nulls separated by a few cm. Thus, considerable attention was directed
to ensuring that the tank, supports, and rings were manufactured to high
precision and that the rings would be positioned properly with respect
to the tank walls. Furthermore, the rings can be adjusted vertically
T 5.0 mm from their normal positions to permit fine~tuning of the null.

Careful design was used to minimize poloidal field errors which
are inevitably associated with the poloidal gap in the conducting wall.
Toroidal currents, images of the ring currents, flow in the walls and
these are returned around the transformer core with copper shells,
called continuity windings. The conductivity of these windings was
tailored to the current density in the walls to reduce the poleoidal
component of the current flowing through the walls and continuity wind-
ings. The primary windings were placed very closgse to the continuity
windings to reduce leakage flux. Furthermore, the turnsg of the primary
winding were spaced non-uniformly so that the current density in the

primary would be proportional to the surface current density in the
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walls, in order to further reduce poloidal currents at the poloidal
gap.z

Holes in the conducting wall introduce a dipole field error in the
poloidal field, but the effect of these can be minimized if the holes
are placed symmetrically about the midplane. Thus, magnetic symmetry
was preserved by arranging ports, where possible, in pairs about the mid-
plane. The major exceptions to this are two 7.5" diameter pumping ports
on the bottom of the tank. Field errors at these ports have been reduced
by inserting partially transparent copper plugs in the holes to carry
the image currents.

At peak designed magnetic field, each inner ring experiences a ver-
tical magnetic force of about 12,500 1lb while each outer ring experiences
a force of about 8000 1b. The three supports for each ring also exper-
ience the same magnetic forces as the ring. During a current pulse,
cach ring-support system rebounds after the initial impulse, and the ap-
plied forces during the rebound exceed the original forces by a factor
of about 1.7, During the rebound, each inner support experiences a
force of about 7000 1b while each outer support experiences a force of
about 4500 lb. The rings also support horizontal forces. The require-
ments for the ring material of good conductivity and high strength were
gsatisfied best by a chromium-copper alloy, Ampcoloy 27, which has a
yield strength of 43,000 lb/in2 and a conductivity of 78% IACS. A heat-
treated beryilium-copper alloy, Berylco 25 HT, which has a yield strength
of 165,000 lb/inz, was chosen as the hanger material. The hangers col-

, 2
lectively expose a total area of 133 cm to the plasma.

For the results presented in this thesis, the poloidal field
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energy source was a bank of 30-240 PF, 5 kV capacitors. Thus, the to-
tal capacitance was 0.0072 ¥ and the maximum energy available was

90 kJ. The inductance LR and resistance RR of the rings are given as
functions of time by4

0.219 + 0.06838 (1 - g 3% £ WH (2-1)

i

L
R

R = 7.8 + 16.9 o 220 ¥ 1, (2-2)

R

i

where t is time in seconds after the eginning of the poloidal field
pulse. The time dependences take into account the penetration of the
magnetic field into the rings. With a 40:1 turns ratio on the trans-
former, the poloidal field shape in time is sinusoidal with a half
period of 5.6 msec. From Egns. 2-1 and 2-2, the L/R time of the rings
is 9 msec at t = 0 and 37 msec at t = o,

A power crowbar, consisting of a 900 Vv, 0.025 F, 10 kJ capacitor
bank can be used to extend the length of the poloidal field pulse. This
bank will be replaced by a new 450 VvV, 0.5 F, 50 kJ bank,.

D. Toroidal Field

The location of the toroidal field windings is illustrated in
Fig. 2-2. With the 30° port spacing, a toroidal field coil of 24 sec-
tions was allowed. Since the vacuum vessel is conducting, toroidal
field symmetry is assured if the toroidal winding crosses the toroidal
gap at evenly spaced intervals. The winding was carefully installed
to maximize the symmetry. Three channels wmade of 2" % 1 3/4" x 1/8",
6063~T52 aluminum fasten each section to the tank., The winding actual-
ly consists of 96 turns s¢ that each section includes four turns. For

the work to be described, the winding was made from two 400 £t sections
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of AWG 4/0 high~temperature welding cable. The insulation of this wire
suffered excessive abrasion during its use, and it has been replaced
with a new winding of AWG 4/0 wire with a highly abrasion-resistant in-
sulation, called hypalon. The mechanical strength of the channels and
stainless steel hold~down studs is sufficient to permit toroidal fields
of 10 kG.

Energy for the toroidal field is supplied by a bank of 42-240 1F,
5 kV capacitors with a maximum storage capacity of 126 kJ. With the
96 turn toroidal winding, this bank can produce a field of 5 kG on the
magnetic axis, and as a function of time the field igs sinuscidal with
a half pericd of about 10 msec. An ignitron is used to passively crow-
bar the toroidal field when it reaches peak strength, and thus the
toroidal field varies slowly (by ~20%) for the duration of a typical
plasma discharge.

E. Vacuum System

Tokapole II has a volume of 600 liters and an internal surface
area of about 6 square meters. These surfaces are primarily aluminum
and copper. Vacuum pumps are a 1500 liter/sec turbomolecular pump
(Sargent Welch model 3133) and a 1000 liter/sec 10° K Ultek cryopump.
Experience on Tokapole I and on Tokapole II has been that in a leak-
tight vacuum system, the main residual gas is water vapor. A 50 hour,
60-80 °C bake on Tokapole I reduced its base pressure by a factor of
about 2 and helped to produce a record vacuum in that machine. An
analysis of the vacuum system of Tokapole II suggests that a 100-150 °C
bake of Tokapole II should reduce the pressure due to metal outgassing

to the low lOHlO Torxr range.5 At that peint, the Viton vacuum seals
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used on the machine would be expected to limit the base pressure.

After a 150 °C bhake, Viton hag a much higher outgassing rate than the
metal; furthermore, permeation of atmospheric gasses through the Viton
would then become comparable to or greater than the outgassing. After
a bake, Viton is predicted to contribute a partial pressure of about

8 x 10~9 to 1.6 x 10“8 Torr to the base pressure.S Because of the dif-
ficulty in predicting vacuum performance of various materials and pumps,
these calculations are a crude estimate, but they suggest that a base
vacuum of at least 1 x 16—8 Torr should be achievable on this machine.
To date, the record base vacuum has been 3 x 10_8 Tory after a 70-75 °C
bake.

Because of the serious nature of the impurity problem in hot plas-
mas, great care has been taken to eliminate undesirable materials from
the interior of Tckapole II. Vacuum grease is not allowed anywhere.
Prior to assembly, the interior of the tank was cleaned with barco-
thene (similar to tricloroethylene), and this was followed with an ace-
tone rinse and then an alcohol rinse. Vacuum pumps which would not in-
troduce ©il into the wvacuum chamber were chosen, and great care has
been taken to prevent roughing pump o0il from backstreaming under any cir-
cumstances into the vacuum chamber. Only a limited number of materials
is permitted in the vacuum. The following materials may be exposed to
the plasma: aluminum, copper, stainless steel, Macor, alumina, 95/5
solder, beryllium, chrome, and gold. The following materials may be
used but must be shielded from the plasma: viton, teflon, quartz, pyrex,

tungsten, nickel, mica, kovar, and Sauereisen cement.
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At the present time, baking is accomplished by circulating hot
water through a set of aluminum bosses placed between the toroidal
field coils on the side of the machine. Eventually, hot oil will be
flowed through this system to raise the machine temperature to ~150 °C.
Cold water is circulated through the same system to quickly coocl the
machine to room temperature.

Discharge cleaning is performed by pulsing the toroidal field to
about 1 kG every 2 sec and ringing the poloidal gap with a decaying sine
wave voltage which has an initial amplitude of about 60 volts and a
frequency of 2.7 kHz. Reference 3 contains a circuit diagram of the
discharge cleaning apparatus.

Table 2-1 is a summary of Tokapole II parameters.
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TABLE 2-1: PARAMETERS OF TOKAPOLE IX

MAJOR RADIUS: 50 cm
MINOR CROSS SECTION: 44 cm x 44 cm square
TOROID WALLS: Aluminum, 3.0 cm thick with poloidal and toroidal in-
sulated gaps
VACUUM VOLUME: 600 liters
VACUUM SURFACE AREA: 6 sguare meters
NUMBER OF INTERNAL RINGS: 4 {copper, 5 cm dia., supported at 3 points)
PCORTS: 2-7.5" dia., 5-4.5" dia., 22-1.5" dia., 13-0.25" dia.
BT ON AXIS: 5 kG (extendable to 10 kG by the acquisition of additional
capacitors)
L/R TIME OF BT: 20 msec
AVAILABLE OH VOLTAGE: 125 volts
POLOTDAL FLUX: O0.15 webers
AVAILABLE ENERGY (POLOIDAL + TCOROIDAL FIELDS): 216 kJ (72-240 UF,
5 kV capacitors)
BASE VACUUM: b5 x 10_8 Torr (1 x 10“8 Torr expected after 150 °C bake
is available}
PUMPING SYSTEM: 1500 %/sec turbomolecular pump, 1000 %£/sec 10°¢ X
cryopump, (titanium getter pump might be installed)
BAXKEOUT TEMPERATURE: 75 °C (150 °C with hot oil system), quick cool
to <50 °C in 15 minutes

PREIONIZATION: 5 kW, 2.45 GHz; 10 kW, 9 GHz; 10 kW, 16 GHz ECRH
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CHAPTER 3

DIAGNOSTICS

This chapter describes the diagnostics which were used to acocummu-
late the data for this thesis. Most of the data were taken with the
three spectrometers to be described and with the soft x-ray (SXR) detec-
tor. Some of the diagnostics were used by other individuals, and cer-
tain results obtained by them are quoted here. These diagnostics in-
clude all electrical probes which were used to cbtain spatial profiles
of plasma parameters: B coils, the electric field probe, the small Ro-
gowski coil, and Langmuir probes. Reference 1 contains additional infor-
mation about the sgpectroscopic diagnostics.

A. Near Ultraviolet-Visible Monochromator

A Model 82-010, l/2-meter Jarrell-Ash monochromator, equipped with
a 1180 line/mm grating blazed at 5000 R, was used to perform spectro-
scoplic measurements in the range 2000-6600 ;_ The instrument has an
Ebert-Fagtie grating mounting,2 and it can be gcanned to 8500 g. The
reciprocal linear dispersion of the grating at the exit slit is 16 g/mm.
Normally, 50 micron entrance and exit slits were used for routine work,
and 10 micron slits were used for high resolution. The maximum resolu-
tion was about 0.4 ; for the hydrogen A4861 g line {hereafter to be de-
noted as HI 4861.) Photons were detected by an RCA 1P28 photomultiplier
tube or by an EMI 9635 OB photomultiplier tube (PMT), which had a better
signal to noise ratio than the 1p28.

This monochromator views the plasma through a 4-1/2 inch diameter
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o
guartz window, which transmits well down to about 2000 A. The instru-
ment can be mounted on a TV camera base and tilted at various angles to
provide spatial information about the origin of the impurity radiation.

B. Vacuum Ultraviolet Survey Instrument

A 1/2-meter Seyva-Namioka spectrometer, designed and built by Prof.
R. N. Dexter's group, was used to provide a quick panoramic view of the
vacuum ultravioclet (VUV) spectrum in the 500-1250 ; region. A 1200
line/mm maghesium fluoride-coated aluminum congave grating, blazed at
1300 g, with a radius of curvature of 50 cm and a reciprocal linear dis~
persion of 14.5 g/mm, has been used for the data presented in this
thesis. At present, a gold grating, with 1200 line/mm and a blaze at
700 ; is being used in the instrument, and this grating extends the use-
ful range to 300-400 R.

This survey instrument is illustrated schematically in Fig.3-1, A
typical Seva has fixed entrance and exit slits which subtend an angle
of 70.5° at the grating. This mounting provides an instrument which can
be scanned by rotating the grating about its axis while minimizing focus-
ing errors at the exit slit.2 The concave grating serves to disperse
the incident light and to focus images of the entrance slit onto the
exit plane.

The instrument used here has a 50 micron entrance slit while the
exit slit has been replaced by a 75 mm diameter microchannel plate in
the exit plane. This detector is essentially an electronic piece of
film; it records all of the spectral lines incident upon it as a piece

of photographic film would. The detector used is a Bendix BL 6075



Fig. 3-1:

Schematic of vacuum ultraviolet survey

apparatus.
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Channeltron Electron Multiplier Array which will alsc be called a CEMA
or channeltron array. It consists of thousands of glass tubes of di-
ameter 451 which are internally coated with a secondary emitting semi-
conductor material and which are placed side by side as illustrated
schematically in Fig.3-2a. PFig. 3-2b shows a side view of one of the
tubes. A potential difference of -~1 kV is applied between the ends
of the tube. Photons incident inside the tube produce secondary elec-
trons which are accelerated toward the positive end of the channel and
continue to produce more secondary electrons as they collide with the
walls of the tube. Typically, 103 - lO4 electrons are produced for
each incident photon. Some microchannel plates, including the one
used on the 1/2-m Seya, have a phosphor-coated screen which is at a
positive potential (~5 kV) with respect to the positive end of the
channels. The electrons strike this screen, produce visible photons,
and the result is that one VUV photon has been converted into visible
light. Fig. 3-2a shows how several channels produce a visible image of
a VUV spectral line. Microchannel plates have a sensitivity range of
about 2-1500 ;_ The CEMA has 18 detecting elements/mm.

A photographic film can be exposed to the phosphor screen for the
duration of a discharge to produce a record of all plasma VUV spectral
lines in the range of accesgsibility. Since the phosphor, type P-11,
has a useful time response of less than 1 isec, it can be used to pro-
vide information on the time evolution of the VUV spectrum and this has
been done in the manner illustrated in Fig.3-l. A gated storage vidicon
(Quantex Integrating Digital TV System) can be turned on for short time

periods during the discharge. (It can be triggered whenever desired



Fig. 3-2a:

Fig, 3-Z2b:

End view of channels in micro-channel plate

(CEMA) .,

Side view of one channel in CEMA. Phosphor screen

and biasing power supplies are illustrated.
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and maintained in the on condition for periods of 5 Hgsec - 100 msec.)
buring the time that the vidicon is on, it views the phosphor screen
and steres in its memory all of the observed information. A continu-
ous display of the contents of the memory, a picture of the spectral
lines from the CEMA, is produced on the TV screen, and this can be
photographed. Clearly, with a small number of discharges, the CEMA and
vidicon can be used to provide a series of pictures, which show the
temporal evolution of the VUV spectrum. The vidicon camera has
200 % 256 elements.

As it is set up, the 1/2-m Seya is capable of a resolution of 1-2
R at the center of the spectrum. If phosphor blume is avoided, the CEMA
has a resolution of 1-2 g. The typical resolution has been 2-4 ; for
these experiments. The affect of the vidicon on the system resolution

can be controlled by use of a lens.

C. l-m Seya-Namioka Monochromator

A 1-m Seya-Namioka monochromator has been used to obtain detailed
guantitative and qualitative information on individual spectral lines.
This instrument's main features were conceived by Professors R. Dexter,
C. Pruett, and J. Tayler, it was designed by Dr., C., Pruett, and the de-
tailed design and construction were performed by the University of Wis-
consin Physical Sciences Laboratory.

This device has adjustable entrance and exit slits and has a 1440
line/mm concave gold grating, blazed at 700 g, with a radius of curva-
ture of 1 meter and a reciprocal linear dispersion at the exit slit of

o
6 A/mm.

This instrument is eguipped with twe detectors. One is an EMI



model 9643/2B windowless electron multiplier with Cu-Be dynodes which
are sensitive to photons in the 200-1300 R range. It is not sensitive
to visible wavelength photons which become increasingly bothersome as
scattered light when the monochromator ig observing small wavelengths.
An internal mirror can be used to deflect photons into a second detec-
tor. This detector consists of a sodium salicylate phosphor, which cone
verts vacuum UV photons into visible photons in a wavelength range which
is peaked at 4200 g,z and of a standard visible photomultiplier tube
with an S-11 response (peaked near 4000 R) which is then used to chserve
the visible photons. The quantum efficiency of sodium salicylate is
relatively flat at roughly 65% for the wavelength range 3400-4000 g,
and the phosphor decay time is ~7-12 nsec.2

This type of detector is very convenient as it replaces an open
tube, whose dynodes are easily degraded by contact with water vapor and
¢il. The visible PMT used in this combination is an EMI model 9635E.

The one-meter instrument was absolutely intensity calibrated so that
for a given signal, the number of photons striking the grating was known.
The details of the calibration procedure can be found elsewhere.l’3

D. Pilter-Detector Combinations

A useful diagnostic has been a combination of a filter which trans-
mits photons in a small wavelength range and an appropriate detector
to convert the photons into an electrical signal. Such an arrangement
is compact and can be mounted on a swivel port and used to obtain spa-
tial data on the origin of impurity radiation. The drawback is that

such a detector observes several spectral lines at one time.



36

In the near ultraviolet and visible, interference filters with
passbands of about 100~200 R are used in combination with a PMT. 1In
addition, filters designed specifically to pass the resonance lines of
Cul, ALI, CrI, and Bel can be used to observe metal production in the
plasma.

The choice of filters in the VUV is very limited. Lithium fluoride
is used to transmit to about 1100 g. for shorter wavelengths, thin,
fragile films are used to transmit in various regions of interest. VUV
filters used on Tokapole II and their passbands have been: Al: 1% Si
alloy (120-900 g), LiF (1100 £ - vigible}, Be {110-700 K)' and poly-
propylene {(40-210 i}. Detectors used for these filters are channeltrons,
which are simply larger versions of the individual tubes in the channel-
tron array, which has been described already. The main difficulty with
the channeltrons is that they saturate at relatively low photon fluxes,
although this can be prevented by reducing the high voltage on the detec-
tor.

A polyvpropyvlene f£ilter has been the most ugeful of all, This mater—
ial is cheap, transmits in the visible and usefully transmits between
about 200 ; and 40 i when stretched to sub-micron thickness. Since chan-
neltrons are not sensitive to visible light, the polypropylene-channel-
tron combination is sensitive only to photons in the short wavelength
goft x~ray region.

E. Residual Gas Analyzer

A Veeco SPI-10 monopole residual gas analyzer (RGA) is used to iden-
tify the gases present in the vacuum chamber. Its day-to-day function

is to identify the presence of vacuum leaks, as the signature of a leak
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is a nitrogen peak with small oxygen and argon peaks. In addition, the
RGA is used to analyze the purity of hydrogen or other gases used in

the vacuum chamber and to monitor the production of water vapor, methane,
and carbon monoxide during discharge cleaning., This instrument has been
used to study gas recyecling in discharges on Tokapole 1.4 In conjunc-—
tion with a stream of electrons used to desorb impurities from the
vacuum chamber wall, it has been used to identify impurities present on
the wall.5 It was also used to study early wall-cleaning experiments in
the Supported Octupole.6

¥. Fast Tonization Gauge

A slightly modified Veeco RG 75K Bayard-Alpert ionization gauge has
been mounted with a high conductance opening to the vacuum vessel. Its
home-built power supply has been designed to provide a very well regula-
ted electron emission current from the filament of the gauge. This
gauge is used to follow fast pressure changes before, during, and after
a discharge. It is also used to determine the filling pressure of H2
and other gases which have been introduced into the machine by a fast-
acting valve.

G. Plasma Current Monitor

Because of the presence of currents in the internal rings, it is
difficult to measure the toroidal plasma current, which is about 20% of
the current in the rings. Sprott has treated the plasma as a circuit
element in the secondary of the ohmic heating transformer and developed
an analog electronic circuit which determines the plasma current from
measurements of the poloidal gap voltage and current in the primary

7,

of the transformer. The most troublesome feature of this model ig
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an assumption that the plasma current flows only on the magnetic axis.
Current flowiﬁg near the walls is over-estimated by a factor of nearly
two. After a variety of measurements, however, the model has been
shown to provide good results and probably is accurate to within 25%.

H. Rogowski Coils

A large Rogowskl coil, with a square opening that measures
21.6 x 21.6 cm, can be rotated into the plasma. It surrounds as much
as possible of the current flowing within the region bounded by the
four internal rings and essentially surrounds all of the plasma current
flowing within the separatrix created by the plasma. A smaller Rogowski
coil, with an opening of area 4.0 cm2 is installed in a swivel port and
is used to obtain spatial data on the current density.

I. Microwave Interferometer

A 40 GHz phase shift microwave interferometer is used to measure
the line-averaged electron density on the mideylinder. Although the cut-
off density at this frequency is 2 x 1013 cmus, the signal is cut off at
a density about half of that. Reasons for the early cutoff might be re-
fraction of the microwave beam, reflections at steep density gradients,
or scattering by turbulence. A 70 GHz interferometer will be installed

in an attempt to avoid these problems.

J. Langmuir Probes

For operation of the machine in the octupcle mode, a specially-
shaped Langmuir probe, the line-average probe, ls permanently situated
in the bridge region and measures the ion saturation current averaged
over all flux surfaces. A second electrode has been installed in the

machine, and in normal operation the line-average probe is biased with



39

respect to this electrode and is operated as a double probe. In tokamak
operation, this probe yields a density which is about 5 times smaller
than the central density, and in fact it gives the density in what

will be called the scrape-off region.

To obtain information on spatial variations of ion saturation cur-
rent, electron density, and electron temperature, conventional single-
tipped Langmuir probes, double probes, and triple probes are used in
swivel ports tc scan the plasma. Use of these and other electrical
Probes has been complicated by the fact that they are easily damaged in
the hot plasma and because they produce considerable perturbations in
the central current channel and may alter the parameters which they are
intended to measure.

K. Electric Field Probe

To measure the toroidal electric field strength as a function of
space, ah electric field probe is used.8 It consists of a single turn
of wire, and is oriented so that the plane of the wire is perpendicular
to the poloidal magnetic flux. The measurement technigque is described
in Reference 8.

L. Magnetic Probes

A magnetic or B probe consists of a coil of wire, and it measures
the time rate of change of magnetic flux through the plane of the coil.
The signal from such a probe has been time-integrated and used to obtain
experimental poleoidal f£lux plots.9 Magnetic probes are used to observe
magnetic fluctuations. A large coil, placed near a window, has been
used to measure poloidal magnetic field fluctuations outside of the

machine, and this coil is simply a monitor of MHD activity in the plasma.
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M. External Field Measurements

The poleidal or toroidal gap voltage is measured directly by con-
necting an oscilloscope or analog-to~digital converter directly across
the appropriate gap. Current in the poloidal field primary is deter-
mined by measuring the voltage across a resistor in series with the
primary. The toroidal magnetic field is measured by integrating the
toroidal gap voltage over time.

N. Computer

A PDP 11/20 digital computer and a set of Biomation analog-to-

digital converters are used for data acquisition and reduction. The

Biomation units will be replaced with Camac modules.
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CHAPTER FOUR

SPECTROSCOPY PRIMER

This chapter presents an introduction to the analysis of plas-
mas by spectroscopic technigques. It includes discussions of line radi-
ation, of the coronal eguilibrium and time-dependent coronal models
used to interpret plasma emissions, of techniques used to obtain in-
formation on electron temperature, radiated power, and impurity densi-
ties and influxes, and of basic radiometric concepts which are needed
to convert signals from a detector into quantitative information about
radiation in a plasma.

A. Introduction to the VUV Region

In the electromagnetic spectrum, the 4000-7000 ﬁ region is referred
to as the visible region, the 2000-4000 g region as the near ultraviolet,
and the 2-2000 g region as the vacuum ultraviolet. The vacuum ultra-
violet range of wavelengths is sometimes subdivided into the extreme ul-
traviclet (EUV), extending from 300 £ to 1000 R, and the soft x-ray re-
gion (SXR), extending from 2 g to 300 ﬁ.

The atmosphere strongly absorbs radiation at wavelengths shorter
than about 2000 R, so that spectrometers used below 2000 ﬁ must normal-
ly be evacuated (hence, the name "vacuum ultraviolet"). Some gases,
such as nitrogen and the noble gases transmit for a few hundred i below
2000 ﬁ, and spectrometers are occasionally filled with those gases for
work in the accessible wavelength regions.

The cheoice of transmitting and reflecting materials in the VUV

is very restricted, and the efficiencies of available optical materials
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is seldom near 100%. As a result, the number of elements in a VUV
spectrometer is kept as low as possible; typically, the only optical
element is a concave grating, which disperses light and forms a fo-
cused image of the entrance slit on the exit plane. Usually, the spec-
trometer is connected directly to the radiation source with no inter-
vening window. The performance of most materials and detectors in the
VUV is seriously degraded by exposure to hydrocarbons (from vacuum
pump oil, for instance) and by exposure to water vapcr. Therefore, VIV
materials and detectors must be maintained in clean, dry environments.
For more information about useful materials or experimental technique
for the VUV, the interested reader is referred to Refs. 1-3.

B. Line Radiation

Most of the electromagnetic energy radiated from tokamak plasmas
is in the form of line radiation. (Bremsstrahlung becomes increasingly
important as the average plasma electron energy increases.} Line radia-
tion is a description of the emission at discrete wavelengths from excited
atoms or lons; these photons produce the familiar spectral lines. Photons
radiated from tokamak plasmas have energies which are typically compar-
able to or less than the average electron energy. Thus, the 100 eV elec-
trons in Tokapcle II discharges produce photons primarily in the 10 -
100 ev (1200 - 120 g) range.

Line radiation during the ionization phase of a discharge is pro-
duced mainly by hydrogen atoms. After the hydrogen is ionized, it can
no longer emit line radiation, and the bulk of the line radiation in a
tokamak discharge is produced by impurity ions which are not fully io-

nized. Plasma electrons can strip, from ions, electrons whose ionization



44

energies are less than or comparable to the average energy of the plas-

ma electrons. Table 4-1,which lists the icnization energies of the ox-
ygen ions,4 helps to illustrate this idea. (The spectroscopic notation

0OI refers to atomic oxygen, 0II refers to O+, etc.) Oxygen ions in

charge states up to and including OVII can be produced by the 100 eV elec-
trons in Tokapole plasmas; however, the plasma is unlikely to remove the
OVII optical electron, which has an ionization energy of 739 eV, to form
OVIEI. All of the oxygen ions in Tokapole plasmas, therefore, produce
iine radiation. Other impurities in Tokapole discharges behave similar-

1y, both gualitatively and gquantitatively, to oxygen.

TABLE 4 ~ 1

TON IONIZATION ENERGY
(ev)

oI 13.6

OII 35.1

OIIX 54.9

o1V 77.4

ov 113.0

ovI 138.1

OVII 739.1

OVIII 871.4

The character of the line radiation from a typical impurity ion

. . ) , 4-
will be illustrated by an analysis of the energy level diagram of OV 6

(Fig. 4-1}. The term diagram is split into singlets and triplets, cor-
responding respectively to a total spin S of O or 1, and there are few
transitions of any kind between the singlets and triplets. Nearly all

2, 2 3

. . 2
of the OV ions are in the ls 2s lSO ground state or the ls 2s2p P



Fig. 4-1:

Energy level diagram of OV.
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metastable state. In Fig. 4-1, the designations of each level refer to
the electron(s) which must be excited to produce the level.

The singlet system will now be discussed. The 2p state has the
highest probability of any level of being excited (by electron colli-
sions) from the ground state. For electron temperatures above 10 eV,

the electron excitation rate coefficient <OV>exc is about 2 x 10—8 cm3/

. ‘s . . 1 -3
sec.7 If, in addition, the electron density n is 1 x 10 3 cm o, then

an OV ion will be excited from the 2s to the 2p level in about 5 x 10_6
sec (1/n <0V>exc). The ion de-excites in about 3 = lO“lO sec,4 and so
a very bright line is produced at 630 g. (Transitions for which the
principal quantum number n does not change are called An = 0 transitions
and typically produce the brightest lines for ions.)

Other states in the n = 2 shell are the 2p2 lS and the 2p2 lD
levels. These levels can be excited from the ground state or the meta-
stable 3PO level,6 but the excitation rates to those levels are smaller
than to the 2p 1PO term. Excitations to the n = 3 shell start to be-
come important only when the average electron energy is comparable to the
required excitation energy of 70 eV. Even then, the excitation rates to
these levels is roughly an order of magnitude smaller than those to the
2p level. Thus, the 630 £ line is normally the brightest line of the
singlets.

Simitar considerations apply te the OV triplets and to the other im-
portant ions in Tokapole discharges. The dominant line radiation in
Tokapole dischargesg occurs at wavelengths shorter than 1500 ; and can

only be studied by the techniques of VUV spectroscopy.
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C. Cozxonal Equilibrium

To make guantitative measurements from observed spectral lines,
knowledge of the population densities of excited states of an icon and
of the population densities of ions in different ilonization states is
needed. These populations are simply calculated if the plasma is in

3,8~10

thermodynamic equilibrium, but the energy levels and ionization

states of ions in tokamak plasmas are not in thermodynamic equili-
brium.S'll
The coronal model, originally devised to describe the low density.
high temperature plasma of the solar corona, applies well to tokamak
plasmas for which the relevant atomic processes are in equilibrium.
The basic assumptions of the wmodel are the following:g'9
1) The electrons have a Maxwellian distribution. The ions have a
mean velocity comparable to or less than that of the electrons sgo that
excitation and ionization by the icong can be neglected,
2) The densities of the ions in excited levels are negligible com-
pared to the densities of the iong in the ground states.
3) There is a balance between ionization by electron collisions

and recompination by the radiative and dielectronic recombination pro-

cesses. This is expressed as

g . - g -
nn_ S(ie,z,g) nng . a(Te,z+l,g) {(4-1)
where ng is the density of ions of charge z in the ground state g, § is

the ionization rate coefficient for these ions, and ¢ is the sum of the
dielectronic and radiative recombination rate coefficients for the ions

of charge z+l. A rate coefficient has units of cm3/sec and is a Maxwel-
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lian average over the cross section for the given atomic process. For

example,
S(Te:Z:g) =< g (V,Z,Q)> (4-2)

where v is the electron velocity, ¢ is the cross section for ionization
of ion z and Te is the electron temperature.

4) The population of excited level m of an ion is determined by a
balance bhetween the rate of electron excitations to level m from the
ground state and the rate of spontaneous radiative decay of the excited

level:

g ) }
Aty Qg,m(Te) Tz gem Am,q (4-3)

where Qg,m is the electron excitation rate coefficient from the ground
state to level m, ng is the density of ions of charge z in level m and
Am, is the transition probability for spontaneous emission from level
m to level g, where level g has a lower energy than level mn.

5) The emission E of a line produced by a transition between levels

m and j is given by

E .=n"2a .=T .nn%g (1) (4-4)
m,] 2 M, 3 m:3Jj ez "gm e

where Em 4 is the number of photons being emitted from a cubic cm of the
r

prlasma per second (units of photons/sec/cm3) by transitions which take

level m to J and Tm 3 is the branching ratic. This is expressed as
r

Pm,j = "}f“*};*—— {4-5)

Caution is often necessary in applying the coronal equilibrium

model. Equation (4~1), which describes the population densities of the
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various ionization states of an element, is applicable only when the

electron temperature, the electron density, and the densities of the

ilonization states are not changing. McWhirter provides a general aesti-~

mate of the relaxation time T for the achievement of icnization state
R -

corcnal equilibrium of

1012

n
e

sac, {4-6)

where n is in cm—3. The relaxation time is about 0.1 sec for Tokapole
plasmas. Clearly, Eq. 4-1 cannot be applied to Tokapole plasmas, al-
though 1t can be used to provide a lower estimate of Te'

In general, coronal equilibrium of the excited states of an ion
is achieved relatively quickly {on the order of 10_8 sec),s80 that Egs.
(4-3) and (4-4) are appropriate for the time scales of tokamak plasmas.
However, the application of Egs. (4~3) and (4-4) to any level other than
the first excited level might be incorrect since there are other mech-
anisms which could populate the level. Excitation from metastable
levels and cascading from higher excited levels are two such possibili-

G _ . .
:8,12-15 The model normally works well for the first excited

ties.
states of ions and for lithium-like ions, which have three electrons and
no metastable levels, and it is applicable to other levels in favorable

cagses.

D. Time Dependent Coronal Model

To calculate the densities of the lonization states of an element

for a plasma in which ionization equilibrium has not been obtained, the

. . 8
following set of rate equations must be solved: P15
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dn
fe]

at HSO(Te) e To * 0Ll(Te) Refy no/T * ¢o

dn
Z

dt

- - n_ o+ +
SZ(Te) nenz uz(Te) ne ” Sz_l(Te) nenz_ o {(T" Jn n

1 z+l e’ e z+l—nz/T

dn
zl = -azl(Te) nen

+8 . (T)n n -n /T . (4-7)
3t zl-1l""e

zl-1l e 21

zl

In these equations, n is the density of iong of charge z, n, is the elec-
tron density and is a function of time, T is the particle confinement
time, ¢ is the influx rate of fresh impurities, which are assumed to be
in the atomic state, and zl refers to the most highly charged ion (the
limit ion) produced by the discharge. SZ is the ionization rate coeffi-
cient for ionization of ion z and az is the recombination rate coeffi-
cient for ion z going to ion z-1.

The set of equations (4~7) has two useful limits for the steady
state case (dnz/dt = 0 for all =z). If 7 is large enough that the terms
nZ/T can be neglected, and if the source term ¢O can be neglected, then
the set (4-7) reduces to Eg. (4-1) for all z. This situation is well ap-
proached in the hot core of a leng~lived tokamak discharge.ls

Another limit of the set (4-7) can be applied to the recycling im-
purities, which are in cylindrical shellsl6 at the perirhery of a toka-
mak discharge. For this case, the particle confinement time is low, the
source term cannot be neglected, and Te is sufficiently high that recom-
bination can be neglected.

In this limit, T is sufficiently small so that Ffor some limit ion

of charge zl, the following relation is true:
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<1 < e o s o o <5 ~8
S.1 /n,T <S8 0 o {4-8)

This condition is actually met in Tokapole plasmas where OVII is the
limit ion for the oxygen ions, and the condition means that the limit
ions are lost before they can be ionized to the next charge state. If
recombination can be neglected, then the set of eguations (4-7) be-

comes in steady state

= s +
¢o nO ne o nO/T

= - -+ < < — -
e} nZ ne Sz nz__l ne Sz_l nZ/T r 1<2 < z1-1 {4-9)
O =111 % %19

+
n S nzl/T

These equations are written this way to show clearly that, when added
up, they yield
zl

Z nz/T = n/t ' (4~10)
z=0

=
1l

where n is the total density of all ions of the chemical species under
consideration. For the recycling plasma, the source term is equal to
the loss term.

Egquations {4-9) can be rewritten

¢o =n N (SO + l/neT )
n, 1 Sz—l = nz (SZ + 1/neT),1 <z < zl-1
Po1oa Spien TPy T (4-11)

Conditicon (4-8) has the result that l/ne T can be neglected for all ions

except z1, Thus (4~11) becomes
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p1-1 Sz1-1 T Pa1/Pe T (4-12)

with the consequence that

¢O = SZ n, ne r 0 <z < zl-1 . (4-13)

The results of sections C and D will now be summarized. A tokamak
plasma cannot be treated as though the ionization levels and encrgy
levels of impurity ions were in thermal eguilibrium, but rather the
atomic processes governing the population of these levels are determined
by a blend of the coronal eguilibrium and time-dependent coronal models.
The time evolution of the densities of impurities which are initially
present in the plasma are described by the rate equations (4-7). During
the steady state phase of the discharge, the densities of impurities at
the center of the discharge (for sufficiently long times) are described
by the coronal equilibrium condition {4-1), while the influx of impuri-
ties in the recycling peripheral shell is determined by eguation (4-13}.
Finally, the actual densities of the ions can be calculated from egqua-
tion (4-4) if the emission of an appropriate spectral line is known.

For situations in which the coronal equilibrium among energy
levels of eguation (4-3) is too simplistic, a more complicated approach
must be taken in which the atomic processes which populate the energy

6,8,12-14
levels under consideration are described in detail. To more

carefully treat the behavior of the impurity ionization states, the set

of equations (4~7) is expanded to one dimension, the radial diffusion
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of impurities is included, and various diffusion coefficients are used

, . 17-19
to obtain agreement between the calculations and the observations.

E. Spectroscopic Electron Temperature Measurements

Two technigues to determine Te will be discussed. For cases in
which two excited levels m and n of an ion are known to be populated only
by excitation of the ground state, Te can be determined from a measure-
ment of the relative intensity of spectral lines produced by transitions
from these levels. The relative intensity of the lines is obtained with

the aid of Eq. (4-4):

E T T :
m,k _ -k Qgrm ( e) (4-14)
E | ' .0 (T )
n,]) n,J g,n e

where level m decays to level k and n decays to j. This technigue re-
quires that levels m and n be separated by an energy comparable to the
electron energy. Theoretical calculations are usually used to obtain
the excitation rate coefficients, the branching ratios are known for a
large number of transitions, and a relatively calibrated spectrometer is
required to measure the ratio of the emissions of the two lines. The
technigue is particularly suitable for measurements of lithium-like ions
(C1v, NV, or OVI, for example),

A procedure which can be used to infer Te during the early phase of

I~
15,19,20 is based on the set of rate eguations (4-7).

a tokamak discharxrge
Experimental observations are made to determine the times of the ioniza-
tion peaks of the ions of an impurity element, and the electron density

is measured as a function of time, The impurities are assumed to be uni-

formly distributed so that all spatial effects are ignored in the calcu-
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lation. Appropriate values for the particle influx rate and for the
particle confinement time are assumed, although the calculation to be
described is not strongly dependent on those numbers. Fairly good ion-
ization rates and adequate recombination rates are available for use in
the equaticons. In the simulation, Te(t) is varied until the predicted
and observed times of the lonization peaks agree, This gives an electron
temperature which is some volume average of the true Te.

F. Radiated Power Measurements

Figure 4-2 shows the basic setup for measuring the radiated power.
The plasma column is assumed to be of square cross section with a width
of 2a, the column is centered on an x-y coordinate system, and 6 is the
plasma toroidal angle. The emission Ek(x,y,e) is the basic plasma para-
meter which is needed to determine the power radiated by a spectral line
of wavelength A. (Emission is the number of photons radiated per sec per
cm3.) The radiated power PA at the wavelength A is obtained from an in-

tegration of the emission over the plasma volume V
P, =hv fv E, (x,y,8) Qv (4-15)

where hv is the energy of the photons. An assumption here is that the
plasma is optically thin to this radiation, and this assumption is ac-—
curate for normal tokamak densities.

G. Radiometry —-- Theory

A variety of measurements which has been discussed require a know-
ledge of the plasma emission E, A spectrometer measures the plasma
brightness B, which is the 1line integral of E, and the science of

radiometry must be invoked to provide a relation between E and B.



Fig.,

42

Setup for radiated power measurements.
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This is done in the following way. A small radiating cube is as-—
gsumed to be located on the x-axis of the plasma cross section (Fig.
4-2). This region has an emission E, sides of length 4% and a volume
dv = dL3. Its photons are radiated into a solid angle of 41 zgteradians.
The photon output of this region can also be characterized by its bright-
ness dB, where

1
dB = anm EdL. (4-16)

The brightness has units of photons per cm2 per steradian per sec, and it
is.the nunber of photons emitted by the cube through one of its faces
into a steradian per sec. As long as the photons are not absorbed by the
medium through which they pass, brightness is an invariant quantity along
any ray from the source region.zl One consequence cof this is that
brightnesses of several source regions along a ray will add. Thus, the

brightness of the plasma viewed along the x-axis, will be
a
B =7 [ E(x,0)dx (4-17)

where the integration is performed along the line of gight of the mono-
chromator through the plasma.

The monochromator actually views a solid angle which is centered on
the x-axis, and in principle the brightness of the plasma along all rays
which pass through the entrance slit and intersect the grating must be
known (Fig. 4-2). <Clearly, for most cases the brightness will essenti-
ally be the same along all such rays, and B is given by Eg. (4-17).

In any calibration procedure, the actual flux of photons onto the
grating must be determined. ¥Figure 4-3a shows an extended source

with area 5 and uniform brightness B and a detector of area D, whose
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Source~Detector Geometry.

Extended source illuminating grating through

slit. The area of the slit is the effective

Source area.

Two apertures between
effective source area

on the grating.

Source does not fully
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source and grating. The

ig a function of position

illuminate grating.

is half of slit area.
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normal is at an angle 8 with respect to the line joining the centers

of the source and detector. Source and detector are separated by a dig-
tance R which is assumed to be large with respect to the dimensions of
the source or the detector; thus, the source subtends the same solid
angle = S/R2 at all points on the detector and vice versa. The flux
21,22

of photons F (number of photons per sec¢) incident on the detector is

B DS cosé

F o= — (4-18)
R
D . .
where D S cosé is sometimes called the etendue of the system.

R2

Figure 4-3b shows an example in which an aperture is placed be-
tween a source and the detector. A grating is illuminated by a plasma
through a slit. (The area of the grating is the detector area, since
Presumably all photons which strike the grating also pass into the PMT
or other photon counting device.) As the figure is drawn, the grating is
fully illuminated, since every part of the grating is illuminated by the
source of brightness B. However, the effective source area is now the
siit area, and the flux of photons onto the grating is given by Eq. {(4~18)
with S being the slit area.

Figure 4 -3c shows a case in which two apertures have been placed
between the source and the detector. The aperture nearer to the source
shadows portions of the second aperture from the source, so different
porticns of the detector view different effective areas of the source.
The photon flux onto the grating can be determined only by an appropriate
integral over the two apertures. Another type of problem is illustrated

in Figure 4~3d; the source does not fully illuminate the detector. As

drawn, this system can be treated by assuming that the area of the source
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is half of the slit area.

To eliminate doubts as to the actual detector area in quantita-
tive measurements, the grating should be fully illuminated (Fig. 4-4),
Figure 4-4a illustrates a view from the top (looking down on narrow
portion of the slit) of the grating-glit-source system. The grating
is fully illuminated from this direction because the source fully fills

the solid angle subtended by the grating at the slit.z’23

Figure
4-4b shows a grating fully illuminated in the direction parallel to the
slit's length, because the source subtends the region enclosed by the ex-

2z
123 Thig latter condition is more difficult

treme rays of the figure.
to check than the first condition; the best procedure is to draw the op-

tical system and all apertures to scale.

H. Radiometry =~ Practical Application

References1lb and 19 describe the standard techniques for obtaining
guantitative data about impurities from spectroscopic observations. The
first problem in quantitative spectroscopy is to determine the plasma
emission from a knowledge of the plasma brightness. Eguation (4-17)

gives the desired relationship between E and B,
a

1
B =% [ _ E(x0,0) dx . (4-17)

Clearly, E cannot be determined as a function of space from a single
measurement of B. ¥Furthermore, there is not even a unigque solution B
which will satisfy EBEg. {(4~17). A reasonable simplification is the as-
sumption that E is axisymmetric or independent of toroidal angle., How-
ever, this is usually not completely true. In particular, there gen-

erally is more light coming from the region near the limiter than from



Fig. 4-4da:

Fig. 4-4b:

Top view of a grating which is fully illuminated
by an extended source. Rays from edge of grat-
ing which pass through slit intersect the

source.

Side view of fully illuminated grating. The ex-
treme rays AA' and BB', which graze the edge of
the grating and the edge of the slit, intersect

the source.
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other regions in a standard tokamak, and if gas is injected inte a plas-
ma, the emission is increased in the vicinity of the injection.

In tokamaks, cylindrical symmetry of the emigsion is usually as-
sumed. If observations of the brightness are made along several chords,
then the brightness data can be deconvoluted by an Abel inversion to
yield emission as a function of wminor radius.lo'l6'24’25 Presumably,
the emission in a Tokapole discharge has square symmetry. This has yet
to be proven, but if it is true, the Tokapole brightness will probably be
more difficult to deconvolute than the data in the circular tokamak case.

I

Algebraic reconstruction techniques2 ’ might be needed to deconvolute
Tokapole spatial emissions.

In the majority of cases Eg. (4-17) is simplified by the assumption
that £ is constant along a magnetic flux surface (has square symmetry in
the Tokapole) and that the emission has some average value, which will
simply be denoted as E, over a spatial region of width Ar. The emission
is O outside that region. Since the spectrometer’'s line of sight passes

through this region twice, Eg. (4-17) can be written as

B = (1/4m) (2B Ar) = ( %%E ) . (4-19}

Impurity measurements will be discussed for two limiting cases: the
impurities are uniformly distributed throughout the plasma which has a
width 2a, or the impurities are localized in shells centered on the mag-

netic axis. In the first case, Ar = a and Eg. (4-19) becomes

2n (4-20)
Uniform impurity distribution characteristically occurs in the early

phases of a tokamak discharge, and Eqs. (4-4) and (4-20) can be combined
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to give an expression for the average ion impurity density
alln n 9
B = —_——i . , {4-21)
2m

where n, is the line-averaged electron density.
The power radiated by the transition under observation is obtained
from Eg. (4-15) by removing E from the integral, substituting for it

from Eg. (4~20}, and multiplying by the plasma volume 4 a2 2T R:
2
P=16 7T hv BaR (4-22)

where R is the plasma majoy radius. Eguations (4-13) and (4-4) can be

combined to give an expression for the impurity influx term ¢O;

¢ = T r (4-23)

and in turn BEqg. (4-23) can be combined with (4-20) to vield an expression

for ¢Oin terms of a measurable guantity (B) and other known quantities:
2T S B
z

¢o = Toa (4-24)

which is the number of particles arriving in each cm3 of the plasma per

gsec. For this case, the flux wo of particles (particles/cmz/sec) at the

plasma periphery is15

a ¢O Ll Sz B

Yo © T T Tg (4-25)

The second case of interest is that of a well developed tokamak plas-
ma in which impurity ions are found in shells surrounding the central hot
current channel, and a particular shell occurs in a reglon where 'I‘e is less
than or on the order of the ilonization potential of the ions in question.
As indicated above, the shell has square syrmetyy, E is constant inside

the shell and 0 outside, the shell is centered at a distance p from the
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center of the current channel and has a width Ar (¥ig. 4-5). The
brightness is still given by Eg. {(4-19), which can be combined with
(4-15) to yield the radiated power in terms of B. As in the previous
calculation of power, E c¢an be removed from the integral, so the inte-
gral is then over the shell volume, which is Ar 8p 2m R. The power

radiated from the shell is:
P=16T hvy B p 2T R. (4-26)

The influx of impurities into the shell is given by (4-23} and {(4-19):

27 SZ B
¢, = TS e ' (4-27)
while the flux of impurities at the plasma edge is wo = ¢o Ar or
2T Sz B
wo = ro : {(4-28)

Most of these formulas have been derived in slightly different and
more rigorous ways in Refs. 15 and 19. The resulits here are the same as

the standard results, when they are transformed into square geometry.



Fig. 4-5:

Impurity shell of width Ar.

at minor radius p.

Center of

shell is
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CHAPTER FIVE

CHARACTERISTICS OF TOKAPOLE II DISCHARGES

Two reviews of tokamak physics,l'2 a description of the evolution
of a tokamak discharge,3 and a survey of experimental tokamak results4
are some sources which discuss the behavior of circular tokamak plas-—
mas, Prior to the cperation of Tokapole II, it was not clear how much
of the circular cross section tokamak lore could be used to accurately
predict the characteristics of plasmas in the magnetic divertor con-
figuration of Tokapole II. This chapter presents experimental data ob-
tained from Tokapole II during its first year of operation, and these
data are used to characterize Tokapole II plasmas. The data have all
been obtained from a standard discharge, operated at fields and pulse
lengths well below the design limits of the device and presumably do
not reflect the ultimate parameters achievable with Tokapole II. A
number of researchers have acquired the information presented in this
chapter, and their contributions are referenced as appropriate.

A, Fields and Timing

The fields and timing used for the discharges for which the data in
this thesis are presented are illustrated in Fig. 5-la. A fast piezo-
electric valve (Veeco PV-10) was triggered to introduce about 3 x 10"
Torr of H2 gas into the machine. This gas pressure was sufficient to

: . . . 13 -3,
fill the machine with an average plasma density of 1 x 10 cm if
there were no losses or sources of plasma. About 12.7 msec after the

triggering of the puff valve, the toroidal magnetic field was triggered;

it reached peak strength in about 4 msec and was then passively crow-



Fig, 5-la:

Fig. 5-lb:

Timing of toroidal magnetic field, poloidal gap

voltage VPG' and preionization pulse.

Line~averaged electron density and plasma

current as functions of time.
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75
barred. Shortly before the peak of the toroidal field, a 1 msec pulse
of 10 kW, 8.8 GHz electron cyclotron rescnance heating (ECRH) was applied
to the plasma chamber to produce a plasma of about lOlO cm,_3 density.
This plasma was peaked on the ECRH resonance surface which was near the
center of the machine for the toroidal field used. Five hundred Usec
after the start of the ECRH pulse, the ohmic heating transformer was
pulsed. The resulting poloidal gap voltage had a cosine waveform with

an initial peak of 44 volts and a guarter period of 2.8 msec.

B. Grosgg Plasma Characteristics

Figure 5-1b shows the temporal development of the plasma current
as measured with the current monitor. &As will be shown, the plasma cur-
rent was peaked near the wall for about the first msec of the discharge;
since the current monitor overestimated the current flowing near the
wall by a factox of less than or equal to two, the initial current
{before ~ 1.5 msec) was overestimated by the monitor. Between 1.5 and
2.0 msec, the current peaked at about 40 kA. Near peak current, about
half of the total current flowed inside the large Rogowski coil, when
the coil was inserted into the plasma. This coil essentially measured
the current flowing within the perturbed separatrix (Fig. 5-2). Inser-
tion of a baffle plate between one of the rings and the wall (Fig. 5-2)
reduced the plasma current by a factor of about twe during the first one-
half msec of the discharge and by a smaller factor thereafter (Fig. 5-3a).
The presence of the baffle at the edge of the plasma reduced the edge
current, so that the current reduction early in the discharge with the
baffle inserted in the plasma was evidence of the current skin effect.

The time behavior of the line-averaged electron density through the



Fig. 5-2:

Positions of divertor baffle plate (end view)
and large Rogowski coil in vacuum chanmber.

Both objects are retractable from plasma region.
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Fig., 5-3a:

Fig. 5-3b:

Comparison of plasma currents with and without

baffle plate in plasma.

Brightness of hydrogen Lu emission line.
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mideylinder, as determined from the fringes of the microwave interfero-—
meter, is illustrated in Fig. 5-1b. The relation between the interfero-

) . . 5
meter fringes and the electron density is

=)
N o= (1/2) f_glw 1 - =~='1 } dx (5-1)

where N is the fringe number, X is the vacuum wavelength of the micro-
wave radiation, n(x) is the electron density profile, n_ is the electron
density for cutoff (ub = i), and the integration is performed over the
path length of the microwave beam. In the limit that n(x) << nc, the
expression under the square root in Eqg. 5~1 is approximately

I - %-n(x)/nc, and then it follows simply that the line-averaged electron

density ﬁ; is8:

— A
n,=< -~ ==-= n N (5-2)

where a is the plasma radius. When n(x) is comparable to D, the approxi-
mation breaks down and the integration must be made over the actual den-
sity profile.

Examination of ion saturation current profiles suggested that the
electron density profile could be approximated by a cosine. Heald and
Wharton5 provide the results of a numerical integration of eguation 1
over a cosine distribution for different values of L the maximum den-—
sity in the distribution. These results have been used to convert
fringes into the data for Fig. 5-1b.

Due to plasma turbulence early in the discharge, the fringes before
cutof’f were not distinct, and it was not possible to unambiguously count

them. After 4 msec, the fringes were distinct, and so the density
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after that time is fairly well determined. Between 2 and 4 msec, the
interferometer was cutoff, and the electron density during that time
was estimated by smoothly completing the density curve in the cutoff
region. Before 4 msec, the density is probably determined to an ac-
curacy of 30-40%.

Figure 5-1b shows that the average electron density Hé reached
a maximum of about 8 x 1012 cm“3 at about 2 msec and decreased slowly
after that time. (This measurement of ﬁé was consistent with Langmuir
probe measurements.) Figure 5-3b shows the hydrogen La emission line
(n=2 to n=] transition of atomic hydrogen} as a function of time. The
large peak in La intensity at 0.25 msec corresponded to rapid ioniza-
tion of the hydrogen £ill gas. The hydrogen was essentially fully
ionized by 0.5 msec, after which time the L@ intensity was due essen-
tially to recycling hydrogen gas.6 However, the electron density
trace of Fig. 5-1b had reached only about 4.5 x 1012 cm_3 at 0,5 msec,
and the electron density was still rapidly climbing at that time., Fux-
thermore, the filling density of atomic hydrogen was about 1 x lO13 cm
so evidently about half of the hydrogen was pumped by the wall during
the hydrogen ionization phase.

Of the peak electron density, it must be assumed that roughly half
of the electrons were from hydrogen and the other half were from impuri
ties. If at 2 msec, the average central impurity ion charge was 6 (a
reasonable assumpticon since oxygen, for example, would have become and

. &+
remained 0 at the center of the current channel), then Ze as cal-

f£f£’

culated from

-3

1
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% = (5~3)

%

1 1 1
eff L n,Z2

i
would have been 4. (In EBg. 5-3, n, ig the density of ion i, Zi is the
ion charge, and the summation ig performed over all ion gpecies present
in the discharge.} This compares favorably with a spectyroscopic esti-

mate of Ze of 3 (Chapter 6).

£f
Figure 5~4 shows the ion temperature Ti and the electron tempera-
ture Te as functions of time. The measurements of these numbers will be
described in Chapter 7. The data of Fig. 5-4 represent volume-averaged
temperatures. During the first msec of the discharge Te remained rela-
tively constant at about 20 eV, and then Te rose rapidly to about 100 ev.
The peak electron temperature probably occurred at 1.7 - 1.8 msec (Chap-
ter 6}. Barly in time, Ti was comparable to but less than Te. As Te
increased, the ion-electron collision frequency decreased, and Ti became

rather decoupled from Te and remained at about 17 eV.

C. ©Spatial and Temporal Electrical Measurements

Figure 5~5 is a space-and time-resclved midplane scan of the ion
saturation current, cobtained with a Langmuir probe.7 Since the ion sat-
uration current is proportional to neTel/z, for Te 2 Ti' the measurement
gives a good qualitative indication of the spatial variation of n,.
Clearly, the electron density was peaked near the wallsg early in the
discharge, while later in time, the profile was broad and peaked in the
center of the machine.

A gpace- and time-resolved midcylinder scan of the toroidal elec-
tric field, obtained with the electric field probe,8 is illustrated in

Fig. 5-6., Except for times later than 2.5 msec, the electric field was



Fig. 5~4:

Ion and electron temperatures as functions

of time.
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Fig. 5-5:

Midplane gcan of ion saturation current as a

function of time. Minor axis located at zero cm.
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Fig.

b-t:

Midcylinder scan of toroidal electric field as
a function of time. Minor axis located at zero
cm. Lid located at 22 cm. Time in msec indi-

cated in upper right of each graph.
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fairly constant in space from the minor axis to a minor radius of

about 8 cm, which corresponded roughly to the position of the separa-
trix., From 8 ¢m to the wall, the electric field increased or decreased,
as necessary, to reach the vacuum field level at the wall. At the
plasma center, the field dropped to a minimum value of about 1V/m

at 1.5 msec, which corresponded roucghly to the peak of the plasma cur-
rent. After that time, the central electric field increased due to the
inductive electric field of the falling plasma current.

A mideylinder gpace-~ and time-resolved scan of the plasma current:
density, obtained with the small Rogowski coi1,8 ig illustrated in Fig.
5~7. Thig figure clearly shows the current skin effect, the peaking of
the current near the wall, early in the discharge. The current penetra-
ted rapidly to the machine center, so that between 1.0 and 1.5 msec,
the current started to peak near the machine center. The current profile
was centrally peaked after that time, and the measured current density
was about 50 A/cm2 near the center of the machine.

The small Rogowski coil is known to cause significant perturbations
of the current density when the probe is inside the separatrix. It is
likely that the unperturbed current densities near the machine center
were higher than those indicated, perhaps by ag much as a factor of two.
The current density in the machine center was negligible by 3.0 msec;
the probe had wiped out the central current density by that time.

If it ig assumed that the current density was constant in square
shells centered on the machine center, then the total current can be
calculated from the current density profiles. At 1.5 msec, the calcula-

tion yields 48 kA, which is consistent with the current of 43 kA, indica-



Fig.

5-7:

Midcylinder scan of toroidal plasma current den-
sity as a function of time. Minor axis located
at zero cm. Lid located at 22 cm. Time in msec

indicated in upper right of each graph.
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ted by the current monitor.

With the assumption that the plasma resistivity obeyed the Spit-
zer law,9 the electric field data and current density data of Figs.
5-6 and 5-7 can be used to calculate electron temperature spatial pro-
files. The assumption of Spitzer resistivity may be questionable out-
side the separatrix, since the plasma in that region would be influenced
by the mirrors of the internal rings. That complication will be ignored.

For Spitzer resistivity, the electron temperature is given by

3/2 L 5.2x10 %% __ 1nA 3/Ey (5-4)

Te aff

where Ze is the effective ionic charge of the plasma, lnlA is the

££
Coulomb logarithm and is about 15 for Tokapole plasmas, J is the current

density in A/cmz, E_ is the toroidal electric field in V/cm, and Te is

T
in eV.

With the assumption that Ze was one (a pure hydrogenic plasma),

ff
the calculated Te profiles are as given in Fig, 5-~8. The electron tem-
perature peaked near the wall early in the discharge. Between 1.0 and
1.5 msec, the T peak moved into the center of the plasma, and the tem-
rerature peaked at about 50 eV at about 1.5 msec. For most of the dis-
charge, the central electron temperature is probably underestimated for
the same reason that the current density is underestimated, If the
best estimate of zeff of 3 is assumed to have been correct, then the
electron temperatures should be increased by a factor of 2. Then, the

central Te would have bheen about 100 eV, This is congistent with the

spactroscopic measurement of Te (Fig. 5-4).



Fig. 5-8:

Conductivity electron temperature along mid-
cylinder as a function of time. Minor axis lo-
cated at zero cm. Lid located at 22 cm, Time

in msec indicated in upper right of each graph.
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D. EBguilibrium and Stability

Theoretical calculations have shown that an equilibrium exists
for a toroidal plasma current in the Tokapcle II device.lo An example
of such an equilibrium is illustrated in the perturbed polecidal mag-
netic field flux plot of Fig. 5-9. The toroidal plasma current pro-
duces a set of nested closed flux surfaces, which are separated by
two separatrices from the common f£flux surrounding all conductors and
the private flux of the internal xings. There are four X-points, which
are nulls in the poloidal magnetic field, and they occur at the points
where a separatrix crosses itself. (The two separatrices are usually
referred to jointly as "the separatrix."} The region outside the private
flux of the plasma current will be referred to as the scrape-off region.

Experimentally-derived poloidal flux plots, obtained with a B
probe, have shown that equilibria similar to that of Fig., 5-9 are pro-
duced by Tokapole plasmas.l1 Furthermore, the equilibria are stable on
the time~scale of the discharge, if the rings are properly positioned.
With incorrect ring positioning, the plasma moves axisymmetrically
toward one of the rings.l1 To date, this axisvmmetric instability has
been observed only after about 2.5 msec, and it has not been a factor
in the measurements described in this thesis.

There exists little, if any, theoretical analysis of the magneto-
hydrodynamic gtability of a plasma in the Tokapole configuration. Toka-
pele plasmas are expected to experience the same types of instabilities
as occur in circular tokamaks. However, the unigque magnetic configura~
tion of Tokapole II may enhance or suppress certain instabilities which

are troublesome in standard tcokamaks.



Fig.

59

Poloidal magnetic field flux plot with currents in
the plasma and the rings. Plot calculated with an
MHD equilibrium code. Dotted lines are the separa-
triges. Major axis is to left. The marks along
the left and bottom sides indicate two cm inter-

vals.
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Significant MHD activity was obsexved with an external é coil dur-
ing the current rise phase of Tokapole discharges. TFigure 5-10a shows
a typical é gignal, and Fig. 5-10b shows the ion saturation current
to the line-average pyobe during the same discharge. Both signals
were very noisy during the early phase of the discharge. The é signal,
in particular, became markedly quieter near the end of the current rise
phase ( ~ 1.2 msec), and the decreage in MHD activity was correlated
with the development of well-formed and well-~centered magnetic flux
surfaces.13 Furthermore, since the plasma current was peaked near the
wall during the first msec of the discharge, and since the ﬁ oscillations
were correlated with the oscillations in the signal from the line average
probe, which was located very cloge to the vacuum wall, the early MHD
activity was very likely the manifestation of magnetic islands produced
by the hollow current profile.14

The shape of the flux surfaces near the center of a Tokapole plasma
ig very similar to that of standard tokamaks; therefore, internal dis-
ruptiong are expected to occur in the Tokapole. Internal disruptions
are caused by m=1l, n=1 (m and n are, respectively, the poleidal and
toroidal mode numbers) tearing modes, which occur when the safety factor

g drops helow unity at the plasma center. Figure 5-11 shows g pro-
files,lS generated from experimentally measured flux plots, along the
midplane. For the timeg illustrated (1.4 ~ 2.4 msec), the central
values of g were very close to one, (The data are estimated to be ac-
curate to about 20%.) Values of ¢ at the magnetic axis g(0) are not

available, but Fig. 5-11 suggests that g(0) dropped below one between

1.6 and 1.8 msec. After that time, the g-preofile continued to hecome



Fig. 5-10a:

Fig. 5-10b:

Time derivative of poloidal magnetic field,
outside a 4.5 inch window, as a function

of time.

Ion saturation current to the line-averade
probe (in scrape-off region) as a function

of time.
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Fig., 5-11: Midplane profile of safety factor as a
function of time. Machine minor axis
located at zero cm. Major axis lies to the
Left. Time in msec indicated in upper

right of each graph.
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More depressed at the plasma center. The fact that g{(0) was about one
suggests that internal disruptions could have occured in the plasma.

Typically, the external B coil picked up oscillations which began
at about 1.7 msec. This time correlates well with the time when ¢ (0)
dropped below one, and they suggest that internal disruptions indeed
did occur. Furthermore, the behavior of the soft x-ray signal was con-
gistent with the hypothesis that disruptions started to occur at about
1.7 msec (see Chapter 6).

The value of the central current density which was needed to pro-
duce a q(0} of one can be calculated from the definition of g for circu-

2
lar flux surfaces:

g{r) = ' (5-5)

where R and r are, respectively, the major and minor radii, and BT and
Bp are, respectively, the toroidal and poloidal fields. At the plas-
ma center, the formula becomes

B
.

g(0) = 1.6 TR

(5~86)

where BT is in kG, J is the current density on axis in ]dycmz, and R

ig in c¢m. For Tokapole discharges, R is 50 cm and BT was 3.6 kG. A
current density of 115 A/cm2 would have produced a g(0) of one., This
number is about a factor of two larger than the measured central current
density; however, the current density measurement did perturb the rlasma,
and it is conceivable that the induced error was as large as a factor of
two.,

In circular tokamaks, magnetic islands may form at rational g
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gurfaces near the periphery ¢f the plasma column. In particular, dis-—
turbances with poloidal mode numbers m = 2,3,4,5,... and toroidal mode
number n=] are observed at the edge of the plasma.4 When the safety
factor at the limiter g(a) drops below about three, the m=2, n=1
tearing mode is often observed to grow in amplitude, and this mode is of-
ten a precursor to the disruptive instability. Experimental observations
and theory indicate that the disruptive instability may be caused by
the interaction of m=2, n=1 and m=1, n=1 modes4 or m=2, n=1 and
m=3, n=2 modes.l4

The g-profiles in the outer regions of Tokapole plasmas are very
different from those in standard tokamaks, so it is not clear what types
of instabilities might be expected to occur or where they might occur.
Some reasonable guesses can be made, though. The data of Fig. 5-11
indicate that the g profile at the center of a Tokapole plasma is fairly
flat. However, g on the separatrix is infinite since the poloidal field
has zeroes on the separatrix. Therefore, the ¢ profile must rise
steeply at the edge of the central current channel and must fall fairly
steeply between the separatrix and the wall. (At the wall, the magnetic
field has a very large poloidal component, so g is close to one there.)
Current-driven resistive tearing modes might occur near the separatrix,
if the current density has a sufficiently large gradient in that region.
Furthermore, the regionsg gurrounding the four nulls in the poloidal mag-
netic field may also be problem regions since the confinement is poor
near the nulls.

E. Discharge Evolution

With the data and observations already presented, a fairly complete

picture of the evolution of a standard Tokapole discharge can be drawn.
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The hydrogen £ill gas is completely ionized by about 0.5 msec. How-
ever, the electron density continues to rise until about 2 msec. The
source of the extra electrons is impurities, which are introduced into
the discharge at a very early time,

The rapid current rise phase associlated with the current penetra-
tion to the center of the machine, ends at about 1.2 msec. After that
time, the current rises more slowly. During the rapid current rise,
the electron density and current density profiles are hollow, the Toka-
pole magnetic flux pleot is poorly formed, and magnetic islands are
prasent in the skin current. Evidently, the energy confinement time isg
low during the current rise, as the plasma interacts strongly with the
walls, and the electron temperature stays low at about 20 eV. After
the current has penetrated to the center, the Tokapole flux plot is
well formed, the confinement improves significantly and the electron
temperature starts to rise.

The central current density and electron temperature continue
to rise until about 1.7 msec, at which time some distrubance halts the
rise. It is postulated that internal disruptions start to occur at 1.7
msec, as the g on axis drops below one.

From about 1 to 3 msec, the plasma current is slowly varying, and
this period will be referred to as the steady state phase., During this
time, the plasma is composed of a hot central current channel inside
the separatrix with a relatively cool and less dense plasma between
the separatrix and the walls. The separatrix forms a magnetic limiter,
and the region outside of this limiter is the scrape-off region (Fig.
5-12). The electron temperature peaks at about 1.7 msec and starts to

drop after that time.
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Fig. 5-12: Central current channel separated from

scrape-off region by separatrix.
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Eventually, as the poloidal gap voltage drops, the toroidal elec-
triec field drops, the ohmic input power drops, and the plasma current
drops, A feedback mechanism develops because as the current decreases,
the input power falls further, and the current eventually decreases to
zero by about 3.5 msec. A power crowbar presently under development is

expected to extend the discharge length to ~10 msec.

With the best available experimental information, it is apparent
that Tokapole discharges are similar to discharges in comparable toka-
maks, and one is justified in liberally applying tokamak knowledge to

Tokapcole plasmasg.
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CHEAPTER SIX

IMPURITY OBSERVATIONS

This chapter contains the results of observations of the impurity
problem in Tokapole IT discharges. Impurity identification and radia-
ted power measurements are presented for "dirty" and "clean" discharges.
The results and conclusions from a series of impurity doping experiments,
which were a phenomenclogical study of the effects of impurities in
Tokapole II discharges, are discussed. The data from these studies
also yileld the low-Z impurity concentrations, the contributions of the
low~Z impurities to the total VUV radiated power, and an estimate of

Z Possible sources and mechanisms £for impurity production are ex-

eff’
amined; in particular, it is shown that sheath potentials are important
in the generation of the metal impurities. With the results presented
here, an initial evaluation of the impurity problem in Tokapole II dis~

charges is possible and will be discussed in Chapter 9.

A. Dirty Discharge

During the first weeks of machine operations, Tokapole IT discharges

were dominated by large impurity concentrations (predominantly carbon}.

. . i3 -3
Typical discharge parameters were BT = 3 kG, n = 1 x 10 cm o,
IP = 50 kA, Te = 10 eV, discharge duration = 2 msec. Impurity identifica-
tion was facilitated with the aild of spectra obtained by photographing
the CEMA output of the 1/2-m Seya survey instrument. To find reference
wavelengths in the spectra, the ohmic heating voltage was reduced until

only two or three hright lines were present in the spectra. These lines

were members of the Lyman series of hydrogen. The Lyman lines were then
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easily identifiable in more complex spectra; wavelength determination
of unidentified lines was then accomplished with measurements of the
distances on the photographs between ldentified and unidentified lines;
these distances were converted into wavelengths by use of the plate
factor for the photographs. Spectral lines were then identified with
the aid of the 1iterature.l—4 In the dirty discharge, all of the
bright lines were attributable to hydrogen, carbon, oxygen, or nitrogen
{(Table 6-1).

Radiated power measurements with the l-m Seya indicated that about
290 kW of power were radiated (70% by carbon) while the ohmic input
power was about 390 kW. These results were obtained at 1.2 msec into
the discharge, which roughly corresponded to the peak in the radiated
power. 'the power radiated by each of the important lines is tabulated
in Table 6-1. Since Te was about 10 eV, it is unlikely that significant
amounts of power were radiated at wavelengths other than those tabulated.
The radiated power measurements are estimated to be accurate to within a
factor of two, and the input power measurements are accurate to about
50%. The data indicate that line radiation was the main energy loss
mechanism for the dirty plasma.

Since the impurities were assumed to be uniformly distributed within
a square plasma cross section with width 2a, the calculations of radia-

ted power were made with Eg. 4-22, which is reproduced here:

P = 16 T°hV BaR (6-1)

Because the central current channel was constrained to lie within the re-

gion bounded by the rings, the effective plasma width could not be much



TABLE 6-1.

RADIATED POWER IN DIRTY DISCHARGE
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Prad Prad
Line (k) Line (kW)
Lu 1216 9.7 N II 660 1.5
LB 1026 1.3 N III 921 2.7
C T 1561 0.1 N IITI 764 15.9
C II 1335 13.5 N III 685 10.0
C II 1037 2.5 O I1 718 0.9
C II 204 5.1 O IT 797 0.1
C II 1010 2.4 0 II/IIT 833 11.3
C II 858 0.5 O IITr 703 4.1
C II 806 0.4 O IIT 508 2.2
¢ III 977 57.0 O III 526 1.4
C ILI 386 2.5 O III 598 5.0
C IIT 1176 43.2 o IV 790 4.9
C ILIT 1247 0.3 O IV 609 0.9
C III 538 6.1 0 IV 554 6.5
C IV 1548 50.3 640 0.3
C IV 1551 25.2 972 1.6
N I 1134 0.1
N II 1085 1.5
N II 916 0.8
N IT 645 0.5
N ITI 776 0.3
TOTAL 290 kw




113

wider than the distance between adjacent rings. With this considera-
tion and an examination of the ion saturation current profile,S it was
determined that 2Za was about 25 cm. Photomultiplier signals were con-
verted into brightnesses with the calibration curve for the l-m Seya.6

The anode return current of the CEMA on the 1/2-m Seya is composed
of electrons which are produced by all of the incident photons in the
lines detected by the CEMA. Thus, the anode current is some function
of the total radiated power, and as a reasonable approximation, this
current has been assumed to be proportional to the VUV radiated power.
When this current is passed through a resistor, the resulting voltage is
called the VUV signal or integral VUV signal. This signal was calibrated
in terms of radiated power by observing its value for a dirty discharge
for which the radiated power was about 220 kW. The calibration factor
was 350 kW/V.

B, gtandard Discharge ~- General Observations

After much discharge cleaning, the impurity levels dropped markedly
and the discharge parameters improved significantly. “his cleaner dis-
charge, which will be referred to as the standard discharge, has been
described in Chapter 5, and is the subject of the remainder of Chapter 6.

B.1. Impurity Identification

Identification of impurity lines was made with the aid of spectra
from the 1/2-m survey instrument. Figure 6-1 shows a typical spectrum,
and Table 6-2 is a compilation of the wavelengths and identities, when
known, of the lines in Fig. 6~1. The expected lines of oxygen, nitrogen
{associated with vacuum leaks), and carbon are present. Most of the

lines that are not firmly identified can be attributed to oxygen, nitro-
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Fig. 6-1: Vacuum ultraviolet spectrum from standard

discharge.
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TABLE 6-2.

SPECTRAL LINES IN TOKAPOLE II DISCHARGES

A(ﬁ) TON INTENSITY A(i) TON INTENSITY
508 O III vd 841 Cu IT ? b
538 C IiI b 865 Cu II. 2 m
542 Cu IV ? b 882 CuIlor IV? Db
554 O IV b 894 Cu ITI ? b
575 Cr IV, Cu ITI? d 904 ol d
582 0 II d 916 N II a
600 Q III a 923 N IV b
608 F II,0IV ? d 932 Cu II ? vd
630 oV b 961 Cu II,N IV ? va
635 Cr IV, N II ? b 977 C III b
649 C II ? m 991 N IIiX b
658 N II,0OIII ? b 1015 2nd 0 507 b
671 Al III,N II, 1032 0 VI b

0117 b 1038 0 VI b
678 AloléI,?Cu III,m 1076 ond 0 538 b
685 N III m 1085 NI b
203 o ITT a 1109 2nd O 554 b
730 Cu III, OV ? 4 1124 Cr 111z vd
247 N IT a 1151 2nd O 575 vd
760 o v o 1162 2nd 0 582 vd
765 N IIL/N IV b 1176 © 1l vd
289 o TV b 1200 N I vd
801  Cu III 2 b 1216 Yo b
813 Cu II, Cyx III, 1239 NV

Fe III ? b 1243 NV
826 Cu IT 2 m
834 0 II/0 III b _ bright

= moderately bright
? o= identifi?ation un-— a - dim
certain
vd = very dim

2nd ©

1t

second order
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gen, carbon, or metals, Copper is the primary metallic candidate, since
the rings and supports are manufactured from copper alloys, copper was
eroded anéd distributed around the machine by the plasma, and bright
copper lines have been identified in the near ultraviolet. Other

metals which have been observed in the wisible and near-UV are aluminum,
beryllium, and chromium. Iron is also a candidate, since there was

some stainless steel exposed to the plasma.

Spectra obtained from the 1/2-m Seya are known tc vary over time
(on the order of weeks or months). There is some evidence which suggests
that low-Z and high~Z impurities are inversely related, as has been obser-
ved in other tokamaks.7 That is, when the low-Z impurity concentration
is high, metal impurities are scarce, and when the low-Z impurity concen-
tration is low, the metallic concentration is high.

B.2. Temporal Impurity Behavioxr

Figure 6-2 is a sequence of pictures, obtained with the survey in-
strument and gated storage vidicon, which shows the temporal evolution
of the impurity radiation. For each picture, the vidicon was gated on
for 0.1 msec and succeeding pictures were delayed by 0.1 msec. Early in
time, La was the only line present. Impurity lines appeared guickly,
and for a given impurity element, the burnout from lower to higher ion-
ization states with time can be readily observed.

The ionization state sequence of oxygen is illustrated in Fig. 6-3,
which shows the time evolution of La and of resonance lines of OILI-OVI,
as obtained with the 1-m Seva. (The absolute calibration of the l-m Seya
is not walid for Lhese data and the remaining data to be presented in

this thesis.) Each spectral line showed a clear ionization peak, and
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Fig. 6-2: Time evcolution of VUV spectrum, obtained with

survey Iinstrument and gated storage vidicon.
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Fig. 6-3: Emigsion line signals from L& and OIT to OVI
from standard discharges. Each trace is an

overlay of signals from three discharges.
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the oxygen ionization states appeared in the order of their charges.
The oxygen which produced the ionization peaks is assumed to have been
present early in the discharge and to have been uniformly distributed
in the plasma volume.8 After its ionization peak, the OIT emission
dropped to a relatively low plateau level, which was due to an influx
of fresh oxygen into the plasma.8 The emigsions from OIII-OVI also de-
creased after their ionization peaks, but each of thesge emigsions had
a gsecond peak which wasgs not obsgerved in the O0II signal. Evidently,
there was a local generation of oxygen at one or more places in the
vacuum chamber, and oxygen from such places had burned through the QIT
state before it drifted into the field of view of the monochromator.

Figure 6-4 shows a typical integral VUV signal from the type of
discharge used for the pictures of Pig., 6-3., This VUV signal shows
gualitatively the behavior of the oxygen lines with an initial peak,
which corresponds to volume ionization of impurities, and a second peak,
corresponding to an impurity influx.

One of the first SXR traces available, obtained some weeks after
the data of Figs. 6-3 and 6-4, is presented in Fig. 6-5. The SXR emig-
sion was characterized by a rapid rise and then anabrupt fall {(cusp
shape). Since the SXR detector was sensitive only to photong above
60 eV, and since at Tokapole II electron temperatures, the excitation
rates to levels which can produce photons with energies greater than
60 eV are strong functions of Te, the SXR signal was a strong fanction
of Te' Thus, the sudden drop in the SR signal is evidence of an abrupt
cooling of the current channel, and the cooling was probably due to an

internal disruption.
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Fig. 6-4: Integral VUV signal from VUV survey

instrument.

Fig. 6-5: Soft x-ray signal exhibiting cusp shape.
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In Fig. -6, pictures of the OILI-OVI traces,SXR traces, and a
VUV trace from discharges in Dec., 1979 are presented to illustrate
variations in good discharges. In this case, the ionization peaks
of the oxygen ions were not distinguishable from the noisy plateau sig-
nals. The noise in the oxygen signals is a sign of plasma turbulence,
which may have been due to MHD instabilities. The VUV signal had a low
value, and it did not show any definite sign of an ionization peak
either.

SXR signals from similar discharges are illustrated in Fig. ©-6.
One of the signals shows the abrupt drop which was observed in Fig,
6~5. During the Dec. runs, the SXR signal usually showed the cusp be-
havior early in a run, but later in the run the SXR peak would be
rounded as is also illustrated in Fig. 6-6. The rounding of the SXR
signal was correlated with clean-up of the machine on a given run day.
However, in all cases, the SXR peak occured at about 1.7 msec, and it
was evidently correlated with the onset of MHD activity as indicated
by the external magnetic coil. A compelling interpretation of the
observations is that the central current density increased until a g=1
surface was produced inside the current channel. Internal disruptions
at that surface then limited or decreased Te'

B.3. Radiated Power

Line radiated power from standarxrd discharges, as measured with the
VUV detector, was 35-70 kW. The radiation power loss was about 10-20%
of the ohmic input power, which was about 350 kW; therefore, line radi-
ation accounted for only a small portion of the powexr loss.

The VUV detector was not sensitive to photons with energies greater



Fig., 6-6:

Brightnesses of emission lines of OIII to
OVI, Bottom right picture: top trace is VUV
signal and bottom trace is SXR signal show-
ing cusp behavior. Bottom left picture
shows SXR trace in which peak signal is
rounded., The QIII-OV traces and bottom

left SXR trace are each overlays from two

shots.
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than about 30 eV (400'&), and it is likely that this detector &id not
measure all of the radiated power. To study this problem, the broad-
band VUV filters, described in Chapter 3, section D, were used with a
channeltron detector to compare the numbers of photons radiated in dif-
ferent wavelength regions. The results were that the power radiated out-
side the range of detectability of the 1/2-m Seya was negligible. Fur-
thermore, during doping experiments the VUV signal has been increased

by a factor of about 4 while the ohmic input power has increased by no
more than 30%. This is consistent with the previous observations that
the radiated power was no more than about 20% of the ohmic input power.

C. Phenomenological Impurity Study

To further characterize the effects of impurities on plasma behavior,
a study was performed in which contreolled amounts of impurities were
added to the plasma and the corresponding variations of several plasma
quantitieé were monitored.lo A second puff valve was used to introduce
02, Nz, or CH4 into the vacuum chamber several milliseconds before the
plasma was produced. TImpurity densities were measured with the fast ien
gauge. Parameters observed as functions of dopant density were the in-
tensities of one or more lines of the injected impurity, the VUV signal,
the SXR signal, and the integral of the plasma current over time (Amp-
Seconds or AS). As a matter of experimental convenience, the peak values
of the light gignals were recorded, since at small doping levels, the
peaks characterized guite well the behavior of the entire traces. In par-
ticular, the SXR and VUV traces maintained their shapes in time and

scaled in size at small dopant densities. The intensity of the ioniza-

tion peak of a gpectral line was the most convenient parameter to charac-
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terize the response of line radiation to doping. Results from the
three dopants were similar. Oxygen, the most abundant low-Z impurity,
was studied in the most detail.

C.l. TImpurity Concentrations

The doping technique provided a convenient method to measure low-2Z
impurity concentrations early in the discharge. The results were that
the oxygen concentration was typically 3-5% of the electron density,
the carbon contamination was about 0.5%, and nitrogen was a 2-5% impurity
when a leak resulting in a base pressure of 1-2 x 10“7 tory was present.

Determination of the oxygen concentration by the doping technique
is illustrated in Fig. 6-7, which is a plot of the intensities of con-
venient lines of OIII-OVI as functions of the doping concentration of
02. With the possible exception of the OV data, the data for all spec-

tral lines extrapolate to a common point on the horizontal axis. This

. 11 -3 11 -3 .
point corresponds to 1.6 x 10 cm of 02 (3.2 x 10 om of atomic oxv-
gen} and is interpreted as the amount of oxygen which was present in the
plasma with no doping. Since it is likely that some of the gas present
in the machine during discharge formation was pumped by the walls, it is
probably more accurate to express the oxygen contamination as a percent-

12

age of the H. filling density (5 x 10 em 2). In this example, the

2
oxygen concentration was 3% of the electron concentration. The probable
errvor of this technique is estimated to be no more than 25%.

At the higher doping levels, the rate of increase of the OVI density
with the dopant level decreased while the intensities of the lines of

OIII-OV increased faster than linearly with the dopant concentration.

These effects may have been caused by changes in the spatial profiles of
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Fig. 6-7: Brightnesses of lonization peaks of OIIT~

OVI as functions of O, dopant concentra-

2

tion. Lines are least squares fits to the

data.
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the impurities or in the Te prrofile. Part of the explanation is prob-
ably that at the higher doping densities, Te was reduced so that the
production rate of OVI decreased. Then, a greater percentage of the
oxygen was in the form of OIILI-OV.

Figures 6-8 and 6-9 show, respectively, the variation of CIV 1549
as a function of the CH4 dopant level and the variation of NIV 765 as

a function of the N, dopant level. In the cases illustrated, the regi-

2
. 10 -3
dual concentration of C was about 5 x 10 cm and of N, about

5 x 100 en 3,

C.2., Impurity Contributions to Radiated Power

By a technique similar to that described above, the contributions
of the low-2 impurities to the integral VUV signal (or, egquivalently,
the radiated power) were estimated. In Fig. 6~10, which is a plot of
the OIV 790 intensity against the VUV signal during an oxygen doping
run, an extrapolation of the data to the horizontal axis indicates that
about 25% of the VUV signal was due to oxygen. Similar plots of the
CIV 1549 line and the NIV 765 line in Figs. 6~11 and 6-~12 show that 5%
of the VUV was due to carbon radiation and about 26% was due to nitro-
gern.

The data typically indicated that 25~35% of the VUV signal was pro-
duced by oxygen, about 5% was due te carbon, and akout 20-30% was due
to nitrogen. (The machine had a persistent vacuum leak at the time
that these data were obtained.) About 40% of the VUV signal was there-

fore not accounted for, and thig portion was presumably due to metals.

These numbers are probably accurate to about 25%.
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Pig. &-8: Brightness of C IV 1549 ionization peak

as a function of CH4 dopant concentra-

tion. Line is a least squareg fit to data.
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Fig., 6-9: Brightness of N IV 765 ionization peak as

a function of N2 dopant concentration. Line

is a least squares fit to data.



NIV 765 (Volts)

136

N, Density

(10" cm3)



Fig. 6-10:

Brightness of 0IV 790 ionization peak wvs the

maximum VUV signal during O, doping run. With

2

no doping, VUVM signal was 0.10 wvolt. The line

through the data peoints extrapolates to 0.075

volt with no OIV light (no oxygen impurity).

Thus, in the no doping case, oxygen accounted
0.10-0.075

L st it T = % i .
for 510 25% of the VUVM signal
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Pig. 6-1%1: Brightness of C IV 1549 ionization peak vs.
the maximum VUV signal during CH4 doping

rar.
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Fig. 6-12: Brightness of N IV 765 ionization peak

vs. the maximum VUV signal during N2

doping run.



142

s

26 % due to N

N

(st1oA) S92 AIN

VUV,



143

C. 3. Zeff Estimate

The results presented above permit an estimate of Zeff'

It ig often found that the impurity concentrations are fairly
constant in time during tokamak discharges.7'8 Thus, it will be as-
sumed that the impurity concentrations of oxygen, carbon, and nitro-
gen in Tokapole discharges were constant at 3%, 0.5%, and 5%, respec-
tively. It will be assumed that the unidentified impurity was entirely
copper and that since a 3% oxygen impurity contributed 30% of the VOV
signal, then copper was a 4% impurity and contributed 40% of the VUV
signal. At the center of Tokapole discharges, all oxygen would ulti-
mately have been in the OVII state, nitrogen would have been NVI, car-
bon would have been CV, and it is assumed that copper was Cu VIII.
(These limit ions can be formed at a Te of 100 eV, but their ilonization
potentials are so large that they cannot be ionized in turn.) Zeff can

now be calculated from the definition,

2
n, 4,
Z

Fee

1 3

Z = ' (6=2)

eff L n
1

i i
where the sum is performed over all of the ions, with densities ng and
charges Zi, in the discharge. The calculation yields Z@ff = 3,1, and
this number yields good agreement between the conductivity and spectro-
scopic estimates of Te (Chapter 5). The probable limits on Zeff are 2.5
and 3.5.

C.4. Amp-Second Behavior

The integral of the plasma current over time, called Amp-Seconds

or AS (units of ampere-seconds), was a convenient parameter which indi-

cated the gquality of the discharge. Low wvalues of AS (as low as 25)
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were correlated with dirty, low temperature discharges. The highest
values of AS achieved (100-130) were correlated with high tempera-
tures, low values of radiated power, and long-lived discharges. With
the assumption that the plasma obeys Spitzer conductivity, the AS par-

ameter can be expressed in terms of several plasma parameters.

tf tf tf Te3/2
= I = A = s el o iy -
AS J o dt J11 dt 200 { Z " T ET dt, (6-3)
0 0 o °©
where tf = the time when the discharge ends {sec), Ip = plasma current
(a8}, Jll = toroidal current density (A/cmz), A = plasma current cross
. 2 . - - ,
section {(cm”Y, © = parallel conductivity (ohm 1 cm l), ET = toroidal
electric field (V/cm), 'I'e = electron temperature (eV), Zeff = average

ionic charge, and ln A = coulomb logarithm ¥ 15. Since AS has a stronger
dependence on Te than on any other parameter, AS is a qualitative Te
indicator.

Data will now be presented which show that at low doping levels,

AS was independent of the doping level. An explanation for this be-
havior will be given in the following section. Data will only be pre-
sented for oxygen since C and N caused very similar behavior of AS.

In Fig. 6-13, AS is plotted as a function of the oxygen doping den-
sity. With the lowest doping concentrations, AS was constant, and the
parameter started to decrease after the 02 dopant level reached about
2.5 x lOll cme. In Fig. 6~14, AS is plotted against the VUV signal,
which is eguivalently the radiated power signal. This graph is very

similar to Fig. 6-13 because the VUV signal increased essentially

linearly with the 02 content. Figure 6-14 shows clearly that a substan-



Fig. 6-13:

AS as a function of the O

centration.

2

doping con-
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Fig. 6-14: AS vs. the maximum VUV signal, which is equi-
valent to radiated power. Conversion factor

is 350 kW/V.
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tial increase {about 100%) in radiated power Prad wag achieved before
AS started to decrease. Then, AS decreased linearly with the radiated
power, and a straight line drawn through the points intercepts the Prad
axig at 270 kW (not shown), which is interpreted to be the ohmic input
power. This number 1S consistent with the actual ohmic input power,

of about 350 kW.

Figure 6-15 is a parametric plot of AS against the peak SXR signal
SXRM. With no doping, AS was 98 while SXRM was 80. With increasing
doping concentrations, the AS level remained constant, which is evidence
that Te was not changing. Also, the SXR signal was increasing because
there was more oxygen available to radiate. Eventually, a level of
doping was reached after which AS started to drop, and the SXR signal
remained roughly constant. These observations indicate that the plasma
was cooling. As the 02 concentration was increased above about
1x lO12 cm“3, large oscillations were observed in the SXR signal (Fig.
6-16) ,and SXRM decreased with increasing doping concentration. The os-~
c¢illations most likely were associated with an instability, and the os-
cillations were probably correlated with a decrease in the plasma life-
time, although this was not studied in any detail.

C.5. Model of AS Behavior

The following model for the behavior of AS with doping is proposed.
With no doping, the central current density was limited by internal dis-
ruptions at a ¢=1 surface. Sufficiently low doping levels were such

small perturbations to the plasma that the disruptions still controlled

the current density, and the current and AS were unaffected by the

doping. As the doping level increased, the plasma resistivity increased



Fig. 6-15:

AS and maximum soft x-ray signal plotted

parametrically as functions of the O, doping

2
concentration. The leftmost point on the
upper part of the curve corresponds to no

doping. Subsequent points along the curve

correspond to increased dopant levels.
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Fig. 6-16:

152

Oscillations in OVI 1032, S8SXR, and VUV

. . . 12
signals during heavy oxygen doping (1.2 x 10
cm—3 of 02). All traces from same discharge.

In the lower picture, the smoother trace is

the VUV signal,
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('I‘e dropped and Ze increasged), and eventually the resistivity reached

£f
a level such that the available electric field could no longexr drive
the current to a g limit. At higher doping levels, the resistivity in=-
creased further, and then the current dropped; therefore, AS dropped.
The current could drop since the ohmic heating power supply for Toka-
pole IT was a voltage source, and this source produced an electric field
which was not strongly dependent on the plasma properties. If the
power‘supply had been a current source, then with an increase in the
plasma resistivity, the electric field would have increased to maintain
the current at a constant value.

This model fits the available evidence., Measurements with the

large Rogowski coil have shown that during doping runs, the plasma cur-

rent was of the form

T = G(t}, 6-4
p(1:) IPM (t) { )

where G(t) is a function describing the time dependence of the plasma
current, and G was independent of the doping concentration. The scale
factor for the current IpM was a constant for low doping levels and
was a decreasing function of the dopant level for sufficiently high
doping concentrations. Furthermore, measurements of toroidal current
density and electric field were performed at the separatrix for a case
with no doping and a case in which a large oxygen doping concentration
was used. The electric fields were essentially identical for the two
cases, and the current density in the doping case was about half of
that in the undoped case.12

The g profiles presented in Chapter 5 (Fig. 5-11) show that for an
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undoped plasma, ¢(0) dropped below one between 1.6 and 1.8 msec. This
observation is consistent with the hypothesis that the SXR peak, which
occurred at about 1.7 msec, indicated the onset of internzsl disruptions
associated with a g=1 surface.

D. Impurity Production

A necessary condition for the successful control of impurity pro-
duction is an understanding of the impurity sources. Possible mechanisms
for the generation of low-Z impurities are desorption by ions, photode-
gorption, electron stimulated desorption, or desorption by neutrals.l3'l4
Candidate mechanisms for the production of metallic impurities are sput-
tering, arcing, and 'e'\h':llaorat:i,on.15—17

D.1. Logation of Impurity Generation

An interpretation of available data is that durxing the turbulent
start-up phase of Tokapole discharges, impurity generation occurred
Primarily at the walls; after the central current channel was well
formed, the impurity generation occurred primarily at the rings.

Figure 6-17 is a comparison of the VUV, SXR and B signals with and
without the divertor baffle in the plasma, and Fig. 6-18 is a comparison
of the OIII-OVI resonance lines for the same two cases. When the baffle
was inserted into the plasma, the VUV signal was reduced early in the
discharge by aboult a factor of two; furthermore, the B signal was con-~
siderably guieter with the baffle in the plasma. The most direct inter-
pretation is that early in the discharge, the baffle reduced the electron
density and current density near the walls, where those quantities were

normally peaked. The reduction in current density decreased the ampli-

tude of the B oscillations and decreased the severity of the plasma-wall
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Fig., 6-17: Comparison of VUV, SXR, and B signals from
poloidal field without baffle (pictures on
left) and with baffle in scrape-off region
{pictures on right). Both B signals have
same vertical scale. B time scale was 0.2
msec/d as opposed to 0.5 msec/d for other
signals. VUV and SXR traces are each over-

lays from two shots.
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Fig.

6-18:

Comparison of brightness of emission lines
from OIII to OVI without haffle (pictures

on left) and with baffle in scrape-off region
(pictures on right). Each trace is an over-

lay from two shots.
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interaction; therefore, the impurity generation was reduced.

After the current penetrated to the center, the hot plasma is ex-~
pected to have interacted primerily with the rings. The baffle, which
intercepted the private flux of only one of the internal rings, would
have been unable to reduce the plasma densgity near the other three rings.
The impurity production and thus the VUV signal, during the steady phase
of the discharge, would then have been relatively unaffected by thé
presence of the baffle, Supporting evidence for the impurity generation
at the rings is that spatial data taken with various broadband light de-
tectors often showed a lobe cof impurity emission concentrated near one
of the rings.

The SXR signal was larger with the baffle in.place than without it.
This suggests that the presence of the baffle allowed Te to rise or the
baffle was a source of impurities which radiated in the SXR region. Some
of the oxygen lines (OIV 7290, for instance) behaved in accordance with
the model which has been presented. However, some features of the line
radiation, such as the ohservation that OVI was generally higher with
the baffle than without it, are not explained by the model. It is pos-~
sible that the presence of the baffle changed the locations of impurity
generation and perhaps changed the impurity transport in the machine.
There is also strong evidence that the impurity generation is very asym-
metric, and this could explain the data of Fig. 6-18.

D.2. Metallic Impurities

The sputtering yields from 10-20 eV protons are so low18 that it is
clear that the protons in Tokapole II discharges could not have caused

the metal production which was observed in the machine., Visual examin-
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ation of the interior of the vacuum vessel indicated that arcing of
the aluminum tank has occurred, especially in the upper half of the
machine, and the two lower rings have been sputtered or have been
damaged by arcs. Erosion from the rings occurred primarily at those
areag closest to the central current channel. Arc tracks have been ob-
served on the divertor baffle and the tank protecting the large Rogow-
ski coil.

Recent tokamak results indicate that the sheath potentials in the
vicinity of metals in contact with the plasma are very important in metal
production,15_17 and sheath effects must be invoked to explain the metal
production in Tokapole II. The sheath potential occurs because electrons
escape from a plasma faster than the ions, and then the plasma becomes
positively charged to retard the escape of the electrons. Most of the
potential drop occurs near a wall, limiter, or other metallic object in-
serted in the plasma. The magnitude of the sheath potential V can be
estimated from19

kT m
V= —= 1n (—£)

2e 27Tm
e

r (6_4)

where mp is the proton mass, ng, is the electron mass, and e is the elec-
tronic charge., If Te near the walls and rings was 15-30 eV, then the
sheath potential would have been of the order of 45-20 V., A multiply-
charged ion falling through this potential drop would have hit a sur-
face with an energy of a few hundred eV. (The ion's energy would have
been Z.eV.) Such an ion would have had a significant sputtering yield.
Unipolar arcs, which also depend on the existence of sheath poten-

tials,19 have evidently occurred in Tokapole II. Clearly, an under-
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standing of metal production in Tokapole II rests on an under-
standing of the sheath potentials in the machine.

A simple experiment was performed in which a 14,000 UF capacitor
bank was used to simultanecusly bias all four rings with respect to
the tank during a discharge. Figure 6-19 shows the temporal behavior
of Cul 3250 for discharges in which the applied ring bias was 20 V, C V,
and -90 V with respect to the tank. Also shown is the floating potential
with respect to the tank from a Langmuir probe which was in the scrape-
off region. During the blasing operations, about 600 A of current were
drawn from the capacitors until they were discharged. Thus, the bias
voltage had dropped to about half of its value after the first msec
of the discharge.

Although Fig. 6~19 shows that the biasing affected the Cu radia-
tion and therefore the Cu production rate, the results were ambiguous.
It had been expected that a positive bias on the rings would reduce
the Cu production rate. This reduction evidently occurred between 0.3
and 0.4 msec, but between 0.2 and 0.3 msec, the Cu production was en-
hanced slightly. The negative ring bias reduced the copper signal
during most of the discharge. The results suggest that good control
of the copper generation might be achieved with an adequate power supply
and optimization of the biasing technique.

The floating potential followed the bias voltage quite well. In all
cases, the fleoating potential had large (~ 50 V) but entirely reprodu-
cible fluctuations. These fluctuations did not cbviously correlate
with impurity production, but a more detailed study of the potential in

the vicinity of the rings would probably be instructive.



Fig.

6=19:

Brightness of Cul 3250 and floating potential
Vf measured with a probe in the scrape-off
region for ring bias of 90 V (top picture},
0 V(middle picture), and minusg 90 V (bottom
picture). In each picture, upper trace is Vf
signal and lower trace is Cul 3250 signal.

All light signals have same vertical scale.

Each trace is an overlay £rom three shots.
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RING BIASING DATA

+ 80 V

“-Cu 3250

-90 V

ALL Cu 3250 TRACES HAVE SAME UNITS,
ALL Ve TRACES ARE 20 VOLTS/d.
ALL TIME SCALES = 0.2 msec/d.
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CHAPTER SEVEN
TEMPERATURE MEASUREMENTS
This chapter describes the measurement of electron temperature by
two spectroscopic techniques and the use of Doppler broadening to
measure the lon temperature.

A, Rate Coefficients

The electron temperature measurementg described here require a
knowledge of several rate coefficients. Few experimental measurements
of rate coefficients exist, so the coefficients are usually obtained
from theoretical calculations. Useful reviews of coefficients are pro-
vided in the literalturssa.l'2

Lotz has provided the best available compilation of electron ion-
ization rate coefficients, which are expressed in terms of a semi-em-
pirical formula.3 Salop has performed a more recent and detailled cal-
culation for a limited number of ions.4 Photorecombination rate coef-
ficients have been calculated by several authors, and their results agree

. . 5,6,7
to within a factor of about two.

Burgess provided a convenient
prescription for calculating dielectronic recombination rate coeffi-
cients.8 Several authors have used this prescription to calculate
these coefficients, but the results often differ by almost an order of
magnitude. At tokamak electron densities, the dielectronic recombina-
tion rate coefficient is a function of n s but the dependence is ex-
tremely difficult to take into account accurately.9 A simple correction
to the Burgess formula to account for n, is given in Ref, 10.

Kunze and Johnston have published experimentally measured electron

excitation rate coefficients for lithium~like and beryllium-like ions%l'lz
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Electron excitation rate coefficients are often conveniently expressed

in terms of Van Regemorter's formula:S'13
— L/2
0= 1.6 x 10 5 £_gi§lm§_m e B (7-1)
AE3/2

where Q is the rate coefficient in cm3/sec, f is the absorption oscilia-
tor strength for the transition under consideration, g is the average
effective Gaunt factor (usually of order unity), AE is the excitation
enexgy in eV and B = AE/Te where Te 1s in eV. Convenient compilations
. . . , . 14-16
of oscillator strengths and of excitation energies exist, and sev-
eral theoretical calculations have obtained values for the Gaunt fac-
13,17-21 .
toxrs. Many calculations have not been based on the Gaunt fac-
tor formulation. Vainshtein et al. have performed calculations for a
o . . . 22

number of transitions in light atoms and ions. Breton et al. have
conveniently tabulated the information needed to use these calculations

5,23

for oxygen ions, while Sobelman has provided additional information

. 24 . .
on the formulas used in Ref. 22. The most recent compilation of a
25
large number of calculations has been assembled by Magee et al.
These may be the most accurate rates available. 2A comprehensive survey

of experimental and theoretical work on excitation rate coefficients

. , . . . . 26
for a large number of ions is available in Atomic Data for Fusion.

Moiselwitsch and Smith have published an older review of excitation
. 2
rates and a critique of the calculations used to obtain the rates.

B. Electron Temperature in the Dirty Discharge

The electron temperature in the dirty discharge was obtained by a
2
line ratio technigue used on the Model C Stellarator, 8 This method

uses formula 4-14 of Chapter 4:
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Q (T)

E T
m,k: mk “g,m e

En,j Tn.j Qg,n(Te}

(7-2)

Line pairs used were 0IV 790-0IV 610, CIV 790-0IV 554, and OIII 703-
OIII 508. The branching ratio was 1 for all lines and the excitation
rates were expressed in terms of Eg. (7-1) with E‘set equal to 0.2.

Since all of these lines are resonance lines, Egn. 7-2 became

B hif A

&g gem Wy g - -

- F 3 eXp [(En EHJ/Te] (7-3)
n,g gr,n n,g

where fg,m is the absorption cscillator strength from the ground state
to level m, ng is the wavelength of the photon emitted from level m
and Em is the energy of level m. With Eg. (7-3) and the intensgity
ratios of the line pairs, it was determined that Te was about 10 eV,
which was in good agreement with Langmuir probe and conductivity

measurements of Te.

C. Computer Modeling of Oxygen Radiation

To measure Te in the standard discharge, the oxygen radiation was
modeled with a numerical computer code, as has been done on other toka-
maks.zg“31 With an added dopant of 7 x lO1l cm“3 of oxygen to enhance
the ionization peaks of the oxygen ions, the temporal evolution of
those ions appeared as is illustrated in Fig. 7-1. The time dependent
coronal model described in Chapter 4 was applied to the oxygen ions.
The time evolution of the oxygen ion densities was calculated from the
set of equations (4-7), and the emission of resonance lines of those

ions was calculated from Eg. (4-4). The line-averaged electron density

was obtained from the following analytical f£it to the density curve in



Fig.

T-1:

Experimentally observed emissions from OIIT
703, QIV 789, OV 630, and OVI 1034, The OIV
789 signal is the sum of the QIV 787.7 and
OIV 790.2 signals, which are both produced
by the same multiplet. The OVI 1034 signal
is the sum of the OVI 1032 and OVI 1037.6
signals. All 1ight signals have been cor-
rected with relative calibration curve of

l-m Sevya.
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i72

% = 1.0 x 100, 0<t<0.lms
9.373 x 102 Exp(- .1803 vY(E= 17 ) (l~exp (-1.867(t-.1) }),
0.1<t < 1.5
12 .8966

8.68 x 10 t Exp (-.3766t), 1l.5<t < 10.0 ms (7-4)

where t is the time in msec, and ﬁé iz in cm"B. Spatial data from the
spectroscopic emissions indicated that light was coming preferentially
from the region of the central current channel. Therefore, the elec-
tron density used in the computer code was taken as 1.35 times the den-
sity of Eg. 7-4, to account for the higher density in the center of the
machine. The initial atomic oxygen density was assumed to be

10.5 % 10 en”

, and the influx term was set egqual to zero, since the
development of the ion densities was dominated by the initial oxygen
concentration. A particle containment time of 3 msec was assumed for
all of the ions ag this number provided good agreement with the obser-
vations.

The ionization rate coefficients were from Lotz,3 the photorecom-
bination rate coefficients were from Aldrovandi and Pé'quignot,7 the di-
electronic recombination rate coefficients were from Beigman et al.
and the electronic excitation rate coefficients were those of Vainsh-

. 22 . - .
tein et al. The required formulas and coefficients for the excita-
. - . . 32
tion rate coefficients were taken from Ref. 23 and from M. Mattioli,
who provided the coefficients needed for the excitation rates for indi-
vidual terms in the 2s-2p excitations for OIII and 0IV., In the termi-

nology of reference 23, the g's for the 3?-38, BP, 3D transitions in
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OIII are respectively, 4/9, 3/9, 5/9 while A is 9.8 for all terms. For
the ZP—ZS, 2P, 2D terms in QIV, the 's are, respectively, 1/9,1, 5/9
while A is 9.1. Graphs of the ionizatiocn and recombination rate coef-
ficients can be found in Ref. 1. (The recombination rate coefficients
used for the calculation being discussed differ slightly from those in
Ref., 1, since different sources for photorecombination were used in Ref.
1 and in the work reported here.) Graphs of some of the excitation
rates are displayed in Refs. 1 and 19. Of interest is the fact that
the resonance lines of the oxygen ions all have rate coefficients which
are about 2 x 10“8 cm3/sec and are essentially independent of electron
temperature.

In the simulation, the function Te(t) was varied until the calcu-
lated times of the ionization peaks agreed with the observed.itimes.

The function which successfully did this is illustrated in Fig. 5-4,

and its analytic form is:

22.42 exp (—16.09(t-.5)2), 0 <t <.5ms
T = 22.44, LB <t <9

20.02 + 96.45 exp (-5.10(t—1.75)2), .9 <t < 2.0
(7-5)

where t is in msec. Figure 7-2 shows the calculated time evolution of
the oxygen ions. At the time of the OVI ionization peak (1.54 msec),
the calculated 'I‘e was 97 eV, and this technigue could not be used to
estimate Te after the OVI peak. However, the SXR signal peaked be-
tween 1.7 and 1.8 msec, and this peak is interpreted to have indicated
the peak in Te also. In that case, the maximum Te could not have been

very much higher than Te at the OVI peak; therefore, the peak electron
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Fig. 7-2: Time evolution of the emissions of OIITI 703,
QIv 789, OV &30, and OVI 1034 as obtained
from a time dependent coronal computer simu-

lation. No oxygen influx included.
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temperature was about 100 eV.

The largest errors in the estimate of Te are due to uncertainties
in the electron density and in the ionization rate coefficients. Fur-
thermore, the calculation ignored spatial variations of any plasma
quantities and provided an estimate of the average electron tempera-
ture of the central current channel. The accuracy of the calculation
of the volume-averaged Te is estimated to be within 50%.

When the calculation described above was first performed, the
calculated ratioc of the peak emission of OV 630 to that of OVI 1034
was about a factor of 3.1 larger than that observed experimentally.

29,30,33 with the ground

This ccourence has been noted by other authors.
state densities of OIIT-0OV corrected for the fact that those ions have
metastable levels, the agreement between the OV 630 and OVI 1034 lines
was much better. The correction factors for the metastable levels

were taken from Ref. 30, and the data of Figs. 7-2 and 7-3 include

the corrections. As the calculation stands, OIV 789 now provides the
poorest agreement with the observations, and this may be due to uncer-
tainties in the correction for the metastable levels or to uncertainties

in the excitation rates.

D. Impurity Influx

Figure 7-1 shows that the experimentally observed emissions had
relatively constant plateau values after the ionization peaks. These
plateau values are attributed to an impurity influx,29 and an attempt
was made to include the influx in the computer model., Spatial measure-—

ments of impurity distributions in tokamaks have shown that the incoming
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impurities form cvlindrical shells, centered on the current axis, in
regions where the electron energy is comparable to or less than the
ionization energy of the ions. In the T¥R tokamak, the shell of any
oxyvgen ion was centered at a radius where the electron energy was
one-third of the ionization energy of the ion.34 Measurements on the
DIVA tokamak showed that the impurity radiated power was proportional
to the plasma current;35 therefore, the impurity influx was probably
proportional to IP.

Reasonable success with the computer calculation was achieved
with the following assumptions. The influx term was assumed to be pro-
portional to the plasma current, measured by the current monitor, and
was assumed to consilst entirely of 0I. The calculated resonance line
emissions of Fig. 7-2 were combined with the cobserved signals of Fig.
7-1 to provide a crude absolute calibration of the l-m Seya. The pla-
teau signals of Fig. 7-1 were then converted into brightnesses, each
ion was assumed to be in a region where Te was one-third of its ioniza-
tion energy, and BEq. 4-27 was used to estimate the particle influx rate
¢O. Within an order of magnitude, ¢O was found to be about 6 x 1014
atoms/cmB/sec at the current peak (44 ka}. The influx was then expressed

as

¢O(t) = 1.36 x lO13 Ip(t), (7-6)

. 3 ..
where ¢O has units of atoms/cm /sec and IP is in kA. The plasma current

was expressed analytically by

.97
Ip = 1.72 x 107 t9 9 Exp{(-13.3 £}, 0 <t < .9 msg
Ip = 4}1.2 t'3193 Exp(~.0529 t}, .9 ms < t 5_1.6 ms
.62
I = 44, - 10.65 (t~1.6) » L.oms <t < 40 ms (7-7)
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The electron density was taken from Eg. 7-4, and each ion was assumed

to be in a region where the electron energy was one—-third of its ioniza-
tion energy. The initial impurity concentration was set equal to

zero, and the electron temperature was assumed to go linearly to zero
between 3.5 and 4.0 msec.

Figure 7-3 shows the result of adding the impurity densities cal-
culated from the influx modeling to the Fig., 7-2 densities, which did
not include an influx term. A comparison of Fig. 7-1 and 7-3 shows
that the modeling of the influx term produced reasonable agreement with
the observations. This model is the only way found to explain the pla-
teau signals; the assumption that the influxing impurities were in the
hot central channel produced very poor accord with the observations.
Without spatial profiles of the impurity densities, the electron temp-
erature, and the electron density, it is not reasonable to attempt a
better match of the calculation to the cbservations, as many unjusti-
fiable assumptions would have to be made in the calculation.

E. Ion Temperature Measurements

A spectral line produced from motionless ions will be very sharp in
wavelength space (Pig. 7-4a). When a monochromator is scanned in wave-
length across a sharp line, the line is broadened due to the finite
resolution of the instrument (Fig. 7~4b). The instrumental resolution
is defined to be the full~-width -at-half-maximum (FWHM) of the instru-
mental profile of a sharp line and will be denoted as GAINS' Iong which
are in motion towards and away from the monochromator will have Doppler-

shifted wavelengths and will further broaden the profile of the observed

line (Fig. 7-4¢). If the ions have a Maxwellian distribution, the Doppler-
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Fig. 7-3: Time evolution of the emissions of OIII 703,
OIV 789, OV 630, and OVI 1034 as obtained
from a time dependent coronal computer simu-—

lation. Oxygen influx included.
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Fig. 7—-4a:

Fig. 7-db:

Pig., 7-4¢:
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Intensity of an emission line as a function
of wavelength. For radiating ions at rest

with respect to the observer, the line is sharp.

Instrumental profile of a monochromator obtained
when the instrument views a sharp emission line

and is scanned in wavelength,

When radiating iong are in motion with respect
to the obhserver, the line profile cbhtained
with the monochromator is a convolution of
the instrumental profile and the true Doppler

profile of the line.
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broadening will produce a line shape with a Gaussian profile which has

a FWHM SXD given by36

SA T
D -5 i -
Ao = 7.56 x 10 M r (7-8)

where Ao is the unperturbed wavelength, Ti is the ion temperature in eV,
and M is the mass number of the ion. The instrumental profile can
usually be expressed as a Lorentzian, and for most practical purposes
this can be approximated as a Gaussian.37 The monochromator ocutput is
then the convolution of two Gaussians and the observed FWHM ( SXOB ) is

S

related to the two Gaussians by:

2 2 2
(BApg) ™ = (SR + ( 6M e (7-9)

In practice, the Doppler measurements were made with the Jarreli-
Agh, and its instrumental profile was obtained by scanning it over the
spectral lines of gimple discharge lamps. This instrument had an in-
strumental width of about 0.45 £ with 10 micron slits. Light ions give
the largest Doppler widths, so a small amount of He was added to Toka-
pole discharges, and the broadening of the HeII 4686 line was observed.
The observed profiles were obtained on a shot-by-shot basis, and a

least sguares fit was made to the data to obtain SA Figure 7-5

OBS~
shows a typical example of the experimental data and the least sguares
fit to that data. The Doppler width was then determined with the aig
of Bg. 7-9. Figure 5-7 shows Ti(t) as determined by this technigue.

Ti was relatively constant at about 15-18 eV. Doppler measurements of

the CIIT 4648 line yielded results in agreement with the HelIl results.



Fig. 7-5:
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Experimentally observed line profile from
HeIl 4686. The line profile is the convolu-
tion of the instrumental profile and the
Doppler-broadened profile. Curve fit is a
least squares fit of the data points to a

Gaussian.
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More recent data have shown that Ti from Hell was about 10 eV in
December, 1978 and about 25 eV in March, 1979. Ten eV is near the
lower limit of Ti for which HeII 4686 may be used.

Two questions must be addressed to fully validate the Doppler
measurements. The impurity ions used for the Doppler measurements
typically have a non-uniform spatial distribution, so that Ti deter-
mined from Doppler measurements is the ion temperature in some region
of the plasma. (In particular, impurity ions are localized in shells
during the current plateau in standard tokamaks.) To prevent mislead-
ing conclusions about Ti’ one should know where the radiation originates.
Since the helium was introduced before the start of the Tokapole dis-
charges, the Hell was probably well distributed in the plasma at the
time of the Doppler measurements, and the data vielded a volume-aver-—
aged Ti' This has not been well verified.

One must also consider the guestion of the ion-ion equilibration
time to be certain that the species observed has the same temperature
as the protons. This problem can be addressed with the help of Spit-
zer.38 When a species of test particles of temperature T is immersed

in a background plasma with temperature T

b (b refers to the background

plasma), and if both species are charged, the rate at which T changes

is given by

s (7-10)
eq

where teq is the equilibration time. This time is given by

7.34xlO6AAb 3/2
t = ( ) {7-11)
eq 2 _2
nb Z Zb 1n A

e
+

o o
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is

where teq is in seconds, A is the mass number, % is the charge, ny

the density of the background species in cm_3, T is in eV and 1nA is
the Coulomb leogarithm. For typical Tokapole parameters, teq for Be IX
was about 20 usec. If Egs. 7-10 and 7-11 are solved with T initially 0,
13 -3

Tb = 20 eV, nb =1 x 10 cm , A= 4 and Ab= l, then T reaches 19.5
eV in 60 usec. Clearly, the He IT was equilibrated with the protons
in Tokapcle discharges.

Sprott has performed a steady state calculation39 in which a 1%

13 cmﬂ3) of protons

He impurity was immersed in a background plasma (10
and electrons. The electrons gained energy from cohmic heating and the
ion species exchanged energy by colliding with the electrons and with
each other. For a constant energy confinement time of 300 ysec for all
species, the calculated temperatures of the various species are given
as functions of the ohmic input power by Fig. 7-6. Tt is clear that
the He IT and proton temperatures are strongly coupled. Furthermore,
at an input power of about 300 kW (corresponding to typical Tokapole
conditions), Te is about 100 eV while Ti is about 10 eV. These numbers

agree well with the actual measurements and add consistency and con-

fidence to the measurements of all of these parameters.



Fig. 7-6:

Results of steady state power balance calcula-
tion. Temperatures of electrons, protons,

and He IT ions as functions of ohmic input
power to electrons. Temperatures of protons
and helium ions are essentially identical

over the range of input power used in the

calculation.
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CHAPTER 8

POWER BALANCE CONSIDERATIONS

An important part of this study has been the determination of the
plasma energy confinement time of Tokapele discharges and of the con-
tribution of impurity radiation to the total power loss. The central
results are that the energy confinement time TE is of the order of
200 usec, that this measured T is consistent with empirical scaling
laws for the energy confinement time in tokamaks, and that the radi-
ated power does not dominate the power loss mechanisms. This chapter
analyzes the power balance of standard Tokapole discharges in consid-
erable detail.

A. Basic Data

Measurements of the power balance in Tokapole discharges have
been hampered by the difficulty of measuring the regquired quantities.
The electron temperature, in particular, has not been accurately
meagured as a function of space and time. The best available data from
standard discharges are used in the following discussion, and reason-
able assumptions are made when necessary.

A further complication of the power balance study has been that
Tokapole plasmas are composed of two separate regiong, the central cur-
rent channel and the scrape-off plasma, and it is conceivable that the
confinement is rather different in the two parts. Therxefore, separate
calculations are presented for these two regions. Experimental flux

plots indicate that the central current channel, the region inside the
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separatrix, has about a 16 cm by 16 ¢m sguare cross section. It is
assumed that the current channel is centered on the minor axis of the
machine and that all plasma guantities are constant in sguare shells
centered on the minor axis.
Table 8-1 contains, as functions of time, the measured and calcu-

lated plasma guantities used in the study. These quantities, Ip, ne,

E., P, , U, 0, and T, , are presented for both cases, and 5:, P .,
& in e e Ee i el

Ui' ﬁi' and TEi are presented for the central current channel. In addi-
tion, Prad is listed with the central current channel data, but clearly
some of the radiation also came from the scrape-off region. The plasma
currents were obtained by integrating the current density profiles of

Fig. 5-7 over the appropriate plasma cross sections. The ohmic input
power Pin was calculated from
P.o= -
in = JEgL & (8-1)
where the toroidal electric field E_ and the toroidal current density

T

JT were obtained, respectively, from Figs. 5-6 and 5-~7, and the integral
was performed over the plasma volume V.

An examination of the ion saturation current profiles of Fig., 5-5
guggested the following assumptions for the electron density spatial
profiles: At 0.5 msec, 1.0 msec, and 1.5 to 2.5 mse¢, the average cen-—
tral electron density was taken to be, respectively, one half of, equal
to, and 1.35 times the average sc¢rape-off region electron density. With

these assumptions, the average densities in the two regions were ob-

tained from the line-averaged density of Fig. 5-4.
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Central Current Channel

TABLE 8-1

POWER BALANCE DATA

MMM% H% Hbm _ Hm HH MHB dm Gm Hmm me GH GH HWH me& Hm
(kA) (10%em %) | (ev) (e | )| ()| (xw) {Usec) | (kW)! (J) (kW) | (usec) i (kW) (1s)
0.5 | 1.9 0.27 22 13 ie 1.1} 3.3 30 0.5 | 0.5 1.3 ? o 131
.o 1 7.9 0.64 25 17 37 3.1 2.5 119 1.5} 1.3 0.6 | 1400 t 19 164
1.5 ;13.2 0.84 920 19 64 [l4.61 2.7 243 2.2 3 1.2 | ~0.2 500 | 28 257
2.0 [11.2 0.21 55 17 {lo4 9.7|-7.8 89 2.9 1 1.2 | ~-0.2 390 1 33 97
2.5 110.1 0.21 38 15 :118 6.7{-6.5 55 3.0 1 1.0 | -0.2 310 | 39 62
Scrape-0ff Region
0.5 §28.1 0.33 22 455 114.6119.0 34
1.G |49.1 0.64 25 893 20.0) 8.7 23
1.5 {34.7 0.62 30 494  123.2) 0.8 47
2.0 {22.7 0.67 25 256 120.9| 0.0 82
2.5 {14.7 0.67 28 94 |23.4) 0.0 249
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For the first mseg¢ of the discharge, the electron temperature

was assumed to be flat throughout the machine, and Eé was obtained from
the spectroscopic data of Fig. 5-4. At 1.5 msec, the central current
channel electron temperature was also obtained from Fig., 5-4., (Since

the plasma light coriginated mainly in the central part of the machine,
the spectroscopic Eé measurement was assumed to reflect the temperature
of the central channel.) For the central current channel at times after
1.5 msec and for the scrape-off region at times after 1.0 msec, the aver-

age electron temperature was obtained by averaging the conductivity Te

2/3

data of Fig. 5-8 and then multiplying the result by Zeff

, where Zeff
was taken to be 3. At 1.5 msec in the central channel, this procedure
gave good agreement with the spectroscopic temperature of 90 eV.

The average ion temperature E& in the central current channel was
taken directly from the Doppler broadening data of Fig. 5-4., No esti-
mate of Ti was made for the scrape-cff region, since there was no infor-
mation on the Ti profile.

In principle, the stored energy in the electrons Ue is calculated
from

3
U =~wkfn'1‘ av (8-2)
e 2 e’e
where k is Boltzmann's constant, and the integral is performed over the

appropriate plasma volume V. For the calculations performed here, the

average values n, and Te were used, and Ue was calculated from

3 —
Ue = E'k neTeV . (8-3)

A similar expression was used for the energy stored in the ions Ui'
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With the assumption of quasi-neutrality and with the ion densities which

were used to calculate Z (Chapter 6, section C.3), it was determined

eff

that n, = 0.4 n (for Zeff = 33,

The time rate ¢f change of the plasma energy stored in electrons
ée was obtained from the slope of a graph of Ue as a function of time,.
In a similar way, the time rate ¢of change of the stored ion energy éi
was determined. In Tokapole discharges, energy was transferred to the
ions by Cculomb cellisions with electrons. The power transfer from the
electrons to the ions Pei was calculated from

1.5 nk (T, - T;) Vv

Pei = T (8=~4)
eq

where teq is the electron-ion equipartition time and is given by Egn.

7-11. The electron energy confinement time TEe was obtained from the

equation

T = . (8-5)

T, =~ . (8-6)

Figures 8-1 and 8-2 contain graphs of Ue, Pin' and The for the
scrape~off region and central current channel, respectively. Figure 8-2
also contains a graph of TEi' In the central channel, the ohmic input
power started low and increased in time, reaching a value of about 120

kWw at 2.5 msec. The ohmic input power to the scrape~off region increased

rapidly to a peak value of about 200 kW at 1.0 msec and then decreased



Fig. 8-1:

Stored electron energy, chmic input power, and
electron energy confinement time in the scrape-

off regicon as functions of time.

. = U = = i mic in
ot X Pin’ o TEe’ with oh put

power being only input term; A= T

Eo’ with ohmic

input power and all of the power loss from the
central channel assumed to be power inputs.
Only at late times do the assumptions about

input power affect TEe'
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Fig. 8-2:

Stored electron energy, ohmic input power,
electron energy confinement time, and ion energy
confinement time in the central current channel

as functions of time.
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continuously for the remainder of the discharge. The ohmic input power
density was initially very large in the skin current and penetrated to
the center of the machine as the current did.

In the scrape-off region, the stored electron energy reached a
plateau of 20 to 25 J at 1.0 msec. The stored electron energy in the
current channel changed rapidly and reached a peak value of about 15 J
at 1.5 msec. It is likely that the decrease of Ue in the central channel
after 1.5 msec was artificially accelerated by the small Rogowski coil,
which caused a premature current reduction.

For both the scrape-off region and the current channel, TEe started
low early in the discharge and increased with time. This behavior is
typical of tockamak dischargesl and reflects the fact that tokamak con-
finement is poor until the central current channel is well established.
In the central channel TEe attained a maximum value of about 240 Usec at
1.5 msec. The rapid decrease in TEe may have been partially induced by
the Rogowski coil, as discussed earlier. The data show that TEe in the
scrape-off region climbed rapidly between 2.0 and 2.5 msec. This behavior
is susplcious and suggests the need for more reliable analysis of the
scrape~off region.

A note of caution should be interjected at this point. The calcula-
tion has ignored power f[lows between the central channel and the scrape-
off region. In fact, it is very likely that energy losses from the cen-
tral channel are energy inputs to the scrape~off region and that the power
input to the scrape-off layer is larger than the chmic input power.

Energy could flow in the other direction also, but since the plasma
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pressure in the central channel is higher than in the scrape-off region
(except for early times) this flow is not expected to be important,
Figure 8-1 also contains the scrape-off region energy confinement time
calculated with the assumption that all of the energy lost from the cen-
tral channel is an input to the scrape-off layer, This analysis signi-
ficantly reduces TEe at 2.5 msec, and this result suggests that energy
flows between the two regions might be important.

In the central channel, the energy confinement time of the ions was
glowly varying and of the order of 300 to 500 usec. (Estimates of T_,

El

earlier in the discharge are not reliable.) Clearly, Tgy WBs larger

than TEe'

The overall plasma energy confinement time Tor including the ion and
electron contributions, has been calculated for the central channel and
is tabulated in the final column of Table 8-1. The maximum value of TE

of 257 ysec at 1.5 msec is the best estimate of T_ for the steady state

E
portion of the discharge. Presumably, if the plasma current had remained
constant, TE would have remained roughly constant.

Figure 8-3 shows the ohmic input power, stored energy and energy con-—
finement time for the entire plasma, including the ion and electron con-
tributions from the central channel and the electron contribution from
the scrape-off region. (The neglecting of the ions in the scrape-off
layer introduces little error.) The total stored plasma enerqgy UP reached
30 to 35 J. The energy confinement time TEP climbed fairly steadily to
about 140 usec at 2.5 msec.

Of the basic data which have been used in the power balance calcula-—

tions, the input power data are probably more accurate than any of the



Fig. 8-3: Stored plasma energy, ohmic input power, radi-
ated power, and plasma energy confinement

time for the full plasma.
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other numbers and are estimated to have errors of about 30%. The elec-
tron density and electron temperature data are considerably less re-
liable. As a result, the electron energy confinement times are estima-
ted tc be accurate to within a factor of two. However, the value of the
central channel TE of 257 usec is probably accurate to within a factor
of 50% gince the maximum values of Te and n, are known fairly well.

B. Energy Loss Mechanisms

Figure 8-3 also shows the total radiated power, which was obtained
from the VUV integral signal. The radiated power Prad was never more
than 20% of the input power. Spatial data of impurity radiation indi-
cate that most of the radiation came from the interior plasma. (It is
hypothesized that the radiation was emitted predominantly from the region
near the separatrix and field nulls.) Impurity line radiation may have
been a significant loss mechanism in some regions of the plasma. However,
most of the plasma energy was lost by undetermined processes.

Magnetohydrodynamic instabilities must be congidered as possible
energy loss mechanisms. The MHD stability properties of the Tokapole
magnetic configuration have not been studied theoretically or experimen-
tally. Magnetic oscillations have been observed with é probes in the
plasma,2 and it remains to be seen whether or not the magnetic distur-
bances are deleterious to confinement.

Magnetic islands located at the g = 2 rational flux surface can con-

stitute an important loss mechanism in stable tokamak discharges. A study

of ORMAK discharges in which both Ip was varied with BT held constant

/2

. 1
and BT was varied with IP held constant showed that TE varied as gf{a) ’
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where g(a) is the safety factor at the limiter.3 This scaling was
observed for g{a) < 6. It was determined that the energy loss was as-
sociated with the size and location of magnetic islands on the q = 2
surface. As the islands grew in size and moved out in minor radius, they
were increasingly able to transport energy to the limiter.4

In Tokapole II, it is conceivable that the existence of unfavorable
g profiles could permit the growth of damaging magnetic islands. How-
ever, in Tokapole discharges, the g profiles cutside of the central cur-
rent channel are not known, and the existence of magnetic islands has not
been prowven, although it is suggested by signals on a é coll located out-
side the plasma. Presumably, g rises very rapidly in the vicinity of
the separatrix and goes to infinity on the separatrix. How such a g pro-
file might favor the growth of magnetic islands and the transport of
plasma energy is not clear. Possibly, islands or other disturbances
exist which could permit the rapid transfer of energy to the internal
rings and to the common flux region of the plasma.

Another possibility is that the confinement in the vicinity of the
poloidal field nulls (x-points) is poor, and energy escapes rapidly
from the central current channel in those regions. The x-points might
favor the growth of instabilities, The effects of the x-points on con-
finement are not known.

The major energy loss mechanism in Tokapole plasmas may be the same
as that in most other tokamaks: anomalous electron heat loss. The elec~
tron energy in most tokamaks is lost about 100 times faster than is

predicted by neoclassical diffusion, and it is widely believed that this
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loss is due to some type of microinstability.5 Electrostatic fluctua-
tions from drift waves or magnetic fluctuations from drift waves or
shear-Alfvén waves have been proposed as candidates for the heat 1055.4
ORMAK researchers concluded from their data that the fluctuations

must be magnetic in origin,4 and the shape of the x-ray spectrum from
Alcator discharges can be explained with the assumption that anomalous
diffusion is caused by magnetic fluctuations.6 A transport code which
computes the electron density, the ion temperature, and the electron
temperature as functions of space and time produced very good agreement
with data from TFR discharges.7 This code includes transport due to the
trapped-electron instability, the current-driven thermal instability,

and sawtooth relaxations.

C. Energy Confinement Time Scaling Laws

It is of interest to compare the observed energy confinement time
of Tokapole discharges to that of other tokamaks., 2A number of empirical
. . , 8-12

scaling laws are avallable for this purpose. Several researchers

have searched for a simple law, expressing the energy confinement time as

a function of ne, B

0 Te’ g, a (plasma minor radius), and Ip' which

would accurately describe the observations of TE from a number of exist~
ing machines and allow the prediction of TE for new machines. The data
base which these researchers used probably reflected the best discharges
obtained in the machines under study. The discharges used for the data
base were magnetchydrodynamically stable; that is, the safety factor at
the limiter was normally larger than three. The empirically derived

scaling laws are meant to describe a discharge in steady state rather

than the current rise phase.
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The Jassby scaling law, which fits data from ATC, Alcator, ORMAK,
and other machines, is

m 1/2
TE O naq . {8-6)

where m is two if the energy loss mechanism is a diffusive process and
ig one for a convective loss mechanism. The safety factor is assumed

2
to ke between 2.5 and 6. A similar law is that proposed by Daughney:
E
T, = 3 x 10 ————  msec (8~7)
P

- , 1 = — .. s
where ne has units of 10 3 cm 3, Te is in eV, a is in meters, and I

is in kA.

Hugill and Sheffield have statistically analyvzed data from several
tokamaks and proposed an empirical scaling law which predicts the obser-
ved energy confinement times guite well.lo Their law is

— =
TE = 2,7 neo'6l al'37 B 0.88 A.0'65 msec {8-8)

. 13 -3 . , . ,
where ne has units of 10 cm o, a is in meters, BT ig in kG, and Ai is

the atomic mass of the ions. Mirnov has proposed a lawll of the form

-4 —1/2
T_ = 3 x 10 al n / msec (8~9)
E P e
. 13 -3
where the units are cm, A, and 10 cm .
It has been observed that TE in IS¥~A was considerably higher than
that predicted by most scaling laws. Hirose and Skarsgard proposed a

. 12 . . , ,
scaling law for TE which is consgistent with the results from ISX and

other machines. Those authors noted that the squared ratio of the elec-
2
)

tron plasma frequency to the electron cyclotron frequency (u)pe/mce
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was higher in ISX than in other machines. (The ratio is normally less

than one in tokamaks.) Their scaling law is

e
T 0,014 —= (1 + -5 sec (8-10)
B . w
T Z ce
e
C o = . 14 =3 L. . .
where a is in cm, n, has units of 10 cm Te igs in eV, A is the atomic
weight of the plasma ions, and Z is the charge number of the ions. (Z is
not Zeff')

The scaling laws of Jassby, Daughney, Mirnov, and Hugill-Sheffield
have been used to calculate confinement times for the Tokapole discharge
data of Table 8~1. The resulits of the calculations are compared with one
another and with the cgbserved confinement times in Fig. 8-4 for the cen-

tral channel. Jassby's law was used in the form

T, = Kn_ ——_  a° , (8-11)

where the constant K was adjusted to give the observed confinement time
in the central current chanel at 1.5 msec. For the calculations, BT was
3.5 kG, and Ai was one. The meaning of the minor radius a for Tokapole
discharges is not quite so clear-cut as for standard tokamaks. It was
assumed that the magnetic limiter in Tokapocle II corresponds to the
physical limiter of circular tokamaks, and the "radius" of the separa-
trix was taken to be 8 om.

For the central current channel, the Hugill-Sheffield and Mirnov
energy confinement times are in reasonable accord with the experiment.
In particular, the Mirnov law predicts a steady state TE of about 290

Usec, which was only 20% larger than the observed time; the Hugill-Shef-

field value was low by about 50%. The favorable agreement of these two



Fig. 8-4:

Comparison of observed energy confinement
time in central channel with predictions
of scaling laws.

© = experiment,
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. Mirnov law,
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Results plotted as functions of time

during the discharge.
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laws with the experiment for the "steady state™ phase suggests that the
confinement in the Tokapole central current channel is comparable to
that of circular tokamaks and suggests further that an important energy
loss mechanism from the central channel is the same as that in other
tokamaks: anomalous electron heat transport.

The Jassby value for T_ at 1.5 msec agrees well with the experiment,

E

of course, because the law was scaled to do so. The Daughney law does

not agree with the experiment.

The Hirose-Skarsgard law has been compared to the Tokapole experi-
ment. For typical Tokapole parameters, the ratio (wpe/mce)2 was about
6.7. {The highest ratio observed in ISX was 2.7.) For the experimental
parameters in the central current channel at 1.5 msec, this law yields
a Tp of 1.0 msec, which is clearly in disagreement with the experimental-

ly observed L This fact suggests that the law does not work in the

very limit for which it was intended.
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CHAPTER 9

DISCUSSION

Observations of the plasma behavior and of impurity effects, in
particular, in Tokapole II discharges have been presented. This chapter
containg a summary of the major experimental results of this study. The
basic conclusions are presented. Possible areas of future study are in-
dicated, and the role of impurities in Tokapole plasmas is discussed.

A,  Summary

The main characteristics of a standard Tokapeole discharge were as
follows. Early in the discharge, the current density and electron den-
sity were peaked near the walls. This phase of the discharge was charac-—
terized by MHD activity in the skin current. By 1.2 msec the currepnt had
started to peak on axis and the electron temperature started to risse. Be-
tween 1.5 and 2.0 msec, the plasma current peaked at roughly 40 kA, and
Eé peaked at about 8 x 1012 cmn3 at 2.0 msec. The lon temperature was
slowly wvarying and was about 15-20 eV. The electron temperature of the
central current channel reached a peak of roughly 100 eV near the time
of the current peak. The steady state value of the electron energy con-~
finement time was about 250 Usec and TEi was about 300 to 500 Usec. MHD
activity was observed throughout the discharge. As the poloidal gap
voltage dropped, the plasma current decayed, and the discharge ended
quietly.

The maijor impurities and their concentrations as percentaces of Eé

wexre oxygen {(3-5%), carbon (~0.5%), nitrogen (associated with vacuum

leaks), and copper {undetermined concentration). An air leak resulting
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in a base pressure of 1-2 x 10“7 Torr produced a nitrogen concentration
of 2-4%. For the pericd during which the impurity concentrations were
measured, the contributions of the impurities to the radiated power
were: oxygen (25-35%), carbon (~5%), nitrogen (20-30%), metals (~40%).
The impurity contributions varied with time; more recent data indicated
that 75-85% of the radiated power was due to oxygen, carbon, and nitrogen.
Typically, the total impurity radiated power was about 35-70 kW, and Pr

ad

was never more than 15-30% of Pin during the discharge. is estimated

Zeff
to have been about 3 and is assumed to have been relatively constant af-
ter about 1.5 msec.

R . , 14
Within an order of magnitude, the oxygen influx rate was 6 x 10
atoms/cm3/sec. Primarily on the basis of results from other machines, it

has been assumed that after the impurity build-up of the current rise
phase, the impurity concentrations in the central current channel were
relatively constant. The influx of impurities was balanced by the out-
flux.

During doping experiments, in which impurities (02,N2,CH4) were in-
troduced into the wvacuum chamber before the start of the discharge, the
AS parameter was independent of the dopant concentraticon for dopant den-

s 11 -3 -5
gities less than about 5 x 10 om (1.5 x 10 Torr). At larger dopant
densities, AS decreased approximately linearly with the added impurity
concentration. MHD activity and hard X-ray production increased as the
12 -3
dopant level was increased. Above dopant levels of about 1 x 10 cm
(3 x 10“5 Torr}, large amplitude oscillations in the SXR signal were ob-

-3

. . 12
served. However, doping with H, in concentrations of up to 3 x 10 cm

2
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produced insignificant effects on the AS parameter.
B. Conclusions

A general and important conclusion is that the central current
channel of a Tokapole plasma is very similar to a tokamak plasma. This
allows many facets of tokamak physics to be applied to Tokapole dis-
charges.

The results of the doping study and the experiences of several re-
searchers indicate that a bad vacuum does not necessarily deleteriously
affect the gross discharge characteristics (e.g., current, plasma sta-
bpility, AS). In fact, the doping experiments indicate that changes in
AS and, presumably, in Te do not cceur for impurity pressures less than
~1 x 10_5 Torr., This conclusion does not imply that no plasma parameter
is affected by low dopant levels or relatively small air leaks; aside
from changes in the optical signals, some parameters are affected by
small changes in impurity levels. Furthermore, the deleterious effects
of the residual plasma impurity content may be far more serious than
the added effects of a bad vacuum. This cannot be tested, of course,
without further reducing the residual impurity content,

The case of a bad vacuum is to be contrasted to that of dirty walls.
During the initial operation of Tokapele II and after major vacuum open-—
ings, the gross plasma characteristics were clearly degraded, and this
degradation occurred even when the vacuum was good., Deleterious plasma
effects in such cases were probably due to high levels of impurity radi-
ation, which were produced by large impurity concentrations {particularly,

carbon) from the walls. Sufficient discharge cleaning has always reduced
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this problem,.

The power balance study has shown that for normal discharges im-
purity radiation did not dominate the overall energy loss mechanisms.
During the current rise phase, enhanced transport due to instabilities
in the skin current probably dominated the energy loss channels. Dur-
ing the steady phase of the discharges, the central channel energy con-
finement time was comparable to that predicted by the Hugill-Sheffield
and Mirnov scaling laws for tokamaks. This agreement suggests that the
observed energy loss was due to anomalous electron heat conductivity.
However, MHD activity was always observed during the steady state phase,
and it is conceivable that macroinstabilities degraded the energy con-
finement time.

Analysis of the doping experiments and other observationg have
strongly suggested that the central current density and electron temper-
ature were limited by an instability, and the best candidate for this in-
stability is the m=1l, n=l resistive tearing mode. This mode flattens
the current density and electron temperature profiles by internal disrup=-
tions. According to this model, radiated power did not limit the central
electron temperature; however, the impurities almost certainly cocled the
edge of the central channel, controlled the edge resistivity, and helped
t0o shape the current density and Te profiles.

Low-Z impurities are generated by desorption from ions, electrons,
neutrals, and photons. Metallic impurities are generated by sputtering
and arcing. Unipolar arcs require the existence of a sheath potential.
The 15-20 eV protons in Tokapole discharges have essentially no sputter-—

ing yield. Efficient sputtering of metal in Tokapole I requires the



219

existence of a sheath potential to accelerate multiply-charged ions to
sufficiently high energies to sputter upon impact with a metal surface.
Thus, sheath potentials play a central role in metal production in Toka~
pole discharges.

A variety of observations suggests that the magnetic limiter con-
figuration works in the following way. A hot central current channel
is separated from the cooler (~20 eV), but dense (~2 x 1012 cm“B), plag-
ma in the scrape-off region by a separatrix. The poorly confined plasma
of the current build-up phase interacts primarily with the chamber walls
and releases impurities to produce the initial impurity concentrations,.
During the steady state phase of the discharge, the primary impurity
production occurs at the rings, and some of the impurities diffuse into
the central current channel.

The scrape-off layer (~10 cm wide) is expected to insulate the main
current channel from the wall. Tons in the scrape-off laver have a
large amount of poloidal flux to cross to penetrate to the central chan-
nel. Low-Z neutrals released from the wall with energies less than ~3 eV
will be ionized and trapped in the magnetic field of the scrape-~off
plasma. In contrast, neutrals produced at the rings can penetrate into
the central channel, or if the impurities are ionized near the rings,
they have considerably less poloidal flux to cross than ions diffusing
from the walls. By virtue of its lower temperature and density, the
scrape-coff plasma has a much less gsevere interaction with the walls than
the hot central plasma would have, and this fact serves to further reduce
the wall impurity influx.

Spatial impurity data indicate that the impurity radiation is pro-
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duced in the central regions of the plasma. The oxygen modeling strongly
indicates that the radiation does not come from the hot current channel
itself. It is consistent with these observations to assume that the im-
purity radiation is primarily produced in the vicinity of the separatrix.
C. Discussion

This research has suggested several areas for further study. Work is
needed to determine exactly what the processes are that produce impuri-
ties and to further clarify the places from which impurities originate.
In particular, the rings must be studied as possibkle impurity sources.
Studies of the sheath potentials, especially those near the rings, would
give insight into the mechanisms for metal production.

Closely related to such studies is the need for further attempts to
contrel impurities. Presumably, an understanding of impurity production
mechanisms would lead to methods for effective impurity control. Candi-
date technigques for impurity control and elimination are the Taylor dis-
charge cleaning method, titanium gettering, the use of non-evaporable
getters, limiters on the rings, ring biasing, electron injection techni-
ques, and the use of a gas blanket. One obvious method for which Tokapole
II is ideally suited is the use of a burial chamber in the scrape-~off
region to further isolate the central current channel from the impurity
sources. Gettered divertor baffle plates would probably be suitable
burial sites.

Other areas for study are the effects of impurities in shaping the
current density profile and the role of impurities in MHD activity. The
use of electrical probes to measure current density and g profiles and

to observe magnetic fluctuations in conjunction with impurity doping
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techniques might permit a study of these problems. Ultimately, such
data coulé unfold the individual roles of ohmic heating and impurity
cooling in the shaping of the current density profile.

Finally, there is a strong need for an understanding of the stabi-
lity of Tokapole plasmas and for insight into the role of the observed
magnetic oscillations. MHD instabilities are candidates for enhancing
the energy losses from Tokapole plasmas.

In the final analysis, the role of impurities in Tokapole II is sim-
ilar to the role of impurities in the last generation of tcokamaks (e.g.,
ATC, ORMAK, TFR 400): the impurities are tolerable but not desirable.
For standard, medium-power discharges, the impurities do not adversely
affect the gross plasma parameters. The plasma current, and the ion and
electron temperatures are roughly independent of the impurities; the im-
purities do raise the electron density. In standard tokamaks, impurity
effects limit the ultimate achievable parameters. The maximum stable
plasma currents and the maximum attainable densities are limited by the
disruptive instability, which ig caused in part by impurity edge cooling
of the plasma.

The experiences of present-day tokamaks, in which Zeff ~ 1-2,
probably indicate what could be expected if the impurity concentration of
Tokapole plasmas was reduced substantially. For a given set of discharge
conditions, the central current density and electron temperature would
probably be limited by internal disruptions, as they may be in the present
case. However, the electron temperature profile would likely be broader.

The electron density would decay more quickly in a clean machine than in
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a dirty one, and some type of refueling, such as gas puffing, would be
needed to maintain the density for long discharges. Zeff and the plasma
raesistivity would drop. Under such conditions, a smaller loop voltage
would be needed to sustain a given plasma current, and this effect would
permit a longer current pulse for a fixed amount of core flux and stored
energy in the poleoidal field capacitor bank.

The energy confinement time would be somewhat higher with the re-
moval of impurities. For a given toroidal field, the plasma current and
electron density could be pushed higher before MHD instability would
occury. Thus, the reduction of impurities is crucial to the attainment
of nigh B (ratic of plasma pressure to toroidal magnetic field pressure)
plasmas in a tokamak device.

The standard discharge chosen for study during the first year of
machine operation and described in detaill in this thesis involved machine
operation at a torcidal magneticfield (3.5 kG) and a pulse length (3.5
mgec) well below the design limits of the device. Impurity control
was accomplished with a low power discharge cleaning technique. The
impurity concentrations in the standard discharge did not grossly impair
the basic plasma parameters. However, a substantial reduction of the im-
purity level will almost certainly permit operation in new regimes of

T s and B.

E!



223

PLP REPORTS

In this thesis, several references are made to the internal
reports of the University of Wisconsin plasma physics group.
These reports, which are identified by PLP numbers, are avail-
able upon request from:

Plasma Physics OCffice
University of Wisconsin
1150 University Avenue

Madison, WI 53706
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