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ABSTRACT
This report presents the status of the Controlled The-monuclear Research
program at the Los Alamos Scientific Laboratory for calendar year 1977.
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I. INTRODUCTION

H. Dreicer, G. A. Sawyer, K. S. Thomas

In the Reversed-Field Pinch

experiments continued on the 15-cm-bore 2ZT-S

Program,

experiment, Efforts concentrated on the measure-
ment of the radiation loss from impurities and on
raising the electron temperature by operating at a
lower filling pressure and by the use of low-
temperature discharge cleaning. Construction of
the 40-cm-bore ZT-U0 experiment was begun. ZT-U40
has been designed to have great versatility and
can operate over a wide range of risetimes
(2.5 us-1 ms). It will allow the study of the
high-beta programmed reversed-field profiles as
well as the generally lower beta configurations
obtained by self-reversal. Once the desirable
properties of the high-beta equilibrium can be
demonstrated, efforts will be made to determine
the optimum method for setting up and maintaining
the configurations from the reactor technology
point of view.

The final experiments on the Scyllac feedback
stabilization project have been completed, and the
experiments have been terminated. The last exper-
iments differed from previous efforts in several
important aspects, First, the equilibrium config-
uration was changed from the 2=0,1 combination of
stellarator fields to 2 =1,2 stellarator fields.
Secondly, the helical plasma perturbation was much
larger on these final experiments than on the pre-
vious Scyllac experiments giving a plasma helical
radius of about 3 cm vs the value of 1.4 cm used
in the earlier experiments. Also the wavelength
of the fields was increased from 0.62 m to 1.0 m.
The feedback system in the final series of
experiments was also different from the previous
cases in that the output of the position detectors
was processed in such a manner as to drive the
power amplifiers in response to the model struc-
ture of the plasma instability rather than the
displacements as seen by the individual detectors.

Experiments continued in the 5-m-long Scylla
IV-P linear theta pinch. The main experiments
were an investigation of the characteristic end-
loss times, study of the plasma flow processes
near the theta-pinch coil ends, and material

end-plug end-stoppering experiments designed to
eliminate axial particle flow.

Activities in the Staged Theta Pinch concen-
trated on constructing, checking out, and col-
lecting data with a Thomson scattering apparatus.
Data were collected at two axial positions, one
near the center of the main compression coil and
one near the end. At the center of the coil, data
were taken at three radial positions; at the end,
data were taken at four radial positions. Mea-
surements were made as a function of time with
initial D2 fills from 3 to 15 mtorr.

Two small experiments were used to study the
stability and confinement properties of the re-
versed-field configuration formed in a theta pinch
when a reversed bias field is used. This configu-
ration shows unexpectedly favorable stability
characteristics which are of interest for in-
creasing energy confinement in open—ended systems
such as mirrors, theta pinches, and liners.

Experiments on the Implosion Heating Experi-
ment were ended in November 1977, and the personnel
involved transferred to the Fast Liner Program.
The first part of the year was spent finishing a
detailed measurement of the magnetic field as a
function of time and radius using magnetic probes
and Faraday rotation. The major part of the year
was spent taking temperature and density data
using Thomson scattering at four radial positions,

In the fall of 1977, approval was given to
begin a Fast Liner experimental program. Initial
experiments on the imploding liner will use three
capacitor racks of the Scyllac bank. Plasma
preparation studies will be conducted on the Gun
Injection Experiment.

The Gun Injection Experiment operated
throughout the year. The initial measurements
were of the properties of the gun plasma itself.
These were followed by an investigation of plasma
injection into a short (50-cm-long) solenoidal
guide field having a typical strength of about
10 kG.

The primary efforts of the Experimental
Plasma Physics Group are directed ‘toward the study

of high—frequency plasma resistivity, plasma



heating, and heat flow in the presence of plasma
turbulence, electron drifts, and other effects
likely to be present in plasmas of current fusion
interest. Experimental studies, which were being
done on a Q-machine, were temporarily suspended on
May 25, 1977, to allow dismantling of the equip-
ment to make room for the construction of the
ZT-40 experiment. Relocation of the experiment
into a new area was begun in late December, and it
is planned to be in operation by June 1978.

An experimental program was set up in May
1977, to investigate a very high density Z-pinch
initiated by a small-diameter laser beam. During
1977, a prototype of one module of the power
supply was built and brought into operation.
Studies of plasma initiation using a ruby laser
will begin in early 1978.

The Plasma Diagnostic group continued work on
the spatially resolved Thomson scattering appara-
tus and the scanning infrared heterodyne
interferometer. Work on several new diagnostics
was begun. Some general—purpose computer codes
were developed and a major effort continued on the
use of minicomputers for data acquisition and
device control.

The work of the theory group is closely
associated with and motivated by the experimental
CTR program at LASL. For several years the
problems and requirements of the Scyllac experi-
ment provided the major motivation for research in
the theory group. However, now that the Scyllac
program has ended and the CTR effort at LASL has
become directed toward alternate concepts, the
variety of theoretical research has increased.
Areas of activity inoluded MHD calculations,
numerical simulations, and studies of kinetic
effects and magnetoacoustic heating.

The shortage of computer resources at LASL,
coupled with the increased utility of the PDP-10
and MFE network, has made the USC facility a vital
link in the LASL MFE effort. The PDP-10 has been
used for scientific problems, administrative
accounting, and inventory control. Many of the
large—particle simulation and MHD stability codes
have been shifted to the network from the LASL

computers. Preliminary design of the ZT-40

control and data acquisition system was completed
and the Scylla IV-P operating system was upgraded.

During the year the goal of the Magnetio
Energy Transfer and Storage program changed from
development of the superconducting magnetic trans-
fer and storage system for use 1in future
theta-pinch experiments to development of super-
conducting tokamak poloidal field systems. The
emphasis in this program is directed toward future
large tokamak experiments.

The focus of all systems and design studies
of magnetically confined fusion concepts was on
alternative or exploratory concepts. A major
design effort on the Reversed-Field Pinch Reaotor
concept was completed, based upon a moderately
pulsed mode of operation. On the basis of this
design, a second design study was begun that
investigated both the physios and technology
associated with a larger, extended-burn operating
mode. Studies of both the Fast Liner Reactor and
Liner Magnetic Fusion concepts emphasized physics
and energy-balance constraints for fusion power,
although crucial technological issues for both the
concepts were addressed. A study of toroidal
bicusp confinement (Tormac) was begun whioh fo-
cused on elucidating viable physics operating
points with total power, energy balance, and
first-wall loading being enforced as major con-
straints. Scoping studies of generalized hybrid
(fusion/fission) and synfuel (thermochemical
hydrogen) applications of fusion power were also
begun. Work on neutronics studies and insulator
research continued.

The main activity of the engineering groups
was the development, design, and testing of
components for the new ZT-40 experiment. Other
areas of activity included the design of the
high-density Z—pinch, capacitor and ignition
switch life testing, and design and testing of
advanced components which may be needed in future
experiments.

The Tritium Systems Test Assembly, which was
initiated in February 1977, is dedicated to the
development, demonstration, and interfaoing of
technologies related to the deuterium-tritium fuel
cycle for fusion reactor systems.




II. REVERSED-FIELD PINCH PROGRAM

D. A. Baker, G. P. Boicourt, C. J. Buchenauer, R. T. Buck, A. Buffa (Visiting Scientist,
Universita di Padova, Padova, Italy), L. C. Burkhardt, G. I. Chandler, J. N. Di Marco,
R. S. Dike, J. N. Downing, Jr., P. R. Forman, A, Haberstich, C. F. Hammer, K. W. Hanks,

L. D. Hansborough, R. B. Howell, A. R. Jacobson, F. C. Jahoda, R. W. Kewish, Jr.,
R. Kristal, K. J. Kutac, J. W, Lillberg, E. M. Little, M. D. Machalek,
J. G. Melton, W. C. Nunnally, A. E. Schofield, K. S. Thomas,
L. C. Wilkerson, R. W. Wilkins, and P. C. T. Van der Laan

A. INTRODUCTION

The toroidal reversed-field pinch program
continues to be motivated by its promise of
high-beta stable equilibrium configuration with
the possibility of ohmic heating to ignition with
moderate magnetic fields. Further advantages stem
from the freedom of choice of aspect ratio that
gives an escape from possible adverse trapped-
particle effects and can lead to a simpler modular
construction with easier access as compared to a
compact torus.

The LASL program is currently centered on the
15-cm-bore ZT-S experiment and the 40-cm-bore
ZT-40 experiment presently under comstruction. In
1977, efforts on the ZT-S experiment have been
concentrated on the measurement of the radiation
loss from impurities and in the study of possible
raising of electron temperature by operating a
lower filling pressure and by the use of
low-temperature discharge cleaning.

The ZT-40 experiment is presently about at
midpoint in its construction schedule. The
experiment has been designed to have great versa-
tility and can operate over a wide range of
risetimes (2.5 us-1 ms). It will allow the study
of the high-beta programmed reversed-field
profiles as well as the generally lower beta
configurations obtained by self-reversal. Once
the desirable properties of the high-beta
equilibrium can be demonstrated, efforts will be
to determine the optimum method for setting up and
maintaining the configurations from the reactor
technology point of view. The scheduled date for
beginning physics on ZT-40 is July 1979.

B. ZT-S

1. General. A chief factor 1limiting the
confinement time in the 2T-S reversed-field
experiment after favorable plasma-field profiles
are produced is the degeneration of the stability
of the configuration with time due to resistive

effects. The measured electron temperatures are
low and field diffusion rates are high. One
candidate for keeping the temperature down is the
energy loss from impurity line radiation. The
general objectives this past year have been to (1)
determine the nature and magnitude of the radia-
tion loss, (2) operate at lower filling pressures
in an attempt to raise electron temperatures, (3)
design and test a discharge cleaning scheme, (4)
design, build, and test a power crowbar circuit to
lengthen useful time of the field. Starting in
February 1978,the plan is to then upgrade the ZT-S
experiment in cleanliness, ease of changing
programming modes, and to incorporate improved
diagnostics. The experiment is to be used to give
as much information as possible in the areas of
cleaner systems, impurities, discharge cleaning of
alumina tori, and, if possible, programming at
elevated electron temperatures. This information
is to give guidance for the LASL ZT-40 experiment
currently under construction.

2. _Radiation Loss Measurements.

2, Nature and Level of Impurities. Spectro-

scopic and mass analyzer measurements of the ZT-S
discharge have shown that the main impurity is
oxygen with smaller amounts of carbon and
nitrogen. The impurity number density is in the
range from - 0.3% to - 1% of the deuterium fill.

Theoretical calculations1

predict serious energy
losses that can cause limitations on the electron
temperatures for the current densities being
studied (Jpypaq = 1-3 kA em?),

b. Absolute Measurements of the Radiation

Loss.

(1) Method. A survey of the impurity lines
was made spectroscopically to determine the spec-
tral range of the line radiation emitted from the
ZT-S plasma. The wavelength region containing the
substantial portion of radiation is between 200-
1000 A. A fast system that was sensitive to

vacuum ultraviolet radiation was assembled,



tested, and arranged to view the ZT-S pinch
through a pump port. A schematic of the detector
arrangement is shown in Fig. II-1. Basically the
detecting system consists of a fast, linear photo-
diode of wide dynamic range (ITT FW 128). This
detector is sensitive to visible wavelengths and
is used with a sodium salicylate phosphor wave-
length shifter that intercepts the photons
emerging from the plasma. The fluorescence emis-
sion spectrum of the phosphor varies by a factor
of 1.45 from 2500 A to 1200 A and then is flat
down to 200 A. The fluorescence spectrum centers
at - 4200 A,well within the high-sensitivity range
of the photodiode. This was the primary detection
system used for results reported below.

The radiation from the plasma in the ZT-S
discharge passes through the aperture in the alu-
mina plug inserted into the pump port and then
through two successive 1-cm-diam apertures to the
detector. The last two apertures are covered with
a wire mesh grid to improve the detector shielding
against electrioal noise. The signal from the
detector is amplified and then transmitted to an
oscilloscope display.

(2) Results. The analysis and interpreta-
tion of the results of the measurements involve
several factors (a) the calibration of the
detector, (b) the source and detailed solid angle
corrections, (¢) the determination of mean photon
energy. Since the measurement was made through a
single port, assumptions about the source
distribution are needed to make determinations of

the absolute value of the radiative energy loss.

Comparisons with different assumed source
1TT-FW128 DIDDE
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Fig. II-1.
Schematic of radiation detector.
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distributions show that this introduces the
largest uncertainty, about a factor of two, into
this determination.

The results indicate that, for sharp boundary
plasma with a flat emission profile, a radiative
loss of 5 to 8 MW per meter length is obtained
during the - 30-us stable time of the discharge.
The total energy balance for a sample discharge is
shown in Fig. II-2. The two curves show the
energy input and energy content per meter of
length (plasma + field energy) of the discharge as
a function of time as deduced from current,
voltage, and magnetic probe data. For comparison,
the difference between the two curves, which
represents the energy loss, is shown in Fig. II-3
along with the radiation loss as deduced from the
above detector measurements. The same radiation
loss curve is compared with the calculated ohmio
heating for T, = 15 eV in Fig. II-4. These curves
indicate that essentially all of the loss is due
to the radiation. In view of the factor of - 2 in
uncertainty in the absolute radiation measurement
mentioned earlier, this agreement may be fortu-
itous. The measurement does indicate however that
the radiation contributes in a significant way to

the energy loss.
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Fig. II-l4,
Curves comparing the measured radiation loss with
the calculated ohmic input.

For plasma temperatures of 15-20 eV, as
estimated for ZT-S from Thomson scattering and
spectral impurity ionization state measurements, a
calculation of the theoretical radiation loss rate
glves values of 8-10 MW per meter. The radiation
loss rates were computed for assumed values of Te
using Ortolani's POWRAD code? based on McWhirter's

3

radiation loss equation® with a multiplying factor

of 5 as suggested by the Maryland Group results.t
This agreement is better than expected in view of
the uncertainties in the measurements and the

approximations made in the functions used in

determining the ionization, excitation, and emis-
sion processes.

The conclusions of these studies are as
follows. For ZT-S operating at I = 60 kA and a
filling pressure of 20 mtorr, (3) the radiation
loss is e 50% of the energy loss in ZT-S, (b) the
radiation is primarily in the vacuum uv with a
mean energy of — 30 eV (A~ 400A ), (¢) the chief
impurities are oxygen and carbon, (d) these
results are comparable to those predicted by
theory.

3. Electron Temperature Measurement. Thom-

son scattering measurements of electron tempera-
ture at filling pressures of 18 and 34 mtorr have
heen described in the previous LASL Controlled
Thermonuclear Research annual r'epor'f:.1 Measure-
ments at lower densities were then hampered by
instrumental scattering. This problem has now
been resolved by the addition of two 6943-A notch
filters to the scattered spectrum detector. The
‘width at half maximum of each filter is 10.2 A.
The overall sensitivity of the detector is reduced
by a factor of 2, whereas the instrumental scat-
tering signal is down by a factor of 15. Good
data have been obtained at filling pressures of
10 mtorr. Data acquisition at 5 mtorr is limited
by the stability of the pinch rather than by the
sensitivity of the diagnostic.

The temperature measurements shown in Fig.
II-5 have been obtained with a filling pressure of
D, of 10 mtorr, and a peak toroidal current of
60 kA with an initial rise of 35 kA/us. The
initial bias field was set at 0.064 T and the
toroidal field at the wall reversed to -0.079 T in
about 15 us. The postimplosion plasma radius as
estimated from pressure profiles was of the order
of U4 cm.

The square data points have been obtained
with a polychromator dispersion of 33 A/mm and the
circles with a dispersion of 66 A/mm. The solid
circles are the result of a least squares fit to T
polychromator channels. The open circles are
based on the same data, but using the two closest
channels only on each side of the 6943-A channel.
The difference between the two analyses is rela-
tively minor at late time in the discharges
(> 10 us). At early times, however, the analysis
based on U data points gives a much lower
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Thomson scattering measurement of electron temper-
ature at (a) 0-, (b) 1.5-, (¢) 3.0-, and (d) 4.5-cm
radius. Peak toroidal current 60 kA, filling
pressure 10 mtorr of D2.

temperature and, perhaps, a better representation
of the main body of the electron distribution than
the 7-point analysis.

Figure II-5(a) shows a peak central value of
Te of 25 eV, which then decays gradually to 15 eV
at 25 uys. The electron temperature at 1.5- and
3-cm radii levels off at about 15 eV. Assuming
full preionization, conservation of particles, and
a poloidal B of 0.6, one would expect a value of
T1 + Te of approximately 60 eV at peak current and
of 27 eV at 25 us.

Comparison of this result with the previous
T, measurements indicates an increase of the elec-
tron temperature at lower filling pressures. The
peak values of Te reported earlier‘1 were 12 eV at
34 mtorr and 15 eV at 18 mtorr.

4. Discharge Cleaning Studies.

a.  Motivation. The radiation loss studies
indicate the need for determining if suitable dis-
charge cleaning methods can be developed in order
to reduce the impurity level to acceptable limits.
A preliminary investigation was made to determine
the usefulness of the low-temperature discharge
technique5 for oxygen removal from an alumina dis-
charge vessel. Previous work in this area has
been 1limited to metal-walled systems. It is
known, however, from the results of the Petula
group at Grenoble that the replacement of a
tungsten limiter with an alumina one can reduce
the oxygen in the discharge a factor of three to
four.

If the simple 1low- temperature discharge
cleaning proves successful, it is planned to use
discharge cleaning pulses on ZT-40 prior to the
main discharge, thus minimizing the amount of
baking required.

b. DpPischarge Cleaning Circuit. The  dis-
charge cleaning circuit consists of capaoitor and
switching circuit capable of delivering - 110 J
per pulse to a series connection of the toroidal
and poloidal field circuits. This arrangement
forms a 2-kA screw pinch and is capable of
producing one to five pulses per second. The
eircuit can be quickly removed from the experiment
by the use of a pair of pneumatically operated
switches thus minimizing the time between the
cleanup discharges and the normal firing of ZT-S.

¢. Dischapge Characterjistics. The wave
forms for the discharge cleaning circuit are shown
in Fig. I11I-6 for the 1low-pressure case. The
voltage shown in the figure is the voltage across
the feedplates for one quadrant of the torus. The
current IP is the toroidal plasma current. The
current Ie is the current in the toroidal field
windings, in this case breakdown is delayed for
the first 150 us.

Plasma was generated over a range of 0.7 to
40 mtorr, 0.7 mtorr being a 1limit below which
breakdown would not occur. At these lowest
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current wave forms during a discharge cleaning
pulse in ZT-S,.

pressures uv radiation was required to initiate
breakdown, and then substantial plasma currents
failed to flow during the first half-cycle.

Also from Fig. II-6 a dc offset can be seen
in the plasma current IP’ This is due to trapping
of the poloidal flux in the plasma, and leads
thereby to a time variation of q. When B¢ goes
through zero, q is zero. When this happens there
is probably an instability and/or a rapid expan-
sion of the plasma radius which causes the plasma
to contact the wall. The result of q's going
through zero shows up as a voltage spike across
the current feed terminals.

The energy input for different pressures is
shown in Fig. II-T7.

The electron temperature of the plasma during
discharge cleaning was measured by two methods.
First the resistivity of the plasma was calculated
from the voltage and current traces. Using the
Spitzer equation and obtaining the plasma radius
from the streak pictures we find - 2-3 eV for the
filling pressures of 1, 10, and 20 mtorr. The
Second method was a line to continuum measurement
using DE: 4861 A, From this we found 3.0 eV at
10 mtorr and 2.0 eV at 1 mtorr.

d. Vacyum System. The torus is pumped by a
turbomolecular pump and an ion pump through a long
pipe and five 1.4-cm-diam tubulations. The con-

ductance for this system is - 17 /s at the torus
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Fig. II-7.
Plasma energy deposition per pulse with probes in
(©), out (¢), and an independent check (O) of the
probe -out case.

and the background pressure is mnormally about
4 x 10"6 torr in the torus. A mass analyzer is
attached to the pumping system just above the
pumps 8o that it samples the gases pumped out dur-
ing the discharge cleaning.

e. Results. The mass analyzer has been used
to observe the gases that are pumped from the
torus before and during discharge cleaning. The
principal mass numbers observed are 14, 16, 18,
19, 20, and 28. These correspond to N, O or CHu,
H20, HDO, D20, and CO or N2. The ambiguity
between D20 and CDu was resolved by comparing
results between hydrogen and deuterium discharges.

The mass analyzer was used to monitor the D20
line during the discharge cleaning. The behavior
of D20 during and after discharge cleaning is
shown in Fig. II-8 for 1, 10, and 20 mtorr. With
the turn-on of discharge cleaning there is an in-
crease in D,0. The amplitude of this signal de-
creases rapidly in the first few minutes and then
levels off. When the discharge cleaning is ter-
minated, the D20 decreases immediately. When the
gas flow is terminated the D,0 further decreases
usually below the initial level present.

These data indicate that, as previously ob-
gserved by R. J. Taylor in metal-wall systems,
oxygen is being converted to water by the low-tem-

perature discharge and is then pumped out.
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Fig. II-8.
The time history of D,0 during a discharge clean-
ing process as measured by a mass spectrometer for
3 different gas fill pressures.

f. Conclusions.

(1) Water is generated by the 2- to 5-eV
plasma and is pumped from the system as has been
observed in metal tori. This was done without
overheating the polyethylene electrical insulation
of ZT-S.

(2) Five hours of discharge cleaning reduced
the outgassing rate a factor of two or more.

(3) In addition to water the main impurity
observed on the mass spectrograph was found to be
mass 28 (CO or Nz).

(4) A simple capacitive discharge circuit
allowing immediate switching between discharge
cleaning and normal high-voltage operation has
been demonstrated to be practical for this appli-
cation.

5. ZT-S Upgrade.

2. Torus and Vacuum System. The 2T-S

experiment is scheduled to undergo major modifica-
tions starting in February 1978. The main goal of
this effort is to significantly improve the purity
of the RFP discharges. A new segmented alumina
torus will be installed with only 24 instead of
the present 90 Viton O-rings. Use of vacuum
grease during the assembly will not be permitted.
The present pumping stand will be replaced by a

new, oil-free, vacuum system and the effective
pumping speed will be increased from 17 to 60 L/s.
The gas fill system will be entirely rebuilt to
permit accurate mixing of a variety of gases for
impurity studies.

The reduction in the number of torus O-rings
will be made possible by the use of a glass seal-
ing technology developed at LASL for ZT-40. Four-
degree ceramic segments will be sealed in sets of
five and six at a temperature of 1260°C.  The
surfaces of the remaining oircumferential joints
will be coated with a thin layer of the same
glazing material to help ensure hermeticity of the
O-ring seals.

Viewing and pumping sections will be made of
quartz. This mixing of alumina and quartz torus
segments and the ensuing mismatch of expansion
coefficients can be tolerated in ZT-S because of
its small size, and since there is no plan to bake
the discharge torus in situ.

The present 14-mm-diam pump ports (3 of whioh
are either closed off or occupied by magnetio
probes) will be replaced by a single U4l4.S5-mm-diam
side tubulation. Measurements on a replica of the
primary conductor indicate a toroidal field error
of - 35% for a 57.5-mm-diam hole. To reduce this
perturbation, the new pump port will be fitted
with a movable conducting plug which will be moved
into position just prior to the firing of the dis-
charge.

One of the benefits of the improved vacuum
technology will be a reduction of the base
pressure in the discharge chamber. This pressure
is important since it affects the rate at which
layers of 4impurity build up at the wall of the
torus during the interval between gas fill and
firing of the experiment.

The base pressure in the present configura-
tion has been determined indirectly by interpreta-
tion of remote pressure gauge readings. A computer
code solving 20 coupled equations has been written
for this purpose. Known values of oonduotance,
pumping, and outgassing rates are entered in the
program and unknown values of these parameters are
adjusted to give the best possible fit with
available pressure readings. Proceeding in this
fashion a base pressure of 4§ x 10"6 torr has been

calculated for the present ZT-S configuration.




After adjustment of the codes for the new pumping
configuration and the reduced number of O-rings, a
base pressure of 6 x 1077 torr is predicted for
the new torus, a factor of 6.5 lower than obtained
previously.

b. Improved Circuitry. Another facet of the

ZT-S upgrade will be the use of a power crowbar
system, which together with a modification of the
toroidal field banks, will allow more flexibility
in the setting up of the RFP discharges. The
power crowbar has recently been installed and
typical current waveforms with passive crowbar
only and with both passive and power crowbars are
shown in Fig. II-9.

c. Improved Diagnostics. Whereas new Fara-
day rotation techniques are under development for
ZT-40, the ZT-S experiment will have to rely on
internal magnetic probes for the measurement of
magnetic field distributions, These data are of
utmost importance since they form the basis of our
diffusion, energy content, and ideal and resistive
MHD stability calculations.

The present magnetic probes have a rather
large outer diameter of 10 mm. Smaller probes
will be available on 2ZT-S with a jacket diameter
of the order of 4 mm. The integrity of the vacuum
will be ensured by the use of newly designed
bellow-sealed probe mechanisms.

The electron density distribution in ZT-S
will be measured with a multichord interferometer
operating at a wavelength of 3.9 um. In order to
acquire complete data for Abel inversion on each
discharge, the integrated electron density will be
measured along five parallel chords simultane-

ously. A device has been developed to do this
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Fig. II-9.
Comparison of ZT-S current waveforms with and
without power crowbar.

using only one laser, by means of Bragg diffrac-
tion heterodyne techniques.6 The phase detection

is in quadrature7

so that an accurate, unambigu-
ous, and uniform record of interferometric phase
is obtained in each channel.

The optical layout is shown in Fig. II-10.
The scheme is basically a Mach-Zehnder arrangement
with the acousto-optic cell serving as a beam-
splitter and with each of the five scene beams
each traversing the plasma twice. The Bragg cell
not only splits the scene and reference beams but
also shifts the reference beams' infrared frequen-
cy by U40 MHz with respect to the frequency of the
scene beams. Therefore the detected power
contains an oscillating component at 40 MHz due to
interference between a reference beam and its
corresponding scene beam. The plasma refractivity
along the scene paths then phase-modulates this
40-MHz carrier.

The modulation/demodulation electronics 1is
shown in Fig. II-11. All five receivers derive
their local oscillator signals from the U0-MHz
oscillator which also drives the Bragg cell via a
burst amplifier. In Fig. II-11 only one receiver
is shown; all five are identical. The Bragg cell
must be driven in burst mode because the required
RF power for reasonable diffraction efficiency in
the infrared is more than can be safely applied CW
to the cell. The quadrature signals sin¢ and cos¢
will be digitized by ADC’s and analyzed unambigu-
ously and sensitively by computer, facilitating

the calculation and display of radial electron

He-Ne LASER
A=339um

AMOs

BRAGG CELL

Fig. II-10.

Schematic of the five-channel interferometer.
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Fig. II-11.
Block diagram of the interferometer electronics.

density profiles within seconds of the plasma dis-
charge.

Several milliwatts of laser power are re-
quired due to the 1low sensitivity of room-
temperature InAs photodiodes to 3.39-um radiation
modulated at 40 MHz. To achieve this, a Spectra
Physics model 125 gas laser, modified for 3.39-um
operation, is used. The longitudinal mode beats
at 85 MHz are not detectable with the 10 MHz
passband of the U40-MHz IF strips; however,
photometrio mixing on the detectors translates
this 85-MHz beat down to 45 MHz, within the
receiver passband. The solution consists of
removing the mirrors from both ends of the model
125 laser, and of using it as an amplifier. The
laser i8 excited by a short oscillator whose mode
beat is in the hundreds of megahertz.

The apparatus has been tested successfully on
the bench with a resolution of < 1/50 of a fringe.
It is felt that the problems and their solutions
have been well identified.

In addition, it is intended to interface the
present Thomson scattering diagnostic with the
existing data acquisition system. The technique
under consideration has been used successfully on
Sgyllac. It has not yet been implemented on ZT-S
because of the low level of radiation detected by
the scattered-light analyzer. Random variations
of the background signal make it difficult for the
computer to subtract plasma 1light from the
scattered laser light. Part of the effort will be
to improve the photon count at the detector.
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C. 2ZT-40

1. Objectives. The ZT-40 experiment is the
next step up from ZT-S in the Reverse-Field Pinch
program at LASL. The initial objective of ZT-40
will be to demonstrate confinement time scaling
from the results of 2T-I and ZT-S. If the
confinement time scales as the square of the minor
bore, ZT-40 should be stable for at least 150 to
200 us. A second objective will be to operate in
a regime clean enough to overcome the impurity
radiation barrier and raise the temperature to Ty
= Tg ~ 100 to 200 eV. In addition ZT-40 will be
used to determine the ranges of the current and
electron densities which allow the production of
stable configurations. Another objective will be
to extend the duration of the current to milli-
seconds and operate with reduced rates of rise of
current in order to establish the time scale over
which control of the stability can be effected by
programming of external currents. Finally ZT-40
will be used to investigate the self-reversal mode
of operation. A general goal of the project is to
determine which of the potential advantages of the
reversed-field pinch concept can be brought to a
practical realization with a direct application to
an energy-producing fusion reactor.

It is projected that the first plasma
experiments on ZT-40 will begin in the calendar
year 1979.

2. Description., 2T-40 has a U40-cm minor-
bore torus with plasma aspect ratio of 5.7. The
torus is fed at 12 points and has 12 magnetic
cores equally spaced about the torus. The ZT-40
facility is shown in Fig. II-12 and a sketch of
the front end is shown in Fig. II-13. The number
of feedplates was determined by the requirement
that the initial risetime of the current be the
same as ZT-S (2.5 us). The current risetime is
lengthened to ~ 20 us by removing feedplates and
shorting the respective toroidal feed points, and
by series-paralleling the poloidal field windings.
Very slow operation (40 us to 1 ms) can be
attained by removing all feedplates and inducing
the toroidal current by means of toroidal windings
on the outside of the primary or by energizing the
field only with the power crowbar banks.
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II-13.
Artist's sketch of the front end of ZT-40.

The currents obtained from a numerical
calculation for the 12-feedplate design and a
single-feedplate design are shown in Figs, II-14
and II-15, Figure 1I-16 shows the current
obtained with the power crowbar bank and the
single-feedplate design.

The initial experiments on ZT-40 will utilize
a ceramic discharge tube. Further experiments
with quartz and metal tubes are planned if their
use will 1lead to cleaner discharges. The
discharge tube is located inside a 2-em-thick
aluminum shell which serves as the primary con-
ductor of a transformer with the plasma as the
secondary and also as the conducting wall for
stabilization of the plasma.

The vacuum system is designed as a four-point
pumping system on the torus. The four stations

will each have a single, large aperture with a
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Fig. II-14,
Numerical calculation of toroidal and poloidal
currents vs time for a 12-feedplate design.
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Fig. I1I-15.
Numerical calculation of toroidal and poloidal
currents vs time for a single-feedplate design.

removable plug to prevent large field perturba-
tions inside the torus. The 900-% volume is
pumped at a combined pumping speed of U450 L/s for
the four stations. The pumps that are used
(eryogenic pumps, titanium sublimation, and
alr-bearing turbomolecular pumps which exhaust
directly to atmosphere) are completely oil free.
The initial roughing of the torus from atmospheric
pressure 1s done with a Roots-type vane pump in
serles with an o0il seal roughing pump. These
systems are trapped and will be switched off the
experiment while still in the pressure range where

viscous flow predominates.

11



AIDED AND SELF—REVERSAL

0.8 T T T T

MAGNETIC FIELD (T)

0.3 1 ! 1 !

1.0 2.0 3.0 4.0
TIME (ms)

Fig. II-16.
Numerical calculation of toroidal and poloidal
currents vs time for a single-feedplate design
using the power crowbar banks to drive the
currents.

The basic machine parameters for ZT-40 are
given in Table II-I.

TABLE-II-I
ZT-40 PHYSICS DESIGN PARAMETERS

Major Radius = 114 cm

R
Minor Vacuum Chamber Radius a = 20 cm
p

Gas Fill (D2) = 5-30 mtorr
Electron Density n, = 10"-10"6 cn3
Confinement Time

(assuming a2 scaling) To = 150-200 us
Electron,

ion temperature Te ~ T1 = 100-200 eV
Toroidal Current I¢ ~ 150-600 kA
Mean Toroidal

Current Density J¢ <2 kA/cm2
Initial Toroidal Field B¢ = 0.2 -0.6T
Reversed Toroidal Field B¢R =<-0.5T
Poloidal Field Be =<0.6T
Range of Plasma

Current Risetime T=2.5us to 1 ms
Base Pressure Po ~ 10"8 torr
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3. Engineering and Comstruotion.
for the ZT-40 experiment was given in late 1976.
Although much of the

Approval

preliminary design was
complete at that time, most of the final design
Completion of the ZT-40
design, along with development and construction
activity of the

engineering and development groups as well as

remained to be done.

activities, was the primary
numerous other staff in the Controlled Thermo-
nuclear Research program. A summary of activities
during 1977 is given below. Some of them are
reported in more detail in Sees. XII, XIV, and
XVII.

a. Structural. Beginning in May 1977, the
experimental area was cleared. The steel support
structure was then installed. The only aotivity
in this area which remains is the fabrication and
installation of the blast walls.

b. Capacitor Banks. The location of the

principal capacitor banks is shown in Fig. II-12.
During 1977, the 50-kV poloidal field, I¢, and
toroidal field, Ie, capacitor banks were installed
and cabled as far as the crowbar spark gaps. All
the capacitors, start spark gaps,and cables were
tested before installationm.

bias capacitor bank was about half completed.

Construction of the

Design of the charge, air, and trigger systems was
completed and installation of these systems was
begun. The subassembly work required for the
completion of the capacitor banks was largely
completed, partly as a result of a slowdown in
construction caused by a two-month delay in the
delivery of the new crane for the experimental
area. This freed the construction crew for
subassembly work.

Before the design of the 50-kV start and
crowbar switches was finalized, extensive tests
were conducted to determine their performance and
reliability. These inoluded changes in geometry
and materials to see the effect of these changes
on operating parameters and gap lifetime and
collection of data on prefire rates. Tests were
also made on a mockup of the current mixer which
will be installed between the capacitor banks and
the current feeds to the front end. The mixer
will equalize voltages at the various current
feeds and will facilitate the changing of the
number of feeds. A

current satisfaotory




electrical design was developed for the mixer.
Final mechanical design was completed and parts
were ordered,.

¢c. Power Supplies. The design of the power
supply system for ZT-40 was finalized and instal-
lation of components in the power supply room (see
Fig. II-12) was T70% completed. After the instal-
lation of the saturable reactor controllers was
finished, initial performance tests of the units
were conducted. A screen room for the power
supply controllers was built. This room had some
gspecial features not readily available in com-
mercial wunits so it was constructed by LASL
personnel.

d. Control System. Control and data acqui-

sition functions on ZT-40 will be provided by a
Prime 400 computer. During 1977, the computer was
delivered and checked out and software development
was begun. In collaboration with representatives
of the computer manufacturer, two existing
programs were combined so that the Prime 400 can
now operate in a timesharing mode while at the
same time always keeping the experiment as the top
priority user. The screen room for the computer
and other data acquisition equipment was purchased
and installed. A light-coupled interface, which
will electrically isolate the computer from the
experiment, was designed and construction begun.

Work was started on a time delay system for
controlling the capacitor bank and diagnosties. A
light-coupled 8-kV pulser was built and tested in
a test bay and on the electrical prototype (see
Sec. k). This system allows the pulser to "float"
at the electrical potential of the system it is
triggering and eliminates feedback of electrical
noise through the pulser cables.

e. Vacuum System. The wvacuum system for
ZT-40 consists of four high-vacuum pump stands
which mount near the plasma chamber (Fig. II-13)
and roughing and gas-fill systems. A major part
of the design and procurement of these systems was
completed. Turbomolecular, cryogenic, and titani-
um sublimation pumps were purchased and evaluated.
They were found to be satisfactory for use on
Z7-40.

The design of the protection and control
logie for the vacuum system was largely completed.
Protection interlocks will be hardwired so they

remain in operation even when the control computer
is down.

f. Ceramic Torus. The U40-cm minor-diameter

ceramic torus will be constructed from 60 straight
sections. Each 30° sector will consist of four 6°
sections which will be glass-sealed together to
form a 24° sector and one 6 diagnostic/pump port
sector. Figure II-17 shows the position of the
various tubulations and sapphire windows. It also
shows the projected 1location of the various
diagnosties.

During 1977 procurement of the ceramic
sections was begun. Glass seals for sealing the
sections together and for sealing in windows and
tubulations were developed by LASL Group CMB-6.
Two options for vacuum pump ports and diagnostic
tubulations were developed. The simpler one, which
does not require a metal-to -ceramic seal was
chosen as the final design. The glass-sealing
methods developed were tested on 20-cm and 30-cm
minor-diameter sections. A photograph of an
assembled 30-cm minor-diameter torus which has
been glass-sealed together into sectors is shown
in Fig. II-18. The figure also shows a section
which has had holes for the sapphire windows
ground out.

g. Metal Primary Shell and I _Feedplates.

The metal primary shell for the experiment was
designed and procurement was begun. Electrical
insulation of the I¢ feedplates is a difficult

VERTICAL PROBE
184895, )

uvV SPECTROMETER,
PARTICLE DETECTOR

DOPPLER BROADENING ,
/STREAK
? VERTICAL PROBE

18448 .8, !

SCANNING
INTERFEROMETER

2-DIM THOMSON
SCATTERING.
MULTIPOINT SCATTERING

t- DM THOMSON
SCATTERING

\ HORIZDONTAL PROBE

(B4.8p.8,)

X-RAY
MULTICHANNEL INTERFEROMETER -
STREAK
FARAOAY ROTATION
Fig. 1I1-17.
Diagram of ZT-40 torus showing location of

tubulations and sapphire windows. Location of
projected diagnostics is also shown.
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Fig. II-18.

Photograph of 30-cm minor-diameter ceramic torus.

problem because of their complicated geometry.
Two options were investigated. The first has the
metal conductors molded inside an epoxy casing.
In this design the epoxy is cured under high
pressure. Tests on molded samples showed this
method leads to high electrical strength, at least
a factor of 2 higher than obtained by previously
used techniques. The second option wuses a
combination of coated metal pieces, polyethylene
hats and sheet insulation. After a series of
tests on both approaches, the epoxy-molded design
was chosen for use on ZT-40.

h. Magnetic Cores. In ZT-U40, magnetic cores
are used in the I¢ circuit to increase the
coupling between the metal primary and the plasma
secondary. The cores used are tape-wound from
0.05-mm-thick iron tape and are larger than cores
previously manufactured in this manner. During
1977, all of the cores were wound and stacked.
Some of them were completed and personnel from
LASL visited the vendor and performed acceptance
tests. The cores performed as anticipated.
Delivery of all the cores is expected in early
1978.

i. Electric Circuit Simulation. Work with
the oircuit analysis program continued during

1977. The code was updated to reflect changes in
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circuit parameters caused by mechanical design
constraints. The different operational modes were
examined in detail with particular attention being
given to power crowbar requirements. The magnetio
field waveforms shown in Figs. II-14, II-15, and
II-16 are a product of these studies.

i. Power Crowbar. The ZT-40 power crowbar

will be connected into the I¢ and Ig oirouits with
a variable-turn ratio transformer. Preliminary
tests of the transformer design, which uses
parallel plate windings in order to reduce leakage
inductance, were made., The tests showed that the
design would work, so design and procurement of a
prototype was started. The power crowbar circuits
will also require the development of a switeh with
high Coulomb capacity. Development was started on
an improved spark gap. A model was built but no
tests were conducted. Also, some conceptual
design work was done on a mercury-wetted spark
gap. This switch would not be available for
initial power crowbar operation but may be
required for operation of ZT-40 with magnetic
fields which last for milliseconds.

k. Electrical Prototype. An electrical pro-

totype of one-twelfth of one of the two high-
voltage banks was constructed and checkout of the
system was begun. It will be used to determine
trigger system performance, to examine available
operating ranges, and to conduct tests to
determine how well electrical transients can be
suppressed using RLC shunts across the mixers.
Later the prototype will be used to test power
crowbar components.

l. Diagnostics. The potential diagnostics

for ZT-U0 were identified and the primary shell
and ceramic torus was designed to accommodate
them. The location of the various diagnostics is
shown in Fig. II-17. Work was begun on the
design of both internal and external magnetio
probes. Three methods of making Faraday rotation
measurements are being investigated. Probably
only the most promising one will be used on ZT-40.
Four approaches which use lasers to make density
measurements are being pursued. Considerable work
was done on two of them. A multichannel inter-
ferometer has worked well on the bench. It is
being installed on ZT-S and its performance will

be evaluated. A scanning interferometer which




gives a density profile every 5-10 us has been
evaluated on the bench through mediocre windows
and works well. Only conceptual studies have been
performed on the other two approaches. Two
methods of using Thomson scattering to measure
electron temperature and density are being worked
on. One is a conventional arrangement which gives
data at two spatial and one temporal point. The
other would use a mode-locked ruby laser to give
density and temperature as a function of time.
Work also continued in other areas which would
extend the diagnostics currently used on ZT-S to
ZT-40.
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III. SCYLLAC FEEDBACK STABILIZATION EXPERIMENTS

R. R. Bartsch, E. L. Cantrell, R. F. Gribble, G. Miller,
K. J. Kutac, L., E. Handy, and R. E. Siemon

A. INTRODUCTION

The final experiments on the Scyllac feedback
stabilization project have been completed, and the
experiments have been terminated.

Details of the experiments leading up to the
2=1,2 results are presented in a paper accepted
for publication in Nuclear Fusion titled "Feedback
Stabilization of an 2=0,1,2 High Beta Stellara-
tor.” Also, a letter published in Nuclear Fusion,
"Observation of Propagating m=1 Waves in Scyllae,"
contains pertinent results of previous sector
work., In preparation is a journal paper discus-
sing in detail the final results on the 2z1,2
sector experiment. Finally, some of the results
are presented in more detail in the 1977 Quarterly
Progress Reports.

The last experiments differed from previous
ef forts in several important aspects. First the
equilibrium configuration was changed from the
2=0,1 combination of stellarator fields to 2:=1,2
stellarator fields. Secondly, the helical plasma
perturbation was much larger on these final ex-
periments than on the previous Scyllac experiments
giving a plasma helical radius of about 3 vs the
value of 1.4 cm used in the earlier experiments.
Also the wavelength of the fields was iIincreased
from 0.62 m to 1.0 m.

The feedback system in the final series of
experiments was also much different than in the
previous cases in that the output of the position
detectors was processed in such a manner as to
drive the power amplifiers in response to the
modal structure of the plasma instability rather
than the displacements as seen by the individual

detectors.

B. EXPERIMENTAL ARRANGEMENT

The experimental apparatus was essentially
the same as that described in detail in Ref. 1.
In this experiment the £=0,1 shaped compression
coil was replaced by a compression coil with an
£=1,2 shape and the sector length was extended to
be 7/15 of a full torus. The compression coil

produced a pure 21,2 vacuum magnetic field
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characterized by b1 = 0.133 and b, = - 0.0132 (a =
1 cm) with a helical wave number h = 0.06 cm™' and
wavelength X = 2r/h = 104.7 cm. Plasma radius is
a and the radial field parameter b1 and b2
normalized to the compression field Eo are defined

by

B./By = by 8in(6-hz) + b, sin(26-hz) .

A vertical field given by b, = - b1b2/ha, which
resulted in centered flux surfaces, was also
present.

The conducting wall shape is accurately given

by the following parametrical representation,

X = xg + bA; cos(hz) + bleos ¢ - 4, cos($-hz)]

y = bl sin(hz) + blsin ¢ + 8, sin($-hz)] ,

where z is the longitudinal coordinate along the
minor axis of the 4-m-radius torus, x is the hori-
zontal coordinate increasing toroidally outward, y
is vertical, and the parameter ¢ is an azimuthal
angle. Values are b = 10.6 em, 8, = 0.235, A, =
0.265, and Xg = 1 cm. This describes a helically
rotating ellipse with major radius b(1 + A2) and
minor radius b(1 - A,), the center of which is
helically displaced by b/A1.

The quartz discharge tube was formed into a
toroidally curved helix with a radius of 3.2 em
corresponding to the expected equilibrium helical
shape of the plasma. The positions of the dis-
charge tube and conducting wall relative to the
minor axis of the torus are shown in Fig. III-1.

Because of the smaller average coil bore, the
magnetic field was larger in this configuration
than in the 2=0,1 configuration. The magnetio
field was initially 16 kG with a risetime of 3 us,
falling to 12 kG in 40 ps. Additional 2=2 fields
were produced by equilibrium adjustment windings

and feedback driven windings mounted on the
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Fig. III-1.
Discharge tube position relative to conducting wall.

discharge tube in the same manner as described in
Ref., 1.

The feedback system utilized twenty 16—
segment photodiode position detectors2 viewing the
plasma motion from the top and front of the dis-
charge tube to determine the horizontal and
vertical motions. These signals fed into a fast
analog processor which mode-analyzed the infor-
mation about plasma position as a function of
longitudinal position into five longitudinal mode
signals for the horizontal and vertical planes.
The mode-analyzer output consisted of the sum of
the mode signal and its time derivative for
additional damping. The gain for each mode signal
and its derivative were individually adjustable.

Each power amplifier was driven by a summing
amplifier with properly weighted mode signal
inputs to transform the mode signals, effectively

interpolating between position detectors. For all

10 modes, it was necessary to rotate the coordi-
nates from the horizontal-vertical of the position
detectors U5 degrees to correspond to the orienta-
tion of the £=2 feedback coil system. There were
44 modules, each driving one-half wavelength,
corresponding to 11 wavelengths in all and two
orthogonal force directions.

The longitudinal mode structure in an open
ended sector is not known unless the boundary
conditions at the ends are known. Two sets of
modes that might be expected on physical grounds
were considered, corresponding (1) to the plasma
ends being fixed, and (2) the plasma having no
eurvature at the ends (an elastic bar model). The
second set of modes agreed best with the data in
that it allowed the full motion near the ends that
was observed. However, that these modes are
not orthogonal leads to very undesirable fea-
tures, and thus a third set of orthogonal Fourier
modes was selected.

These modes, illustrated in Fig., III-2, are
not intended to represent the time eigenmodes of
the sector plasma. The function of the mode
analysis procedure is to interpolate the position
detector information as a function of z, providing
a short wavelength cutoff on the response of the
feedback system. The mode analyzer approach thus
circumvents undesirable oscillations arising from
the system response to otherwise stable short
wavelength motions. Orthogonal mode signals have
the convenient property of being the best fit
values (in the least squares sense) for a fit of a
sum of modes to the position detector data as a
function of =z.

The layout of the £=1,2 sector is shown in
Fig. III-3. The location of the Thomson scatter-
ing apparatus, the excluded flux loop probe, and
the two orthogonal l6-channel luminosity apparatus
are indicated. The top viewing position detectors
were located at hz = 0 in every wavelength except
at z = 0 (the left end in Fig. III-3) and z = 2 X
(10 in all), and the front viewing position
detectors were located at hz = w every wavelength
except at z = 2.5 X (10 in all). Other diagnostic
information was obtained from 5 streak cameras,
viewing the plasma in different locations, and a
coupled cavity interferometer which determined the

preionized plasma density.
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‘ Modes controlled by feedback system.
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Fig. III-3.

Experimental arrangement.

C. RESULTS

1. Toroidal Equilibrium. The toroidal equi-
librium was studied qualitatively with streak
cameras and quantitatively with use of the feed-
back position detectors and the multichannel lum-
inosity apparatus.

The streak photographs showed less dynamic
plasma behavior than in the 2£=0,1 experiment and a
surprisingly long time, even without feedback,
before strong wall hits were indicated by lighting
up of the discharge tube. A typical streak photo-
graph is shown in Fig. III-4,

The m=1, k=0 instability growth rate from
small-8§ theory 4is Yy = 0.27 us"1 (vA = 17 cm/ys,
B = 0.7) and three growth times is about 10 ps.
The streak photographs suggest that the plasma,
although m=1 unstable, gently rebounds from the
wall.

The plasma behavior shown in Fig. III-U was
approximately the same over a wide range of
filling pressures, from 12-96 mtorr., This is in
sharp contrast to the 2=0,1 experiment where the
filling pressure strongly influenced the inward or
outward motion of the plasma. The lower pressure
limit was mainly due to the decrease of the plasma
luminosity to the point where there was
insufficient 1light for observation by position

detectors and streak cameras,

SHOT 7005
NO FEEDBACK

TOP VIEW
Z=3.5X

FRONT VIEW
Z=5.25)

— s0us —

Fig., III-4,
Streak photographs of plasma without feedback.



At high filling ©pressures there was a
tendency for the column to bifurcate, evidently
The onset of the

instability was not sharply defined as a function

due to an m=2 instability.

of pressure since above threshold the instability
had a slow growth. Below about 70 mtorr there was
no evidence of an m=2 instability., The filling
pressure threshold for the m=2 instability calcu-
lated from sharp-boundary small-§ theory is
8 mtorr, thus it is apparent that the theory is
very pessimistic, as has already been observed.3

As in the £=0,1 experiment 2=2 windings were
used for adjustment of the equilibrium, These
were driven with Jones-—Weibelu circuits that were
designed to provide a step waveform. However, in
this experiment such a waveform was not suitable.
The plasma had an initial tendency to move
outward, striking and rebounding from the wall at
the locations hz = m.

If 2 step 2=2 current beginning at main bank
time was applied with sufficient amplitude to
prevent this outward motion, the plasma would move
rapidly inward at late times. As an ad-hoe¢ proce-
dure the slow ringing capacitor in the Jones-
Weibel circuit was not fired, changing the output
waveform from a step to a pulse. This pulse was
initiated 3 us before the main bank. The average
plasma trajections in the Thorizontal plane
(average over five central wavelengths) together
with the 2=2 field waveforms for the step and
pulse cases are shown in Fig. III-5.

Ideally the equilibrium adjustment waveform
would be such that a small change at late times,
after initial transients had died away, would
produce a change in the trajectory from inward to
outward. In the limited time available to perform
this experiment it was not possible to provide
such a waveform. However, using the feedback
system in the programmed mode to produce a current
pulse at late times, it was possible to experi-
mentally demonstrate nearness to equilibrium.

The data are shown in Fig. III-6, which gives
the average trajectory in the horizontal plane
together with the total 2=2 field (equilibrium
ad justment plus programmed pulse from the feedback

amplifier system).

DISPLLACEMENT (cm)

-2 I L -0.008
) 10 20 EY)

TIME (us)

Fig. III-5.
Position and trimming circuit waveforms.

‘ DISPLACEMENT (cm)

20
TIME (us)

Fig., III-6.
Sensitivity of equilibrium,

Small-8 diffuse profile equilibrium theory5
tends to require slightly larger helical fields
than observed in the experiment to give equili-
brium (theory: by = 0.018, exp: 0.012 < b, <
0.016, for B = 0.7, a = 1 cm).

Using a streak camera that superimposed views
of the plasma one-half helical wavelength apart,

the helical deformation of the plasma as a
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Fig. III-7.
Streak photograph mehsuring helical shift.

function of time was studied. A streak photograph
is shown in Fig. III-7. Markers centered on the
plasma image (poorly visible in Fig., III-7)
indicated the plasma helical radius to be approx-
imately 3.2 cm which was the helical radius of the
quartz discharge tube and also the helical radius
given by small-§ sharp-boundary theory (for
B =0.6).

2. Excluded Flux. The excluded flux traces
were not strongly correlated with whether or not a
wall hit occurred, as observed with streak
cameras., This is remarkable in that the excluded
flux is directly related to the plasma energy (BA¢
proportional to energy per unit length) and
therefore the time for radial energy losses 1is
long even when the plasma is in apparent contact
with the wall. Because of this the excluded flux
depended little on whether or not the equilibrium
ad justment field or feedback were applied.

In Fig. III-8 is shown a comparison of the
excluded flux traces obtained in this experiment
with those obtained in the previous experiment
involving 2=0 fields. The excluded flux, in this
case, is quite different at the field maximum
(hz = 0) and field minimum (hz = ) locations of
the £=0 field.
associated with £=0 oscillations of the plasma is

A strong transient behavior

also present. The shorter time scale erratic be-
havior of the excluded flux in the 2=0 case is due

to pick up of the time varying feedback magnetic
field.
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Fig. III-8.

Excluded flux for £=1,2 compared with £=0,1 fields.

A common feature of the exoluded flux be-
havior from the two experiments is a fall—off
beginning about 20 us. This is due to end-loss as
shown in Fig. III-9, The theoretical curve 1is
based on two-dimensional end-loss computations by
Brackbill.® other small effects (such as the fall
off of the main B, fleld) are included by incor-
porating the particle loss due to magnetohydro-
dynamic flow as calculated by Brackbill into a
one-~-dimensional calculation describing the pradial
evolution of a theta pinch.7 The calculations
show that particle loss beginsg after a time delay
approximately equal to the Alfven propagation time
(vp = Byytgide/P) while loss of temperature on

ML
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Figure III-9.
Excluded flux decay compared with end-loss theory.



axis begins after a longer time equal to the cusp

propagation time

1 1 -1/2
vVel— +— ,
2 2

(O VA)

where ¢ is the sound speed. The good agreement
between theory and experiment clearly shows that
the fall-off of excluded flux observed both in
this experiment and in the 2£=1,0 experiment is due
to end loss.

3. Thomson Scagttering. Thomson scattering,
with the same apparatus as in the 2=0,1 experi-
ment,8 was used to determine the electron tempera-
ture. The results are given in Fig. III-10. The
data points were obtained on different shots with
and without feedback (no difference was evident)
with the laser pulse occurring at different times.
Measurements at early time with the laser beam
displaced sideways showed a definite non-constant
temperature profile. The spread in the
measurements is at least partly due to the tem-
perature profile and the variation in plasma

position at the time the laser was fired. Also
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Fig. III-10.
Thomson scattering temperature measurements vs
time.

shown in Fig. III-10 is a theoretical curve based
on the two-dimensional end-loss calculations
already discussed. There seems to be agreement
with the upper envelope of the data.

The calculations show an "onion-skin" effect
with the outer plasma cooling more rapidly than
the plasma on axis and this seems consistent with
the larger data spread at late times. Energy loss
due to radiation, not included in the calculationm,
may also become important as the plasma tempera-
ture drops.9

4, Luminosity Measurements. Two orthogonal
16-channel 1luminosity devices were used to de-
termine the luminosity profiles of the plasma. At
the location of the luminosity apparatus (hz = 0,
see Fig. III-3) the elliptically shaped plasma was

oriented so that it appeared narrow when viewed

LUMINOSITY PROFILES
SHOT 7176,Z=4 )
4-13 us , At=lps

SIDE VIEW
ayY:.205em

TOP VIEW
AX = .225¢cm

Fig. III-11.
Luminosity data showing profiles.
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from the top and broad when viewed from the side.
Raw data are shown in Fig. III-11.

The luminosity profiles were fit with a
Gaussian (- exp [-2(x - xo)2/a2], assuming lumi-
nosity - n2), to determine the plasma radii a, and
85. Results are given in Fig. III-12. These data
are consistent with the sharp-boundary small-§
theory, a; =a(l - §,), a,=a(1l+ §,), with
85, = 2by/[ha(2 ~ B)], only if a rather low beta
value is used, B -~ 0.2.

Oscillations of 62 were not observed.
However, the luminosity measurements did show a
regular oscillation of the peak luminosity, ap-
proximately in phase in the two views. The

oscillation was also present in the peak luminos-
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Fig. III-12.
Plasma ellipticity from luminosity.
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Fig. III-13.
Position detector peak luminosity signal.
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ity signal available from the feedback position
detectors, as seen in Fig. III-13. The feedback
position detectors’ spectral response was 350-
650 nm and as in the 2=1,0 experiment the absolute
plasma luminosity was within a factor of two of
pure bremsstrahlung.

The plasma radius obtained from the luminos-
ity measurements together with the exoluded flux
information allow the determination of the plasma
pressure, or B, (B~ 0.1 + 0.5 A¢/(a28), B > 0.2).
Assuming a Gaussian pressure profile with 1/e
radius a = 1 cm and using the measured values
A = 20 kG-cm®, and B = 16 kG, the plasma beta
value is 0.7.

The electron and ion temperature equilibra-
tion time is a few microseconds at these densities
and temperatures. Assuming T1 = Te = 120 eV and
B = 0.7 the plasma density is determined to be n
S 2x 1016 em™3,

5. _Axial Current. In a high-beta stellara-
tor an axial electric field is produced by the

(]

change in azimuthal flux between the outer bound-
ary of the plasma and the conducting wall that
initially
rises.10-12 1In the 2=0,1 sector the ends were

ocecurs as the magnetic field
electrically isolated to prevent the flow of
external current.

However in the 2=1,2 configuration, to avoid
a large induced voltage with the larger helical
fields, a current return was provided between the
metallic vacuum valves at the ends of the sector.
Normally a loop linking the main Bz field and a
resistance of 1 @ were placed in the return
circuit to partially cancel the current and to
damp out the remainder. The return wires had an
inductance of 2.2 ph while the plasma inductance
was about 5.5 uh.

The measured axial current is shown in Fig.
III-14 for cases with the resistors and
cancellation loop in the circuit and with them
shorted out. The azimuthal flux calculated from
the sharp-boundary small-§ mode'! 1s - 140 kV-ps
(independent of a and B) from the £:=2 field and
- 15 kV-pys for B = 0.65 (7 kV-us for B = O,
40 kV-us for B = 1, independent of a) from the 2=1
field.
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Fig. III-14.
Axial current with and without cancellation circuit.

The cancellation loop reduced the current to
- 0.29 of its original value with a flux of
- 60 kV-us implying a azimuthal flux of 80 kV-us.
The initial current of 12 kA (see Fig. III-14) and
the circuit inductance of 7.7 uh gives a value of
92 kV-us.

periment is most

This discrepancy between theory and ex-
likely due to the small-§
assumptions of the theory.
ff eedback. In Figs. III-15 and
III-16 are shown the mode signals (see Fig., III-2
for a definition of the modes) and feedback
currents for a typical shot with feedback.

The effect of feedback was only to stabilize
the plasma m=1 motion since the energy confinement
was dominated by end loss with or without feed-
back.

(b2 -E+ 1y g%
current of about 500 A/cm and about 50 G/cm for
the 2=2 field (at a = 1 cm).

In Figs. III-15 and III-16, an improvement

All modes had a velocity gain Ty = 3 us,

and an overall gain for the 2=2

for all modes with feedback is apparent. An
independent determination of the effectiveness of
feedback is the sixteen-channel luminosity device
discussed in a previous section. Shown in Fig.
III-17 are two successive plasma discharges where
all experimental parameters are held constant
except that in case (a), the feedback system is
turned off while in (b) it is active. In the
first case (a), the plasma moves rapidly to the
wall of the discharge tube (indicated by the
dashed parallel lines). In case (b), the feedback
system controlled the instability and held the
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Fig. III-15.
Horizontal mode amplitudes controlled by feedback.
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Vertical mode amplitudes controlled by feedback.
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Luminosity position data showing feedback control.

plasma near the center of the discharge tube. In
Fig. III-18, the quantity (/&2 dz/L)'/2 averaged
over 10 shots with feedback and 10 shots without
feedback is plotted. This shows a definite de-

crease in the magnitude of the plasma excursions
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Fig. III-18.
Averaged rms displacements with and without feed-
back stabilization.
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of axis with feedback. However, even without
feedback, the average plasma excursions were quite
small.

An unexpected osoillatory behavior with a
frequency approximately equal to the helioal
oscillation frequency was present and in fact
varying the velocity gain setting, which mainly
governed the amplification of these oscillations,
had 1little effect. Without feedback the helical
oscillations were observable with both the top
viewing position detectors and those looking from
the front implying that both spatial phases were
present. The tendency for the feedback system to
oscillate at the helical frequency is probably due
to direct coupling of the feedback 2=2 field to
the plasma %=1 shape as observed in Ref. 1,
aggravated by the weak damping of the helical
oscillations in this case.

In no case was the confinement limited by the

presence of these small oscillations.

D. CONCLUSIONS

The experiments using the modal feedback
system were uniformly successful. Many interes-
ting features of the system were unable to be ex-
perimentally studied due to time restrictions. In
general, the feedback system improved the
stability of the plasma column in all cases. The
experimentally obtained confinement times were
clearly limited by partiole 1loss and thermal
conduction to the open ends of the sector.

The m=1 instability which accompanies high-
beta stellarator equilibrium has been shown to be
amenable to feedback stabilization. Furthermore,
it has been demonstrated that the equilibrium
obtained with the £=1,2 stellarator fields is
qualitatively superior to the 2=0,1 system in that
the transient behavior occurring as the plasma
assumes its equilibrium shape is minimal. The use
of modal control in the feedback system resulted
in improvement in its performance. Present
technology exists that could reduce the amount of
feedback energy loss by a factor of 20.

Further experiments in a complete toroidal
geometry would be necessary to determine the upper

limits of confinement time.
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IV. SCYLLA IV-P LINEAR THETA-PINCH EXPERIMENTS

R. J. Commisso, C. A. Ekdahl, K. B, Freese, R. F. Gribble,
K. F. McKenna, G. Miller, and R. E. Siemon

A, INTRODUCTION

The ability of linear theta-pinch devices to
generate high-energy plasmas of fusion interest
has clearly been established, This fact combined
with the additional advantages of simple geometry,
high plasma beta and density, demonstrated plasma
equilibrium and neutral stability properties, and
ease of plasma heating make the linear theta pinch
an attractive alternate approach to a pure fusion
reactor and a prime candidate for a fusion-driven
fissile fuel producer (hybrid). The fundamental
problem encountered in the adaptation of the
linear theta pinch to reactor applications is the
loss of plasma energy containment due to particle
streaming through the ends and axial electron and
ion thermal conduction along the open magnetic
field lines. A significant reduction in the mag-
nitude of these losses is necessary for the suc-
cessful development of a linear theta-pinch fusion
reactor. The main objective of the Los Alamos
Scientific Laboratory (LASL) 1linear theta-pinch
program is the investigation of end-loss physics
and the development of end-stoppering techniques
which enhance the plasma confinement in these
devices,

The principal experiment in the program is
the 5-m-long Scylla IV-P linear theta pinch. The
peak theta-pinch plasma parameters are n = 1.5 x
10" en™3, T, + T, = 3.2 kev,

radius = 1 cm. With the reduction of end losses

2 0.9, and plasma

as the ultimate objective, the following experi-
ments have been carried out on Scylla IV-P:
(a) an investigation of the characteristio end-
loss times, and plasma flow processes near the
theta-pinch coil ends, and (b) material end-plug
end-stoppering experiments designed to eliminate

axial particle flow.

B. THETA-PINCH EXPERIMENTAL ARRANGEMENT

The Scylla IV-P theta pinch has a maximum
energy storage of 2 MJ at 60 kV primary bank volt-
age. Six hundred 1.8-UF capaoitors feed the

500-cm~long, 11.2-cm-diam single-turn compression
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colil. Primary bank operation at 45 kV generates a
vacuum Ee of 0.6 kV/cm at the inside wall of the
8.8-cm-1.d. quartz discharge tube and a peak com-
pression field of 50 kG is obtained 3.0 pys after
discharge initiation. A Scyllac -~ type crowbar
system extends the magnetic field in time with an
L/R decay of 110 us. The experimental results
discussed below were obtained at U5 kV primary
bank voltage and with a theta-pinch fill pressure
of 10-mtorr deuterium.

In order to minimize plasma-wall interactions
at the discharge tube ends and provide access for
optical and internal plasma diagnostics, eaoh end
of the theta-pinch discharge tube is terminated,
4,5 cm beyond the coil ends, within a quartz
expansion chamber. The chambers are 20 cm in
diam, 50 cm long, and end-supported by 20-cm-diam
metal vacuum tees.

Gas preionization is accomplished, in the
theta-pinch mode, with a preionization capacitor
bank consisting of ten O0.7-puF, 75-kV capacitors
charged to 55 kV. The preionization bank oscil-

lates at 500 kHz and produces a peak field of 2kG.

c. EXPERIMENTAL RESULTS WITHOUT END PLUGS

In order to determine the plasma parameters
and end-loss characteristios, which establish ref-
erence conditions for end-stoppering studies, ex-
periments were conducted with the theta-pinch ends
unobstructed. End-on interferograms are used to
determine the time history of the plasma column
particle inventory, peak density, radius, and, in
conjunction with the excluded flux measurement,
the plasma beta and total temperature.

1. Plasma Parameters at Peak Magnetic Field.
Figure IV-1 presents a time sequence of end-on
plasma column interferograms obtained with a 30-ns
pulsed holographiec ruby laser interferometer.
Each interferogram was obtained on a separate
plasma discharge and the entire 8.8-cm diam of the
discharge tube was illuminated by the interfero-
meter laser 1light. The fringe pattern on each

interferogram was digitized and reduced with soft-

ware developed for the CTR-PDP-10 computer.
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Fig. IV-1,
Time sequence of end-on plasma column interfero-
grams,

The plasma parameters derived from analysis
of the interferograms are most accurately deter-
mined near peak field time when the plasma column
is highly symmetric and instability free.
However, refractive bending of the interferometer
laser light in the strong radial plasma density
gradients existing near peak field time can com-
plicate the interpretation of the interferograms.
In order to assess these refractive effects and to
determine the peak plasma parameters as accurately
as possible, several interferograms obtained at
t = 3.5 us were hand-analyzed; the interferogram
computer reduction program does not account for
ray-bending effects. Figure IV-2 shows a typical
near-peak field time interferogram and the corres-
ponding corrected and uncorrected fringe shift
profiles. The maximum correction due to refrac-
tive bending1 typically amounts to about 1.5
fringes.

Since the corrected fringe shift profiles for
the hand analyzed interferograms are not exactly
Gaussian, the peak plasma beta, Ba’ was determined
by numerically integrating the exact equation

b
2 =fo 1- /TE(FY/E,T6, 2nrdr (1
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Fig. IV-2.
End-on interferogram obtained at t = 3.5 us and

corresponding reduced fringe shift profile.

where ry is the excluded flux radius (discussed
below), b is the tube radius and fa is the peak
number of fringes. Equation (1) is derived from
the definition of excluded flux and the pressure
balance equation, assuming that the plasma tem-
perature is independent of radius. From analysis
of all the hand - analyzed interferograms an
averaged Ba‘of 0.90 + 0.02 was obtained. The peak

plasma density, n was determined from the

a’
expression

- 17 -3
n, = 3.24 x 10'7 £ /L cm™2 2)

where L was taken to be equal to the theta-pinch
coil length (500 cm). From the hand-reduced in-
terferograms a peak n, of (1.49 + 0.03) x 1016

cn~3 was obtained. From pressure balance,

B2
nak(Te#Ty) = B, 2 (3)
8m °

the above values of Ba and n, yield a total plasma
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temperature at t = 3.5 us of T, + T3 = 3.25 + 0.15
keV.

The total electron inventory, N,, was deter-
mined from the equation

b
N, = 3.24 x 1017_[ f(r)2mrdr . 1)
0

From analysis of both the corrected and
uncorrected fringe shift profiles, a maximum error
in the total particle inventory of about 7% was
attributed to interferometer refractive ray-
bending effects. From the corrected fringe shift
profiles a partiole inventory at t = 3.5 us of
(1.96 + 0.04) x 10'9 was determined. This value
compares well with the initial theta-pinch par-
ticle fill of 2.1 x 10'% at 10-mtorr D, fill pres-
sure,

ist Plasm eters.

The time history of the plasma parameters was de-
termined using the results of the PDP-10 computer
analysis of the end-on interferograms. This ap-
proach is Jjustified since the errors introduced by
refractive ray-bending effects are small and occur
only near-peak field time when the density gra-
dients are large. The low density plasma ™halo,”
observed to surround the central plasma column for
times t 2 10 ps (Fig. IV-1), was not included in
the interferogram computer analysis data used to
determine the plasma parameters. The halo plasma
is generally believed to originate from wall-
plasma interaction near the theta coil ends,
however, this has not been verified experi-
mentally.

The plasma radius 18 determined from the
equation

N 172
a=< e) , (5)
Lng

where again Ne is the total number of particles

evaluated from the end-on interferograms neglec-
ting the plasma halo, and ng is the peak density.
It should be noted that n, can be higher than
indicated from the interferograms if the plasma

column contains an axial curvature generated by
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the observed m = 1 wobble instability2 which
onsets - 5 us after discharge initiation. In ad-
dition, the appropriate length, L, which should be
used to describe the time-dependent axial
dimension of the plasma column is unknown. Ac-
cordingly, the plasma radius obtained from Eq. (5)
can consider only a best approximation. The time

evolution of the plasma radius obtained from

The plasma excluded flux radius, rg, measured
with the diamagnetic loop-probe system located at
the center of the theta-pinch coil is shown in
Fig. IV-3(b). The presented curve is the average
of 44 data shots, taken simultaneously with the
end-on interferograms, and the error bars
represent + one standard deviation from this
average. The magnitude of the error bars, es-
pecially at late times, results more from limita-
tions in the data acquisition system than from

shot-to-shot plasma irreproducibility.
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Fig. IV-3.
(a) Time history of plasma radius, a, and (b)

averaged excluded flux radius, r
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Specifically, the excluded flux data was recorded
on a 6-bit SEC unit which, it has recently been
found, is insufficient to resolve the large
excursions in the excluded flux signal, particu-
larly the low-level (-1-bit magnitude) signals
existing at late times during the discharge. More
recent data have been recorded on an oscilloscope
in order to eliminate the problem.

Assuming a Gaussian density profile at all
times during the plasma lifetime, the plasma peak
beta, Ba’
plasma radius obtained from the individual inter-

is calculated at a given time using the

ferograms, and the averaged value of r¢
(Fig. IV-3b). The time history of B, is shown in
Fig. IV-4b.

The time history of the total plasma tempera-
ture is determined from pressure balance Iin

Eq. (3) using n, evaluated from the end-on inter-
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Fig. IV-4,
(a) Time history of plasma peak density n,, (b)

peak beta, B,, and (¢) main magnetic field

waveform, Bz’

ferograms (Fig. IV-4a), the measured magnetic
field B,, and the calculated values of g, . The
resulting time evolution of the central plasma
column temperature is shown in Fig. IV-5.
Neglecting the data obtained during the first 6 us
of the column life time, when the main magnetic
field undergoes its maximum oscillation before the
crowbar becomes effective at t = 6 us, a charac-
teristic temperature decay time, T of 12.8 + 0.9
Us is obtained from a least squares fit to the
data of Fig. IV-5.

P a End- M e . As in pre-
vious high-energy theta-pinch experiments, the
central plasma column particle containment time
was obtained from analysis of the end-on inter-
ferograms, neglecting the low-density plasma halo
surrounding the main column. The time history of
the central column electron inventory is presented
in Fig. IV-6. The initial period (t < 6 us) of
constant electron inventory, also observed in pre-
vious experiments,3"5 has been shown on Scylla
IV-P to result from radial confinement of the
plasma in the end expansion chambers;2 the axially

ejected plasma remains collimated (little radial
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Fig. IV-5.

Time history of total plasma temperature deter-
mined from pressure balance,
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Fig. IV-6.

Time history of the central plasma column electron
inventory.

expansion) for tens of centimeters after flowing
out the ends of the theta-pinch coil, A 1least
squares fit to the data of Fig. IV-6, for t 2 6
us, ylelds an e-folding end-loss time of
12.5 + 0.5 ps. In order to obtain & consistent
comparison with the present experimental results,
the electron inventory data from previous experi-
ments“’5 have been re-analyzed so that only the
data following the initial period of constant
inventory are used in the particle end-loss time
determination.

The particle end-loss time can be defined in
terms of thermal transit times as

172
_Lf®y
T _§<2_T) n , (6)

where L is the theta-pinch coil 1length, T the
total plasma temperature, and n is a normalizing
parameter, which is theoretically found to be a
function of the plasma B; the possible dependence
of non other plasma properties is unknown. In
Fig. IV-7, n is plotted against B. The solid
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Fig. IV-7.
Theoretical and computational results for nvB and
experimental data points.

curves represent existing particle end-loss
theories which are discussed by Freidberg and
Weit:zner.6 The x°s mark the results of a recent
numerical magnetohydrodynamic treatment of the
end-loss problem by Brackbill et 81.7 The data
points are from the Scylla IV-P, Scylla IV-—3,I‘ and
Linear Scyllac5 experiments which generated high
energy collisionless plasmas, and the low—energy
8 In
determining the experimental points, the peak

collision dominated Scylla I-C experiment.

values of B and total plasma temperature obtained
in each experiment were used. The data from
Scylla 1v-13 vere excluded from Fig. IV-6 because
the magnetic field was not crowbarred and B was
not determined.

From examination of Fig. IV-7 the following
major results can be identified, (a) For all the
experiments the plasma particle end-loss time !=
between 2.2 and 2.8 thermal transit times.
(b) Experimentally, the normalized end-loss :-a7



appears to be independent of the plasma 8. (c)
The parameter n is independent of the plasma col-
lisionality, and (d) The Brackbill et al,,
two-dimensional unsteady MHD code best describes

the observed experimental results.

D. END-LOSS CALCULATIONS

It was pointed out by Siemon that the
longitudinal temperature profile in a theta pinch
is probably very near the form (1—(z/L)2)2/7 given
by the constant pressure model,9:10 3 simple
calculation of theta-pinch heat loss is therefore
possible since the end-cooling term 3/3z(x3T/3z)
-4 kT/(TL2) (using k - T2/2).  The
equations take their simplest form if entropies

is then

rather than temperatures are used as the dependent
variables. If Sg» 8; are the entropy per particle
for electrons and ions at r = 0 and z = 0 ({.e.,on
axis in the center of the machine), the equations

describing cooling are

Sii =3 EE:ES::._ 1 7
dt 2 Teq Tee
b Y U S (8)
dt 2 Teq Toi

ce = 2112 n/(8 Kg). From Braginskii11
(using ¢n A = 10),

vwhere, e.g., T

Téq(us) =6 x 1073

Te(eV)3/2/n(1016 em™3) , (9)
ToelHs) = 1.4 x 10 L(m)2

n(10'® cn3)/1 (ev)5/2 (10)
Teius) = 5 x 107 L(m)?

n(10"® en™3)/1, (ev)572 | (1)
Pressure balance is used to relate entropy

and temperature, If N(t) is the line density at z
= 0 and B(t) the external magnetic field, then the

plasma area A is determined from the pressure
balance relation,

5/3
(g) [%xp(Zse/B) + exp(281/3)]

£ B (12)

where ¢ = nag /1T - By By 1s the flux inside the
plasma. The temperature is obtained using
T, = (N exp(s,)/8)2/3, T; = (N exp(s;)/a)%/3,
Equations (7), (8), and (12) constitute a closed
set of equations for 8g and 8y, which can be
solved numerically.

Figure IV-8 shows a comparison of the energy
line density calculated from the above equations
(using the correct &n Aggr 4n Agps fn Aygy factors)
with experimental observations for cases with and

without end plugs. The data were essentially fit
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Fig. IV-8.

Measured and calculated values of excluded flux
times magnetic field.
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using the 3ion thermal conductivity (uncertain
because of long mean free path), and particle end
loss (i.e.,N(t)) as adjustable parameters. For
the plugged case N(t) was taken as constant and Ky
varied to give the fit shown in Fig. IV-8. In the
unplugged case, using the value of Ky determined,
and assuming the simple form N(t) = Noexp(-(t -
tg)/T) (for t > t,), the parameters ty and T were
varied to obtain the fit shown.

E. EXPERIMENTS WITH SOLID END PLUGS

Exploratory experiments performed in 1976 on
the Scylla IV-P theta pinch using silicon dioxide
(quartz) end plugs12 demonstrated that plasma flow
past the plugs and out of the ends of the pinch
could be stopped. In addition, the stability of
the plasma column was improved with the plugs
inserted. Ablation of the plug surface was
slight, with only about 0.1% of the plasma energy
invested in the ablation process. However, these
initial experiments indicated only a slight in-
crease in energy confinement. It appeared that
plasma flow to the end-plug region and energy loss
by atomic processes in this region of ablated plug
material dominated the energy confinement at the
center of the pinch.

Recent experiments have been carried out with
end plugs constructed of lower Z materials in an
attempt to reduce the energy loss by atomic pro-
cesses. Tabulated in Table IV-I are all the ma-
terials used in the Scylla IV-P end-plug experi-
ments, along with their atomic numbers (Z), and
the ionization potentials from their ground-state

hydrogen-like (single-electron) configurations.

TABLE 1IV-I1
MATERIALS USED FOR END PLUGS
Name ELEMENTS  *Z" 1.P. (HYOROGEN-LIKE)

810, (QuArTZ) S 14 2,67 (keV)
0 8 0.87 (xeV)

BN {(Boron NiTRIDE) N 7 0.55 (xkeV)
B 5 0.34 (keV)

LD (LiTHium DEuTER1DE) L 3 0.12 (xkeV)
' D 1 0,01 (keV)
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In addition, new diagnostics have been implemented
in these experiments that have provided a more
detailed characterization of the processes in the
end-plug region.

1. Density Measurements in the Plasma-Plug
Interaction Region. Side-viewing ruby laser in-
terferometery was used to observe the high-denaity
ablated plasma near the end-plug surface. Inter-
ferograms of the end-plug region exposed at two
different times in the discharge are shown in
Fig. IV-9 for the boron nitride (BN) end plugs.
Since the plasma column diam in Scylla IV-P is of
the order of 2 cm, it is evident from Abel
inversion of these holograms that the high elec-
tron density resulting from ablation and subse-
quent ionization is concentrated at the periphery
of the column resulting in a annular radial den-
sity profile, Fig. IV-10. This hollow radial
profile does not, however, extend axially to the
surface of the plug. The density very close to
the surface 1is characterized by a more nearly
Gaussian radial distribution, Fig. IV-11, with

1.5 us

Fig. IV-9,
Side view interferograms in the vicinity of boron
nitride end plugs.
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(Upper left) Plot of the fringe count taken in a
plane perpendicular to the plasma column axis.
(Upper right) Fringe count corrected for the
linear shift introduced by the background fringes.
(Lower right) Abel inversion of the corrected
fringe count.
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Fig. IV-11.
Radial density profiles obtained by Abel inversion
of fringe counts in a plane 0.1 centimeters from
the boron nitride plug surface.

max imum electron densities in excess of
5 x 1018 en™3,
ablation is well distributed over the contact

This suggests that although the

region of the high-energy plasma column on the
plug surface, the flow of ablated material toward
the midplane of the theta pinch is less inhibited

near the edge of the plasma column where the axial
pressure is less. The axial variation of the num-
ber of electrons per cm of columm length, plotted
at varjous times in Fig. IV-12, decreases rapidly
with distance from the plug surface, with an
e-folding distance of about 1 cm or less. The
formative time for the ablation layer is about
1-1.5 us, and after about 10 us, the electron line
density begins to decrease.

At 3-5 ps the line density is a substantial
fraction of that predicted by computer simulations
in which flow of the deuterium plasma to the plug
is stopped (also shown in Fig. IV-12), however, as

noted above, most of this density is near the edge
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Fig. Iv-12.
Axjal electron line density inferred from side-
view interferograms. Also shown is the line den-
sity predicted by computer simulations.
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of the column and can have little effect on flow
in the main body of the deuterium plasma.
Furthermore, diamagnetic loop measurements of the
energy confinement at the pinch midplane were much
the same for these BN plugs as for the Sj.O2 plugs,
i.e.,n0o substantial improvement over an open
geometry was measured. Apparently even with the
lower Z of the BN plugs, atomic processes acted as
a major energy sink preventing the ablation and
lonization of sufficient plug material to impede
the deuterium plasma flow and associated energy
loss.

Lithium deuteride (LiD) is the lowest Z solid
end-plug material available at room temperature,
and the line radiation from this material should
be completely burned through at an electron tem-
perature of 100 eV, Side-viewing interferograms
obtained with the LiD plugs (Fig. IV-13), indicate
much higher density of ablated plasma. Indeed, so
much material is ablated and ionized in the first
2 Us that the fringes in the first centimeter
from the surface are obscured. It is also evident
that, unlike the BN plugs, there is little radial

confinement of the ablated material near the plug

Scm|LID

— . .. hd - [ R NERR : .".l Q_
Plug T AL 2 Plasm

11.2 ps

Fig. IV-13.
Side-view interferograms in the viecinity of
lithium deuteride end plugs.
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surface, Radial density profiles obtained from
Abel inversion of the interferograms, Fig. IV-14,
is charaoterized by a high electron density near
the column edge, however, with these plugs there
is now a significant increase of density in the
interior of the column, The 1line density,
Fig. IV-15, at distances far from the plug surface
is very close to that predicted by Malone and
Morse’s13 simulation of a plugged column with Z
appropriate to these plugs, but again it must be
remembered that much of this plasma density is
outside of the outer radius of main plasma column.
2. Luminosity and Spectroscopic Measurements.
Streak camera photographs taken in the region of
the end plug indicate that a luminous front init-
ially propagates away from the surface with a
velocity of about 1.4 x 108 cm/seo (see Fig.
IV-16). Later in time and at positions closer to
the midplane, spectroscopic measurements of con-
tinuum radiation show a propagation away from the
plug with a velocity of 2-U4 x 108 cm/seo, Fig.
IV-17. These velocities are less than half those
predicted for the ablation front in the computer
simulations. No such propagation could be
identified spectroscopically with the PN plugs.
. kith
the LiD plugs, diamagnetic loop-probe measurements

at the pinch midplane show a significant increase
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Fig. IV-14,
(Upper left) Plot of the fringe count taken in a
plane perpendicular to the plasma column axis.
(Upper right) Fringe count corrected for the
linear shift introduced by the background fringes.
(Lower right) Abel inversion of the correoted
fringe count.
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Axial electron 1line density inferred from
side-view interferograms. Also shown is the line
density predicted by computer simulations.
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Fig. IV-16.
Side-viewing streak camera photograph showing the
axial propagation of a luminous front away from
the lithium deuteride plug.
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Fig. IV-17.
Oscillograms of monochromator-photomultiplier con-
tinuum monitor signals. The velocity of the
luminous front inferred from the increase in these
signals is indicated by the diagonal line.

in energy confinement over that obtained either in
open geometry, or with higher Z end plugs. As
shown in Fig. IV-18, the energy confinement time
has been increased by a factor of three (from 9 to
29 ps) over the open geometry by use of the LiD
plugs, which is significantly better than the
improvement observed using the higher Z end plugs.
This encouraging result is in excellent agreement
with computer calculations by Siemon and Miller
(Sec. D) of the expected energy confinement in a
column in which flow is stopped and the losses are
dominated by electron thermal conduction to the
ends and decay of magnetic fields.

4, Discussiop. Differences in energy con-
finement using plugs of different materials
suggests that a comparison of measurements for
these experiments may yield clues to the improved
performance of LiD plugs. Streak camera photo-
graphs indicate that both high-and low-Z materials
have a stabilizing influence on the column
(Fig. IV-19), but that there are qualitative
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Fig. IV-18.

The energy line density inferred from diamagnetic
loop measurements in the theta-pinch midplane.
The strajght lines and time constants shown result
from least squares fitting exponential decays to
the data for times greater than six us.

differences in the column behavior when plugged
with different materials. An apparent "blooming”
of the column at late times with LiD plugs is
observed, the reason for which 1is not yet
understood. Comparison of the energy line density
(measured at several axial positions with diamag-
netic loops) for high- and low-Z plugs (see
Fig. IV-20) shows the strong cooling effect of the
higher Z plasma near the plugs. With LiD plugs,
on the other hand, the axial energy distribution
early in time is much nearer to that
characterizing the open geometry. Comparison of
axially resolved continuum radiation measurements
for open-ended and plugged geometries show that
the continuum emission near the plug surface is
lower for LiD than for BN (Fig. IV-21). This is
probably attributable to the lower effective jonic
charge of LiD and the lower temperature with BN.
The continuum radiation should not be an important
energy loss mechanism compared with the 1line

radiation. Finally, a comparison of radial den-
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Fig. IV-19.
Stereoscopic streak camera photographs taken with
an open geometry and two different end-plug mater-
ials.

sity profiles extracted from side-viewing inter-
ferograms (Fig. IV-22) indicates that there is a
much higher density of ablated material propa-
gating away from the plug surface with the LiD
plugs. These observations strongly suggest that
the performance improvement of LiD over higher Z
materials results, at least in part, from less
plasma energy deposition in atomic processes in
the ablated material, leaving suffioient energy
flux on the surface to efficiently ablate the ma-
terial required to retard the deuterium plasma
flow into this region.

In summary, the use of LiD end plugs gives a
dramatio increase in energy containment as com-
pared with the higher atomio number 8102 and EN
plugs. For plug materials with Z greater than
three, atomic processes do not allow the buildup
of plasma density in the ablated layer necessary
for expected plug behavior. By using LiD end
plugs, we have succeeded in improving the energy
confinement time of a thermonuolear plasma by a
factor of three, in excellent agreement with

theory.
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Radial density profiles 2.2 centimeters from the
plug surface.
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V. STAGED THETA PINCH

C. J. Buchenauer, J. N. Downing, A. R. Jacobson,
. E. M. Little, K. S, Thomas

A. INTRODUCTION

The Staged Theta Pinch (STP) is a 4.5-m-long,
22-cm-bore theta pinch designed to study the
physics and technological problems associated with
using separate capacitor banks for implosion
heating and adiabatic compression. The STP uses a
low-energy, high-voltage capacitor bank (PFN I) to
produce the plasma and a lower voltage,
high-energy capacitor bank to provide a variable
amount of adiabatic compression. A second
low-energy, high-voltage capacitor bank (PFN II)
is available to shape the implosion magnetic field
and to assist in containing the plasma before it
contacts the wall of the discharge chamber,. The
experiment produces high-temperature plasmas with
a much larger ratio of plasma radius to discharge
tube radius than conventional theta pinches_which
utilize a single capacitor bank for both shock
heating and adiabatic compression.

A complete deseription of the Staged
Theta-Pinch experiment and a2 summary of results
through 1976 was given in the last annual repor‘t.1
The period covered by this report was spent
constructing, checking out, and collecting data
with a Thomson scattering apparatus. Data were
collected at two axial positions, one near the
center of the main compression coil and one near
the end. At the center of the coil, data were
taken at three radial positions; at the end, data
were taken at four radial positions. Measurements
were made as a function of time with initial D,
fills from 3 to 15 mtorr, (At the end the range
was 5-15 mtorr because of the rapid decrease of
density with time at this position.) The results
of these measurements, as well as a description of

the experimental apparatus, are given below.

B. THOMSON SCATTERING APPARATUS

A schematic layout of the Thomson scattering
experiment is shown in Fig. V-1. The - 3-J ruby
laser beam Was expanded before being focused by
the lens shown in the left of the figure. Pyrex
windows were required because of plasma damage to

the lens and beam dump when these were part of the
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Fig. v-1.
Schematic layout of the Thomson scattering experi-
ment,

vacuum chamber. The Pyrex windows were mounted at
the Brewster angle to reduce reflections. (The
windows are shown 90° from their actual mounting
position.) Scattered 1light was collected with a
five~channel polychrometer, The system was
aligned using a wheeled carriage (called the
"lowrider”) which could be moved along the
discharge tube inside the vacuum chamber by means
of external magnets. The same magnets caused a
movable vane to be raised when the "lowrider" was
in its alignment position. When not in use, the
"lowrider" was stored in a stainless steel "cross"
at the end of the vacuum chamber.

The outputs from the five polychrometer chan-
nels were displayed on oscilloscopes. The height
of the signals from the channels used for a plasma
discharge was measured on a digitizer and a
background, which was obtained from the average
background over several shots, was subtracted. It
was then analyzed as indicated in the following
paragraph.

The five polychrometer channels had band-
widths of 692-688 nm, 688-681 nm, 681-670 nm,
670-659 nm, and 659-644 nm, respectively. The

measured spectral response of each channel was
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used to compute the relative intensities which
would be observed for different electron tempera-
tures with 694-nm excitation and 90° scattering.
Curves were constructed from the computed relative
channel intensities using the normalization that
the sum of the squares equals unity for each tem-
perature. The observed scattered intensities were
fitted by computer to these calibration curves to
give a least squares fit.

C.  EXPERIMENTAL CONDITIONS

All data were taken with voltages of 100 kV -
PFN I, 90 kV - PFN II, and 20 kV - Staging bank.
These conditions were chosen because they allowed
control of the plasma over a wide range of initial
D, fills.
10-mtorr fill is given in Fig. V-2, The waveform

The magnetic field waveform for

for other cases was approximately the same except
for the lowest fills where the first dip was
filled in by plasma-circuit interactions.
Table V-1 gives expected plasma parameters for 5-,
T7-, 10-, and 15-mtorr fills.
except Te, were taken from data collected in the
fall of 1976.

density profiles taken at the peak of magnetic

The parameters,

Figure V-3 shows measured radial

field. The profiles become more diffuse at lower
fills and, although data were not available, the
trend probably continues at fills below 5 mtorr,
This trend may be related to some of the results

presented in the next sectionm.
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Fig. v-2.

Magnetic field vs time,
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TABLE V-I
PLASMA PARAMETERS - STP
Fill (mtorr) 5 7 * 10 15
Density (1015 cm=3) 1.5 2.3 3.5 6.0
Magnetic field (kG) 7 K K 7
Ion temperature (eV) 683 416 254 132

Electron temperature (ev) 137 114 96 73
(measured)

Electron temperature (eV) 102 108 110 90
(calculated)

DENSITY { 10'5em™3)

4 6
RADIUS (cm)

Fig., V-3.
Radial plasma density profiles for different D,
fill pressures.

D. PLASMA RESULTS

Figures V-4 and V-5 show the time dependence
of the electron temperature for different initial
fills at the two different axial positions,
Z =38 cmand Z = 206 cm. (Z = O cm is the center
of the compression coil and Z = 229 cm is the
end.) All measurements were made on axis with the
exception of the Z = 38 cm, U-mtorr case where
data were included for R = 3.3 cm because of the
lack of data on axis, Electron temperature time
histories for other off-axis cases were the same
as measured on axis.

In many cases Te was measured out to 50 wus
after discharge initiation. During this period
the temperature showed a slow decay to 0.5-0.7 of
its peak value. The early time behavior of Te was
as follows: At all radial positions Te rose
rapidly (< 100 ns) to a value approximately
one-half of its peak value., This occurred at a
time which corresponded to the arrival of the im-

plosion density front. The temperature then rose
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Electron temperature vs time for five D, fills at
an axial position near the center of the compres-
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Fig. V-5.
Electron temperature vs time for four D, fills at
an axial position near the end of the compression
coil,

slowly as the field

In some cases at higher fills the peak

compression magnetic
Increased.
temperature occurred after peak magnetic field.
This is interpreted as an impurity effect because
its behavior was related to the cleanliness of the
discharge conditions.

Figure V-6 shows the dependence of T, on
initial D, fill. The open circles are the temper-
ature measured at peak magnetic field. For those
cases where the peak temperature occurred later,
the peak temperature is plotted as dark cireles.

As can be seen from the figure, the electron tem-
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Fig. V-6.
Electron temperature vs initial D, fill.
line is prediction of a computer model.

Dashed

perature increased rapidly for D, fills below

5 mtorr. A correlation was found between the rate
of magnetic field diffusion as measured by the
flux the electron
the faster the field diffusion, the

higher the temperature.

excluded apparatus and
temperature;
Higher electron tempera-
tures could also be produced by lowering the pre-
ionization capacitor bank voltage.

The predicted electron temperatures, assuming
heating of the electrons by the ions and classical
thermal conductivity out the ends of the experi-
ment, were calculated using a code written by
R. Siemon. The temperatures predicted by this
code are plotted as a dashed line in Fig. V-6.
Below 5 mtorr the plasma parameters were not known
s0 the code could not be

used. Reasonable

assumptions about the parameters would, however,
predict a slight decline in T, at lower fills,
The higher measured temperatures at lower fills
are, therefore, probably due to anomalous heating
of the electrons by the rapid magnetic field
diffusion at early times. To test the effect of
extra heating during the implosion, the code was
run with the measured electron temperature as the

initial conditionm,. The code predicted a rapid
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approach (< 5 us) to the computed values given in
Fig. V-6.

For five cases, two at Z = 38 cm and three at
Z = 206 cm, sufficient data were available to
study the radial dependence of Te' The results
are plotted in Figs. V-7 and V-8, As can be seen
from Fig. V-8, the temperatures drop off rapidly
around R = 5 cm near the ends but not at the
center of the compression coil. (The extent of
the radial scan was limited to 5 cm at the center
becuuse of the geometry of the apparatus.)

The ratio of peak electron temperature at
Z = 38 cm and Z = 206 cm was calculated for 5, T,
10, and 15 mtorr and the results were compared
with a theoretical model of T. K. Chu.2 The
result is shown in Fig. V-9. The position of
plasma contact with the ends of the machine is
uncertain, The assumed point 1is shown iIn
Fig. V-1. The horizontal error bars indicate the
range of possible contact points.

When the initial calibration of the poly-
chrometer was set up, the gain of the various
channels was adjusted to give an output propor-
tional to the channel width., Therefore, the sum
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Fig. V-7.

Electron temperature vs radius for two initial D
fills at an axial position near the end of the
compression coil.
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Axjial temperature profiles - theory and experi-
ment,

of the intensities of the channels was a measure
of plasma density. When it was discovered that
the plasma column near the end had a different
density time dependence from what it had at the
center of the coil, the sums were plotted as a




function of time. This gives a qualitative
measurement of density vs time. Data were
included only when a 1lengthy data run was
available at a particular D, fill. The data for
Z = 206 cm are probably more accurate than for
Z = 38 cm because more care was taken to make the
data meaningful after the density variations were
observed. The results are plotted in Figs. V-10
and V-11 for data taken on axis. The time
dependence of the density was the same at other
radii. The drop in density 1is particularly
noticeable for the Z = 206 cm, 5- and 7T-mtorr fill

cases.

E. SUMMARY

The electron temperature measurements on the
STP experiment yielded the following results:

1. The functional dependence of T, on plasma
parameters (see Fig. V-6 and Table V-I) was
different from the one predicted by a theoretical
model which assumes that Te 1is dominated by
classical energy input from the ions and classical
thermal conductivity out the ends of the compres-
sion coil. The lower measured temperatures at the
higher initial fills may be an impurity radiation
effect which would be expected to increase with
higher plasma densities if the number of impurity

ions is constant. The higher measured tempera-
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Fig., v-10.
Density vs time, as measured from the scattered
light signal, for four initial Dy, fills at a
position near the center of the compression coil.
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Fig. v-11.
Density vs time, as measured from the scattered
light signal, for four initial D, fills at a
position near the end of the compression coil.

tures at lower fills can be explained by anomalous
heating during the implosion phase. The slow
decay in temperature requires, however, either
continued anomalous heating or reduced thermal
conduction at the lower D, fills.

2. Tg as a function of radius decreases more
slowly at the center of the machine than at the
ends. This is probably a result of radial heat
flow. If electron heating is proportional to n2
(ion-electron collisions) radial heat flow could
give the observed results, Because of the high
beta of the plasma, radial heat flow is expected
to be an important consideration.

3. The time dependence of plasma density is
different at the ends of the machine from what it
is in the center. The decrease in density at the
ends after peak field is particularly noticeable
at lower D, fills. A detailed study of this
phenomemon will require much more accurate density
measurements than is possible with a Thomson

scattering measurement.
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VI. FIELD-REVERSAL EXPERIMENT (FRX)

R. K. Linford, D. A. Platts, and E. G. Sherwood

A. INTRODUCTION

Two theta-pinch systems FRX-A and FRX-B are
being used to study the stability and confinement
properties of the reversed-field configuration
(RFC) shown in Fig. VI-1. In this configuration
the plasma is confined by closed poloidal field
lines supported by the toroidal plasma current.
If sufficiently stable, this RFC could be used to
increase the energy confinement in open-ended
plasma devices such as mirrors, theta pinches, and
liners.

The FRX-A and FRX-B facilities were produced
by modifying other experiments during the latter
half of 1976. The 1976 Annual Report describes
these facilities and provides the historical moti-
vation for initiating the research.1 (Note: The
name of the experimental program has changed from
Field-Reversal Theta Pinch (FRTP) to the present
FRX.) The FRX-A system was completed, and initial
experiments performed in 1976. This system also
produced the majority of the results presented in
this report. The FRX-B system was completed in
the spring of 1977, but certain deficiencies,
discussed below, were discovered in the plasma it

produced. The concentrated efforts of the small

TOROIDAL CURRENT

2 ( CLOSED MAGNETIC FIELD LINES
OPEN MAGNETIC FIELD LINES

Fig. VI-1.
Reversed-field configuration.

44

staff on FRX-A have prevented rapid progress -n
FRX-B. However, full operation of this lary:-
system is expected in the first half of 1978.

B. DIAGNOSTICS

The only diagnostics used during 1976 tha:
continued to prove useful were the external
B-field probe and the side-on streak camera.
Several new diagnostics have been added, and tw;
of them were new developments. These diagnostics
are briefly described in this section and most are
shown schematically in Fig. VI-2.

1. End-On Framing Camera. Initially, a

single-frame Beckman-Whitley camera was used in

conjunction with an image intensifier (see Fig.
vVi-2). Two Corning Glass filters (#4-76, and
#3-70) were required to reduce the atomic and
molecular deuterium line radiation from the cold
plasma in the ends of the discharge tube outside
the compression coil.

Later, the single-frame camera was replaced
with a2 multiframe Imacon camera. A l-MHz framing

plug-in was modified to frame at the rate of 6 per
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Fig. VI-2.
Diagnostic arrangement on FRX-A.




10 us. The previous filters were replaced by more
efficient filters.
2. Internal B-Field Probe. A thin-wall,

6.35-mm diam, stainless tube was positioned along-

the axis of the system (see Fig. VI-3) to house
the internal field probe. The probe coil and an
electrostatic shield were attached to the end of a
solid-copper-shielded coax cable, and the whole
probe structure was insulated. This probe
assembly (identical to the external probe) was
inserted into the stainless tube until the coil
reached the desired axial position. To prevent a
breakdown of the probe insulation, it was
necessary to attach a series-tuned RLC network
between the stainless tube and ground. This
network damped a 40-kV transient that occurred
during the initial breakdown of the preionized
plasma.

3. J-Y Spectrometer. A quarter-meter J-Y

spectrometer has been used in conjunction with an
EMI 6256B photomultiplier to monitor the C III
2297-A and the C V 2271-A lines from the naturally
occurring impurity. As shown in Fig. VI-2, the
spectrometer is used to make shot-by-shot scans of
the axial and radial plasma profiles. It is also
used to monitor the total 1light of the C V line
radiated from the same plasma location that is
being monitored by the polychromator described in

the next subsection.
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Fig. VI-3.
Axial cross section of the system showing the
position of the stainless tube for the internal
field probe.

4. Polychromator. A half-meter Jarrel-Ash

monochromator has been wused in developing a
7-channel polychromator to measure the Doppler
broadening and shift of the C V 2271-A line. The
seven channels produce the 1line shape as a
function of time on a single shot. By moving the
mirror shown in Fig. VI-4 on subsequent shots,
various chords of the plasma can be scanned (l-cm
steps, l-cm resolution). If the plasma rotates as
a rigid rotor, the component of velocity (or
Doppler shift) along a given chord will be
independent of the position along the chord.
Hence, the 1line shape is undistorted so that
accurate measurements of carbon rotation and
temperature as a function of radius and time can
be obtained.

The polychromator is very similar to one
developed by Scott, et al.? This one uses a
cylindrical quartz lens to increase the dispersion
so that an array of seven 1P28/V1 photomultiplier
tubes could be used as the detector. The entrance
slit is adjusted to 40 um by the usual micrometer
adjustment as an optimum compromise between
intensity and resolution. The exit slit, however,
is fixed at 400 um with a 440-um-diameter quartz
fiber cradled in the slit. This defocusing lens
disperses the 1light so that when the tubes are

positioned 10° apart (staggered about an average
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Fig. VI-4.
A transverse plasma cross section showing 2 of the
15 possible mirror postions for measuring ion
temperature and rotation.
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arc with a 12.4-cm radius) and when the grating is
used in second order, the polychromator resolution
is 0.355 A between channels. The angular blurring
due to the finite f number of the monochromator is
only 2.9°.

The plans are to feed all seven outputs to
A/D converters and have a computer reduce the
data. At present, the outputs are sequentially
sampled every 2 us by a multiplexer /circuit
designed by C. J. Buchenauer. The result is a
marker pulse followed by a sequence of seven
pulses, which plot out the shape of the C V line.
This pattern is repeated every 2 us during the
plasma discharge as is shown in Fig. VI-5.

5. Feedback-Stabilized Fractional-Fringe

Interferometer. The density measurements obtained
from the fractional-fringe interferometer shown in
Fig. VI-2 were not very useful because these
axial measurements included the density of the
cold plasma in the ends of the discharge tube. To
avoid this problem, a double-pass, Michelson
interferometer was designed by D. A. Platts to
look trangversely through the plasma diameter (see
Fig. VI-6). The apparent problem of a small phase
shift (< A/8) for the 6328-A line (HeNe laser) was
turned to an advantage by wusing feedback to

stabilize the interferometer at the most sensitive

Fig. VI-5.
A comparison of the multiplexed polychromator
output (top trace) and the J-Y spectrometer output
(bottom trace) for a chord at a 3-cm radius.
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phase position. The output signal is then
proportional to the density.

The feedback amplifier and speaker-coil
system, designed by C. J. Buchenauer, has a
high-frequency cutoff of about 2 Hz. The higher
frequency vibrations are damped by using a rigid,
compact construction and by using acoustically
absorbing materials around the beam paths and
optical components.

A sample output of the device is shown in
Fig. VI-7 along with the magnetic field trace.
By comparing these traces, several effects are
readily observable including the plasma formation
by the ringing preionization field, the fast
density increase during the implosion, and the
slower increase during the axial compression
phase. The sharp density spikes near the end of
the plasma life are caused by the rotational m=2
instability discussed later in the report. The
sag in the base line that is evident at the end of
the plasma life is not yet understood, but it is
under study. It does not occur if the machine is
fired without gas so that no plasma is produced.

6. Pressure Probe. A pressure probe has been

inserted into the end of the system through a ball
joint so that the pressure of the plasma leaving
axially from the compression coil region can be

measured as a function of radial and axial

T —————

Fig. VI-6.
Transverse Michelson interferometer design.




position. The probe was designed and constructed
by T. M. York, based on previous work,3 as well
as some initial tests on the system with existing
probes. The final design, shown in Fig. VI-8(a),
uses a 2-mm-diam, O.5-mm-thick piezoelectric
crystal. The entire probe is housed in an
8-mm-diam quartz tube and the front is capped with
a 0.25-mm~thick quartz disc.

The probe output is sent through a 1line
driver for impedance matching. A test trace from
Vi-8(b). The

signal shows the step-function response of the

a shock tube is shown in Fig.

probe. Probe calibration indicates a sensitivity
of 0.41 V/atm.

C. EXPERIMENTAL RESULTS

Three major topics have been addressed during
1977. The first topic is the accidentally
discovered connection between impurities and two
modes of plasma behavior, which are typified by

4 and

the disparate results of Bodin and Newton
Eberhagen and Grossmann. 2 The second topic is the
attempted duplication of the 50-pus of stable
confinement reported by Kurtmullaev et al.6 The
third topic is the diagnostic study of the

rotational m=2 instability, which presently limits

Fig. VI-7.
A comparison of the temporal behavior of the
transverse line density from the fractional-fringe
interferometer (top trace) with the external mag-
netic field (bottom trace).
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Fig. VI-8.
Pressure probe (a) cross section, and (b) shock
tube response.

the lifetime of the RFC. The experimental results
associated with these three subjects are
summarized in this section.

1. TImpurity Effects. Two distinct modes of

plasma behavior have been observed in FRX-A. The
only two parameters that appear to determine the
mode are vacuum cleanliness and the power input to
the plasma. This effect is shown qualitatively by
the graph in Fig. VI-9. The curve represents the
sharp boundary between the "clean mode” and "dirty
mode” behavior.

Initially FRX-A was constrained to operate in
the dirty mode because of limitations in the
vacuum system and main bank. The bearings on the
turbine vacuum pump were changed from oil
lubrication to grease in order to improve the
reliability.

base pressure from about 4 x 10~/ to 5 x 1078

This modification also lowered the

torr. As a result, the clean mode of operation
could be achieved at 19.5 kV on the main bank (20
kV full charge), but the dirty mode was produced
at 19.0 kV.

This discovery of the clean mode motivated a
series of improvements to the vacuum system and

the main bank. These modifications decreased the
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DIRTY MODE
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VACUUM CLEANLINESS

POWER INPUT

Fig. VI-9.
Effect of impurities on plasma behavior,

critical voltage that separates the modes from the
19.2 kV to less than 10 kV.

The horizontal axis is labeled "power input,”
instead of "bank voltage," because the capacitance
and inductance of the system have been varied to
demonstrate that the product BB is the important
parameter. The boundary between the modes cannot
only be traversed “horizontally” by varying BB
(usually by the voltage) but also M™vertically."
The transition from dirty to clean mode is
observed each day during the first few clean-up
shots. Unfortunately, the lack of a gas analyzer
prevents the quantitative labeling of the axes.

The differences between the clean and dirty
modes are partly summarized in Fig, VI-9, The
behavior of the C III and C V radiation following
the implosion indicates that Te ~ 10-30 eV in the
dirty mode and 70-150 eV in the clean mode. This
large Jjump in Te arising from small changes in BB
is indicative that an impurity radiation barrier
may play an important role.

The other major difference between the modes
is that the RFC is terminated much sooner in the
dirty mode, and the field annihilation is caused
by an unknown instability. This mode is called a
"microinstability” in Fig. VI-9 simply because no
macroscopic distortion of the plasma is observed,
and therefore, the wavelength is probably small

compared with the plasma size. In contrast, the
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RFC destruction in the clean mode is oaused by a
rotational m=2 instability at later times. The
side-on-streak and end-on-framing camera pictures
in Fig. VI-10 illustrate these differences. Note
the sudden annihilation of the central hole in the
dirty mode followed immediately by increased
plasma luminosity and loss of axial confinement.
Note also the effect of the m=2 mode on axial
confinement in the clean mode.

There are strikine similarities between the
plasma behavior indicated in Fig., VI-10 and the
behavior observed in other experiments. The dirty
mode is very similar to the results of Bodin and

Newton,u

and the majority of the other early
experiments (before 1964). The clean mode results
are almost identical with those reported by
Eberhazen and Grossman.? Thus, these results from
FRX-A help to oprovide a 1link between the
long-lived results of more recent exoeriment35'6
compared with earlier experiments. Althoush a
correlation with impurity radiation barriers is

indicated, some difficult auestions still remain:

-
e
-— -~
= -
e
= —
————
———
———
————
———
e
-
ey
——
- -
-

@@

® e o
0 102030 @@@
t
(us) Shot Sequence
Fig. VI-10.

Side-on-streak and end-on-framing pictures
illustrating the difference between (a) the dirty
mode, and (b) the clean mode. The time of the
implosion corresponds to t=0. The framing
pictures were taken at 1.6-us intervals with first
frame at t=2 us.




(1) What is the "microinstability” and what is its
comection with radiation barriers? (2) Why did
Eberhagen observe clean mode behavior with
Te ~ 60 eV, and Bodin observe dirty mode behavior
at T, ~ 150 eV?

2. Attempted Duplication of Kurtmullaev’s

Results. The FRX-A system operates in the same
filling pressure and B-field range as reported by

Kurtmullaev6

and has a very similar main coil and
vacuum chamber geometry. The details of the
preionization and bias fields were not described
in the paper. The major differences between the
Kurtmullaev system and FRX-A appeared to be: (1)
the multipole barrier field, (2) the
axial-implosion-coil system, and (3) the operation
of the main bank in the "second-half-cycle” mode.

In spite of these similarities, the resulting
plasma properties are quite different as indicated
in Table VI-I. The large difference in the ratio
of T,/Ty 1is consistent with theta-pinch and
belt-pinch experiments at low density
(< 1014cm"3). However, the low plasma densities
are inconsistent with the filling pressures quoted
in Ref. 6 unless the percentage of ionization is
low.

Recent personal communication between
Kurtmullaev and A. R. Sherwood resulted in new
information. The fill pressure is now claimed to
be 1less than iIn Ref. 6 (< 1 mtorr), and the

preionization is essentially 100%. This high

TABLE VI-I.

COMPARISON OF REVERSED-FIELD PLASMA PARAMETERS

2 R A N Ty T v CAUSE OF
SYSTEM cm cm em  [10%em3] v v | pe TERMINATION

ESERHAGEN:

REQUI AR 0 2.3-17 | D.6-1 38-80 I5-88 | 35-88 | 26 Me2

CDAX?AL (1 " 2 L} 16-26 | 16-26 | 30 TEARING

KURTMULLAEY " ? 6 0.1 108 too0 (1] 1/8 DECAY

FRX-A

tereaw Moper | 36 2868 [ 23 ’ 5%0-400| 100 | 2 ez

MR1 - RES
SYSTEM L] 4 3 o 8 L] OIFFUSION

degree of preionization is achieved by either a
Z-pinch PI or by two successive bursts of
theta-pinch PI, one at the beginning of the bias
field and one just before implosion. Thus two
additional differences between FRX-A and the
Rurtmullaev system are now known.

The  initial attempt to duplicate the
Kurtmullaev results were performed before this
latest information was known. This attempt
consisted of removing two of the three originally
known differences 1listed above. A hexapole
barrier field was added to the system and the
system was modified to operate second-half-cycle.

Numerous experiments were performed to
exhaust the possible combinations of first- or
second-half-cycle operation with a variety of
barrier-field conditions. The temporal behavior
of the barrier field was varied between a single
sinusoidal pulse of 30~-us duration to a typical
crowbarred waveform, depending on the timing of
the crowbar. The timing of the barrier field was
varied from the beginning of the bias field to
after the implosion, and the amplitude was varied
from zero to 400 G at a radius of 7 cm (950 G at 9
cm) .

In general, only minor differences were
observed in the plasma behavior. The major effect
was to iIncrease the optimum fill pressure (< 40%)
for maximum plasma lifetime. The strength of the
effect increased according to the strength of the
barrier field at the time of implosion. At the
optimum pressure the RFC life time was still 20-25
us and the termination was still caused by the
rotational m=2 instability. The end-on framing
camera also showed a hexagonal pattern in the
"halo” around the main plasma, but the main plasma
remained circular until the omnset of the =2
instability.

No more detailed results are given here
because of the 1lack of positive results. This
lack of success may be associated with either the
differences that still exist between the
experiments or because of the comparatively small
size of the barrier field. Under the present
design, the barrier field cannot be increased
substantially without the risk of crushing the
quartz vacuum chamber that supports the

conductors.
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The modification of the barrier field and the
removal of the other differences are being
considered; however, each one requires a
substantial amount of effort. For example, the
lowering of the filling pressure would require a
ma jor modification of the preionization system and
the development of new diagnostics compatible with
the lower density. In addition, there is not much
interest in a plasma with as high a ratio of T,/Ty
as is obtained at these low densities. Future
attempts to duplicate the Kurtmullaev experiment
will be made only if the expected gain in
understanding warrants the required effort. The
focus of the present research is to understand,
and hopefully control, the rotational m=2
instability.

3. _Rotational m=2 Instabilitv., The recent
theoretical work on rotational instabilities,
including finite-Larmor-radius (FLR) effects, has
accurately predicted the m=1 mode (wobble) in the
Seylla IV-P experiment.7
modifying the code to study the RFC. The
diagnostic study described in this section will be
correlated with this theory in an effort to

J. P. Freldberg is

understand the m=2 instability.

The theory assumes yﬁat the temperature is
independent of radius and that the rotation is
rigid rotor. This allows the equilibrium ion
equation to be written in the following form,.

Va.
R et S

where each term is an angular frequency
independent of radius.

—QE + Q=-Q* . (2)

The rigid rotor profiles are given by

r2
B = B, tanh K (—— —l) and
Rz

2
n=n_ sech?k (I -1} |
m Rz

(3)
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where

B
K = tanh”! ii
N

B1 = -B(r=0) for B(r=0) <0
(4)
B, = B(r>>R) .
n = n(r=R)
m

where R 1is the major toroidal radius. The
parameter K can also be shown to be approximatelv
equal to half the toroidal aspect ratio. If an

effective minor radius a is defined by

@

n_ 2mR(2a) = j n 27r dr, (5)
m
0
then
R___4& . (6)
a 1 + tanh K

Thus the choice of two parameters R and K
completely determine the profiles including aspect
ratio and degree of field reversal, Density
profiles are plotted in Fiz. VI-11 for several

values of the aspect ratio.

NORMALIZED DENSITY

NORMALIZED RAONS -f-

Fig. VI-11,
Rigid rotor density profiles.



The stability analysis for an ordinary theta
pinch7 for B=1 indicates that the plasma is stable

to the m=2 for rotations given by

-0.30 < o < 1,45 | 7
where a = - Q/ Q ¥, For the RFC rigid rotor
profile, the pressure gradient drift velocity is
given by

kT

Q* = 4K ei . (8)
B_R?Z

In addition, the theory predicts that the real
part of the m=2 mode frequency at the critical a =
1.45 is

w_ o~ —Q* . (9)

r —

Although these critical values of @ and W, are for
a normal theta pinch, it is expected that
qualitatively similar behavior will exist for the
RFC.

The following measurements have been made to
characterize the plasma in general and to
determine the values of w,, £, and Q*.
can be

a., W The critical value of w®

re
obtained from the

r
fractional-fringe

interferometer, J-Y spectrometer, side-on-streak,
or end-on-framing pictures, However, the end-on
pilctures give the best measure of w, at the onset
of the m=2, The major inaccuracy of this
measurement arises from the very rapid growth of
the mode. The ellipticity grows from a barely
detectable value ( ~1.2) to about 4 in a time
corresponding to half a revolution, t=m “‘1'—1 (see
Fig. VI-10(b)). This corresponds to a growth
rate 0~ ./2, which is so fast that the mode
becomes nonlinear in the time needed to accurately
determine the value of wpe From the evidence so
far, it does not appear that Wy changes more than
50% during this time, so that an approximate value
can be obtained from the duration of the first
period from any of the diagnostics mentioned
above., A complete parametric study has not been

made, but w, normally increases with increasing B

and the range 8 x 105 < w, <2 x 10% has been
observed.

b, @, The rotational velocity of the CV
ions has been measured by the polychromator
described above. For ion temperatures Ti < 300
eV, the rotation appears to be rigid rotor and the
temperature is independent of radius. Thus the
experiment satisfies the assumptions of the
previously described theory. The results
consistently show that the C V does not rotate
significantly for the first 8-10 us, but then it
accelerates until the onset of the m=2
instability.

Within the

measurements, all of the results can be summarized

accuracy of available
by the normalized rotation plotted in Fim. VI-12,
This behavior is in qualitative amreement with
theory because the critical velocity for
instability scales with Q¥, However, the
theoretical value of the normalized critical
rotation given by Eq. (7) is o, ~ 1.45 instead of
the observed o, ~ 0.4. This numerical difference
may be associated with the difference between the
RFC and the standard theta pinch, or it might be
associated with a possible difference in
rotational velocity between the C V and deuterium.
As stated above, the code is being modified to
handle the RFC to remove that possible source
discrepancy, and the possible difference in

rotational velocities is briefly discussed here.
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Fig, VI-12.
Normalized C V rotation as a function of time.
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The process of rotational equilibration
between impurities and deuterium is more complex
than the thermalization process. The azimuthal
drag force arising from a difference in the
rotational velocity causes the impurity to drift
radially in the -y B2 direction. This drift
continues until the narrowing density profile of
the impurity compensates for the higher Z, 1i.e.,
until the Q* of the impurity and the deuterium are
equal (see Eq. (1) and Eq. (2)).

The relaxation time has been calculated by
assuming that the drag force is proportional to
the ratio of the azimuthal velocity difference to
the classical slowing-down time, (vgp-vge)/Tg, and
by assuming that initially the C V and D* have the
same rigid rotor profile. The result yields

-2 2 1/2
T, = 1.39 x 10 (—)

p

g Te> ) (10)
3/2 [1+ =168
T T
My 1/2 1/2
<1 + % Zo Zo + 1 ]1nA

where Tp 18 in s, M in amu, T in eV, and § in cm.

The density gradient scale length § is essentially
1.18 a (the minor plasma radius) for the aspect
ratios of interest (see Fig. VI-11), Using the M
and Z values of C V and D* yields the following
comparison between T, and the energy equilibration

time Tg.

2 2

Tr § a
—~ = 0.0% () ~o0.13 (&) (11
E ("D) (pn)

The ratio of these relaxation times is
approximately 1 for the observed plasmas (pD is
the deuterium thermal gyro radius in the extermal
B field).

The calculated values of Tp have been
confirmed experimentally. Polychromator data like
Fig. VI-5 show that the C V temperature is
independent of time when T < 300 eV. This is
consistent with the calculated Ty < 4 ys because
data cannot be obtained from the polychromator for
about 5 us after the implosion (because of a

combination of rapid 1light increase and the
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sampling technique of the multiplexer). When T >
300 eV the expected decrease of 1line width is
observed at early times.

Since T is known to be short compared with
the plasma lifetime, Ea. (11) indicates that the
C V should be rotating at the same soveed as the
D*, In other words, the polychromator measurement
should yield the correct value of the critical Q.

c. N%*, It is apparent from Eq. (8) that
four independent parameters are necessary to
evaluate Q*, 1i.e., T4, B,, R, and K. The ion
temperature can be determined within +40 eV by the
polychromator measurements described above,
Except for the previously mentioned C V equilibra-
tion effects, the ion temperature is independent
of time and radius. The masnitude of Ty soales in
the expected ways with B and the fillina pressure
and the observed range of values is 150 <Ty <400
eV,

The value of B, is measured bv a calibrated
probe located outside the quartz tube at r=11 cm.
Because of the finite plasma lensth, this value of
B may be slightly smaller than the field just
outside the plasma. Most of the data have been
taken for values of B between 4 and 6 kG.

With the existineg diagnostics, the best
method of determining the major radius R is from
the end-on-framing pictures. If the luminosity is
assumed proportional to some power of n, then R
can normally be determined within less than 1 cm
error,

The most difficult parameter to determine is
the profile parameter K. A rough estimate of the
aspect ratio R/a can be made from the end-on
photographs, but the nonlinearitv of both the film
and the luminosity dependence on the density and
temperature oprevent an accurate determination.
The result of such an estimate yields 2 < R/a < 3,
or 0.8 < K < 1.4 by usine Eq. (6).

The definition of K &iven by Egq. )
provides another method of determinine K. The
ratio of B;/Bw is usually about 0.85 as determined
by the internal probe described above. The
stainless tube that houses this probe was not left
in the system after these measurements were made
because the hot plasma boiled substantial material

off of the tube resultinz in a premature loss of

the RFC: Thus, the internal field measurements



were only taken for a limited number of plasma
conditions. However, the typical value of 0.85
corresponds to K=1,26 and R/a=2.8, which supports
the values obtained from the end-on pictures (see
Fig. VI-10 and Fig. VI-11).

The profile was also investigated by
measuring the intensity of the C V 2271-A 1line as
a function of radius with the J-Y spectrometer
(see Fig. VI-2). The results for two different
bias fields, but the same B, are plotted in Fig.
VI-13. These curves appear to correspond with an
aspect ratio R/a~ 1.3 instead of the 2 to 3 range
obtained by visible 1light and internal field
measurement. The cv profile may appear
artificially broad because of a slightly higher Te
in the sheath region compared with the peak
density region. This slightly higher Te could
result from the ohmic heating in the sheath.
Since T, is much less than the 305 eV needed to
excite the 2271-A 1line, slight increases in Ty
would result in large increases in 1light
intensity. For example, if T_(rzR)=100 eV and
Te(r=R+a)=130 eV, the fraction of the electrons
capable of excitation would be 10% at r=R and 20%
at r=R+a, which is more than sufficient to explain
the broader profile in Fig. VI-13,

In spite of the general acreement between
these three profile measurements, there is still a
substantial uncertainty in the value of K. Some
other diagnostic such as Thomson scattering is
needed to accurately determine the radial profile.

The probable range of Q¥ using compatible
combinations of the parameters Ti’ B,, R, and K is
7 x 105 < Q% <4 x 106, This is essentially the
same range as the observed critical value of wy.
Thus the observed values of u%/ﬂ* are compatible
with Eq. (9), even though it is for the standard
theta-pinch model.

d, Plasma loss, When the measured values of
B, T3, and T, are used in the pressure balance
relation, the resulting peak density ny is 2 to 3
times smaller than would be obtained if all the
initial D2 fill inside the implosion coil were
compressed to the size indicated by the
side-on-streak camera and the end-on-framing
camera, The uncertainties in the radial profile
are not enough to explain it, and the axial

profile obtained from streak photographs is
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Fig, VI-13.
Radial profiles of the C V 2271-A radiation.

confirmed by C V scans such as the ones shown in
Fig. VI-14,

Since C V is only present in relatively hot
plasmas (Te > 70 eV), the C V profiles would not
include «cold plasma that wmight exist, To
determine whether substantial density exists in
the form of cold plasma, C III scans were made.
No detectable C III (2297-A) radiation was
observed anywhere inside the coil region after the
implosion was complete. Similar radial scans
indicated substantial C III radiation originating
from the ends of the discharge tube outside the
coil region.

When the

interferometer was developed, line density

transverse fractional-fringe
measurements were made throuch a plasma diameter
at the mid-plane of the system (z=0). The results
confirmed the low density implied by pressure
balance. For a 5-mtorr fill, the peak density is
about 1.5 x 1072 when R ~ I cm. Unfortunately, an
axial scan with the interferometer has not vet
been made to further confirm the axial profile.

To better understand this apparent loss of
plasma, a pressure probe has been used to measure

the flow of plasma out of the end of the system.
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Fig. VI-14,
Axial profile of the C V 2271-A radiation.

A typical trace with the probe on axis and 8 cm
from the end of the coil is shown in Fig. VI-15.
The slight sag in the base line is caused by a
plasma-generated acceleration or thermal strain of
the probe. The pressure associated with the PI
and the fast 2«-us spike at the time of implosion
is observed at all radii. However, the long (~10
us) pressure signal just following the implosion,
and the second 1long burst following the m=2
breakup of the RFC are only observed for r < 3 cnm
if the probe is within 6 cm of the coil. These
Jets of plasma spread radially and hit the wall
about 15 cm from the coil.

time-of-flight
indicate that the first long pressure burst is

Preliminary