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ABSTRACT

This report presents the status of the Controlled Thermonuclear Research
Program at the Los Alamos Scientific Laboratory for calendar year 1976.
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I. INTRODUCTION

F. L. Ribe, G. A. Sawyer, K. S. Thomas

During 1976, the Scyllac experiment was
operated as an 8-m sector with derated plasma
parameters to allow for greater feedback control
of the plasma column motions. Experiments were
conducted using discharge tubes both with and
without helical distortions. In both cases, im-
provements in the feedback system and the addition
of helical trimming windings extended plasma
confinement from 10 s to 25 s. An improved
theoretical and experimental understanding of the
variations in plasma equilibrjium with time was
obtained indicating that the 1loss of plasma
confinement was the result of loss of equilibrium.
Design and fabrication was begun on an =1,2
helical system which should greatly reduce the
equilibrium problems.

The Staged Theta-Pinch experiment achieved
its primary goal of producing large diametep,
high-temperature theta-pinch plasmas using sepa-
rate implosion and compression capacitor banks.
In addition, the experiment operated at full
design voltage much more reliably than could be
expected of a "state of the art" device. Results
from the Resonant Heating experiment motivated
several important improvements in the hybrid
computer code and provided a better understanding
of the plasma behavior during the first
microsecond.

In the Reversed Field Pinch program, experi-
ments were carried out on 2T-S, a scaled-up ver-
sion of 2ZT-I. Plasma confinement time was found
to scale as the square of the plasma minor
diameter. A new larger device, 2T-40, was pro-
posed, reviewed, and given approval for construc-
tion. The basic objectives of the new experiment
will be to extend the confinement time to a few
hundred microseconds, operate in a regime of low
impurities so that the radiation barrier 1is
overcome, and explore the production and mainte-
nance of stable configurations for both field
programming and self-reversal modes of operation.

The Scylla IV-P experiment began operation in
January. Plasma parameters and stability char-

acteristics were determined. Plasma end loss was

measured and a detailed study of plasma flow out
the ends was conducted. Initial end-stoppering
experiments using quartz end plugs were carried
out. The results indicate that the insertion of
the plugs eliminates particle loss from the ends
of the theta pinch and increases the energy
confinement time.

The Gun Injection experiment, which is
studying the possibility of using a gun plasma to
replace the implosion-generated plasma in a theta
pinch, became operational. Studies of the plasma
produced by the gun and of its penetration into a
steady-state magnetic field produced by a solenoid
were begun and preliminary results obtained.

Experiments on the interaction of a 002 laser
beam with a dense, independently produced target
plasma continued in the Scylla I-C experiment.
Both classical (heating, refraction) and non-
classical (stimulated backscatter) processes were
studied. Experiments were concluded in October so
that the experiment could be converted to another
geometry.

A Field Reversal Theta—Pinch program was
begun in July. This configuration has recently
shown unexpectedly favorable stability character-
istics which are of special interest to the mirror
program. Two existing experiments, the Resonant
Heating experiment and the Scylla I-C experiment,
were converted to the field-reversal theta-pinch
geometry to study this configuration in different
plasma regimes.

The Implosion Heating experiment operated
reliably throughout the year. Extensive measure-
ments of density and magnetic field as a function
of radius and time were obtained for a variety of
experimental conditions. These measurements were
found to agree remarkably well with numerical
simulations performed at LASL and elsewhere.

The experimental plasma physies  group
continued their studies into the physics of the ac
electrical resistivity and the thermal conduc-
tivity along magnetic field lines. The weak-field
resistivity of a plasma, in which controlled

levels of plasma wave turbulence are maintained,




was measured with a new dual mode microwave
resonator technique. In another set of
experiments, the actual growth in time of the
parametric instabilities was observed. In addi-
tion, an experiment was begun to study the effect
of a steady electron drift on plasma ac
resistivity and has yielded the experimental
observation of negative inverse bremsstrahlung
absorption due to electron drift.

In the plasma diagnostics area, the spatially
resglved Thomson scattering experiment obtained
data on Secylla IV-P. High-frequency, gas-laser
heterodyne interferometry was extended to longer
wavelengths and development was begun on a new
system which utilizes the high time resolution
thus available for repeated spatial scanning of
plasmas whose temporal changes occur on a micro-
second time scale.

A proposal was prepared for the construction
of a High Beta Tokamak. This experiment would use
LASL high-voltage capacitor bank technology to
produce a tokamak-like plasma with high beta
values.

The theory group continued to make important
contributions to the understanding of results from
the experimental programs. The major success
occurred in MHD theory where a much clearer
understanding of the Scyllac experiment was
achieved. Calculations were carried out to study
equilibrium and impurity radiation in the ZT-40
experiment, to determine the effects of end plugs
on a linear theta-pinech plasma and to study
plasma compression by imploding liners. Work in
the area of microtheory indicated that the lower
hybrid drift 4instability may not be as dangerous
as previously thought. The hybrid codes were
improved and continued to have remarkable success
in reproducing experimental results.

Use of the CTR PDP-10 computer and network
link to the MFE Computer Center 7600 increased

dramatically during the year. There were also

significant advances in the use of ©both
microcomputers and the PDP-10 for experiment
control and data collection.

The primary activity of the engineering group
was the design of the ZT-40 experiment. Other
activities included the design and building of a
quartz tube-forming machine, work on the end-fed
coil, and tests on various electrical components.

Significant

development of the superconducting magnetic energy

progress was made toward

transfer and storage system for use in future
pulsed plasma devices. Two new programs were
initiated in the last quarter of the year. The
first was a development program to fabricate a
large-energy, fast-discharge homopolar machine.
The second program deals with the development of
switches and superconducting coils for the pulsed
ohmic heating associated with large-scale tokamak
devices.

The work of the magnetic confinement systems
studies group was primarily concerned with the
continuing reassessment of pulsed, high-beta
systems. Areas of general research included
thermal-shock analyses, MHD effects in
reactor-like, high-beta plasmas, transient neutral
gas charge exchange, and more realistic plasma
engineering modeling. The neutronics task was
supportive of both RTPR blanket redesign and the
more general needs of the national fusion
community. The chemical, structural, and
electrical effects in CTR-related insulators were
addressed by the insulator research task, and the
alloy reasearch task pursued the thermal-shock
testing of various first-wall specimens.

Design and engineering work continued on the
Intense Neutron Source Facility. Primary emphasis
during the year was the final design and testing
leading to the operation of a Beam-On-Target test
stand whieh will wutilize a proton beam on a

hydrogen gas jet target.



IT. SCYLLAC FEEDEACK SECTOR EXPERIMENTS

R. R. Bartseh, E. L. Cantrell, B. L. Freeman, K. B. Freese,
R. F. Gribble, F. C. Jahoda, K. J. Johnson, R. Kristal,
K. J. Kutac, G. Miller, W. E. Quinn, R. E. Siemon

A. INTRODUCTION AND SUMMARY

The purpose of the Scyllac experiments is to
study and achieve plasma equilfbrium and stability
of a theta-pinch plasma in the toroidal geometry
of a large aspect ratio, high-beta Stellarator.
The fundamental idea is to bend a theta pinch into
a toroidal configuration in such a way as to
retain as nearly as possible the advantages of a
linear theta pinch, while eliminating particle
end loss and thermal conduction to the ends. In a
torus the combination of plasma pressure and the
gradient of the toroidal compression field produce
an outward force on the plasma column. In Seyllac
this toroidal force 1is compensated, and a
high-beta toroidal equilibrium is achieved by
superimposing on the mafn toroidal theta-pinch
field a small /=1 helical field along with an even
smaller f=0 and/or f=2 field. Such a configu-
ration is MHD unstable for long wavelength m=1
modes, which moves the plasma bodily off the
equilibrium circle. Higher order m modes (m<2)
are stabilized by finite-Larmor-radius effects.
Stabilization of m=1 modes can be provided by
either feedback or wall stabilization, and the
physies is similar for both cases. The present
confinement experiments wuse a conventional,
unstaged, highly compressed theta-pinch plasma,
and therefore feedback control is being used for
plasma stabilization.

Scyllac equilibrium using f=1,0 fields has
been studied experimentally at Los Alamos in
several configurations, the 5-m sector !
(R=2.38 m), the 8-m sector! (R=4 m), the full
toru32 (R=4 m), and the feedback sector3 (R=4 m).
In each of these experiments it was possible to
change the plasma motion from toroidally outward
(roughly uniformly around the length of the
machine), terminating in an outer wall hit, to
inward, terminating in a inner wall hit, by
adjusting either the initial filling pressure, or
the current in driven trimming windings. The

assumption was that for some intermediate

adjustment, there existed a perfect, although
unstable, m=1, k=0 equilibrium. However, with the
help of experiments with feedback, understanding
has progressed and the situation is perceived as
being more complicated. The F1,0 equilibrium
force depends both on the applied magnetic fields
and the diamagnetic response, or equivalently the
d's, of the plasma. Transient oscillations of the
bumpy =0 and helical f=1 plasma distortions, 8o
and 61, develop in setting up the plasma equilib-
y

rium. An oscillatory axial plasma motion (period
~ 10 us in the feedback sector) results between
regions of maxima and minima in the magnetic field
with a corresponding oscillation of 60. Thus an
oscillation of the equilibrium compensating force,
F1,0' occurs which makes it difficult to control
the plasma during the transient phase and to
achieve the desired equilibrium at later times.
The 80 transient occurs because the plasma is
produced in a discharge tube with uniform
cross section beginning with a homogeneous gas
fill. The plasma implodes to an approximately
uniform column on the discharge tube axis with the
subsequent development of the plasma distortions
60 and 61 which overshoot their equilibrium values
and oscillate. The use of a helical discharge
tube has eliminated the 64 helical oscillations
and the use of a bumpy helical tube could
eliminate the slower more troublesome og
oscillations.

Experiments show a correlation between the 60
oscillation and an oscillation of the net force
acting on the plasma as measured by the column
acceleration. The measured magnetic flux excluded
by the plasma column also shows the 60
oscillations. Both experiment and theory indicate
that the &3 plasma distortion is nonsinusoidal
with a peaking in the regions of magnetic field
minima. A possibly quite significant observation
is that ©both 1luminosity and excluded flux

measurements indicate a decay of the 60 distortion



in time, owing to a decrease of plasma radius in
the field minimum region.

Barnes and Brackbill have succeeded in
finding l=1,0 diffuse profile equilibria with a
3-D MHD code.’ These equilibria require approx-
imately 60% larger applied helical fields for f =
0.65 than predicted by the MHD sharp-boundary
theory, from which the present f:1,0 compression
coll was designed. This implies that long-term
force balance requires a higher plasma beta and/or
additional equilibrium trimming fields. Force
analysis of plasma trajectories in the derated
sector experiment show a long-term equilibrium
force imbalance in approximate agreement with the
difference between diffuse-profile and sharp-
boundary theories.

At the present time, new =2 equilibrium
trimming circuits which provide a greater variety
of field waveforms are being used to obtain a
better long-term equilibrium. Since the calcula-
tions of Barnes and Brackbill show that [:1,0
equilibrium does indeed exist, the equilibrium
problem reduces to being able to survive the
initial transient phase.

The plasma is unstable to the long wavelength
n=1 mode. The growth rates and scaling of the m=1
instability have been measured in several experi-
ments and are in agreement with small § sharp-
boundary MHD theor'y.u Feedback stabilization is
being used to control the m=1 instability and
provide corrections to the plasma equilibrium.
The feedback system has been improved over the
initial design and now has a delay-risetime
response of 1.0 us to (1-1/e) of peak current,
with a maximum =2 feedback field of ~ 80 G at a
radius of 1 cm. This results in a force which is
20% of the outward toroidal force. A new
segmented photodiode position detector has been
developed which provides a fast position signal

having an accuracy of + 1 mm.6

In the earlier feedback sector experiments,
with a uniform toroidal tube and with an fz2
prepulse applied during the preionization phase by
the feedback system, closed-loop feedback stabi-
lization controlled the plasma motions in both the
horizontal and vertical planes and extended the

plasma confinement from 10 to 25 wus. In the
helical discharge tube the use of only closed-loop
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feedback stabilization controls the plasma motions
in both the horizontal and vertical planes and
extends the plasma confinement from 10 to 25 us.
Experimental observations indicate that the 1loss
of plasma confinement at 25 us results from
equilibrium problems related to 59 and long-term
force imbalance as discussed above, and perhaps to
end effects. These phenomena cause the plasma
column to move around with an amplitude that is
feedback

Nevertheless, the data clearly show feedback

outside the range of control.
control of the m=1 instability.

The propagation velocity of plasma motions in
the end regions becomes a factor in the interpre-
tation of results in these feedback stabilization
experiments carried out in a sector rather than in
a full torus. The propagation of m=1 waves,
launched near the center of the sector, was
observed at approximately the Alfven speed in good
agreement with the theoretical predictions of the
small 6 sharp-boundary model.7 These experiments
indicate that the plasma motions near the ends of
the sector do propagate and appear in the center
region as additional nonequilibrium forces.

In Seyllac a small change in the plasma beta,
owing to losses of particles or energy either
through the ends or radially, can cause a loss of
toroidal equilibrium. A theoretical study of
radial particle 1losses by resistive diffusion
indicate that radial particle losses can have a
significant effect in the feedback sector with its
derated plasma temperatures of 100 to 140 eV. The
effect of possible anomalous resistivity caused by
the lower hybrid drift instability would be to
produce a low-density halo surrounding the plasma
column.

A magnetohydrodynamic model of the Scyllac
plasma based on small 4 dynamics and a sharp-
boundary plasma has been developed8 and used to
reproduce the observed plasma trajectories and to
predict the plasma confinement time with feedback
stabilization. Given the known mechanisms for a
decrease of plasma beta, the model predicts a con-
finement time of 30 us without the wuse of
auxiliary equilibrium trimming fields. Using
nonlinear f=0 MHD the equilibrium of a constant

pressure theta-pinch plasma column has been

calculated in the presence of a long wavelength




£=0 field without the assumption of small plasma
distortions. The calculated plasma equilibrium
shape has a nonsinusoidal axial bumpiness with a
local bulging in the minimum magnetic field
region, which is in good agreement with the
overloading of the groove regions with plasma
observed in the experiments. The calculated
equilibrium force, with the 60 oscillatory effects
included, is very similar to the measured force
obtained by computing the acceleration from the
plasma trajectories.

A modification of the plasma position
detectors to a 1b6-element quasi-quantized type,6
which is sensitive only to the most intense
portion of the plasma luminosity has improved the
feedback system accuracy and capability. A new
feedback signal processor-analyzer has been
developed which analyzes the toroidal mode
structure of the plasma column and drives each
power module according to the weighted mode sum
that represents the actual ©plasma position
corresponding to the toroidal position of its J=2
coil. An equilibrium trimming circuit has been
developed to provide a current step with a
waveform having a sinusoidal rise of 3.7 us
followed by a variable rise or fall of current
with almost constant slope for 50 us.

An [:1,2 equilibrium configuration has been
designed and fabricated for the feedback sector.
This design uses a large helical plasma
distortion, 61 ~ 3, in combination with a 62 el-
liptical plasma distortion, which is produced by a
rotating quadrupole field, to achieve high-beta
toroidal equilibrium. The [:1,2 equilibrium con-
figuration has advantages over the [:1,0 system:
it eliminates the 60 plasma distontion and its
associated transient and anomalous effects; the
equilibrium is independent of the /=2 diamagnetic
field of the plasma in contrast to the strong
dependence on the /=0 diamagnetic field in the
[:1,0 configuration; there is a weaker equilibrium
dependence on plasma beta; and the parameters of
the plasma will be uniform along the column. The
larger 64 helical distortion 1is advantageous
because it leads to plasma equilibria with smaller
growth rates of the m=1 instability and also to a
greater feedback stabilization force. The

arc length of the l=1,2 sector will be increased

by 40%, from 8.4 to 11.7 m, over that of the

present sector to help in the disentanglement of

equilibrium problems from end effects.

B. REVIEW OF SCYLLAC THEORY

The simplest theoretical model that explains
the important features of Scyllac is the
sharp-boundary MHD model. In this model the
theta-pinch equilibrium consists of a constant
pressure plasma of radius a, confined by a

longitudinal magnetic field B The plasma

pressure is 3802/2 and the magneiic field inside
the plasma is Bo vﬁ:ﬁl The Scyllac concept is to
bend a theta pinch into a torus to eliminate end
loss, with the radius large enough so that this
basic configuration is only slightly perturbed.

. Torgi Force. Owing to the gradient in
the magnetic field produced by toroidal curvature,
a toroidal theta-pinch plasma experiences an
outward force per unit length (divided by the mass
per unit length) given by

Fp = B8 v,2/R (1)

where R 1is the radius of the torus and v, the
Alfven velocity, using the outside magnetic field
and the constant plasma density. EBecause of the
toroidal force, for plasma confinement in a torus
additional magnetic fields must be applied to
produce a compensating inward force.

2. Interference Force. Helical magnetic
field perturbations B =Vx with x - sin(f9-hz) in
general produce a body force on the plasma. The
force results from the interference of [ and [+1
helical fields. If the plasma shape is given by
r=a [1+26pcos([0-hz)], the body force is

F = hv
A
0.1 By B,
ha BE:O Bﬂ:‘l
- —_— 61 + 60 ’
2 B, Bo




6[):[?.1 (2)

where B£=o is the modulation of the vacuum
magnetic field on axis and B 1is the f-helical
amplitude of the radial vacuum field at r=a. This
force depends only on the shape of the plasma and
is the force that would be experienced by a copper
rod with the same shape as the plasma placed in
the same magnetic field.

3. Scyllac Eouilibrium.
fields applied to a theta-pinch plasma column

Helical magnetic

cause helical deformations of the plasma shape.

These are given by

5. o« __ f=0
0~ "2, (=B '
By
LY — — .
£ B, ha(1-6/2) ' £27 3

Substituting these values in Eq. (2) the equilib-

rium interference force is obtained,

F0,1 = —;- h2VA2 a 3(3"26)6061 ’ l=o

Fg go1 = h2vZa B2-Bas, , L21. (1)

In Seyllac, toroidal equilibrium is achieved by
using 1inward directed interference forces to
balance the outward toroidal force.

4 m=1 Instabjlity. A theta pinch with
helical fields is MHD unstable for perturbations ¢
=v¢ with ¢ - cos{mf-hz). The m=1, k=0 instabil-
ity 1is of greatest importance and can be
understood in terms of a body force produced by Y5
and l:1 helical magnetic fields. As the plasma
shifts sideways an f-helical magnetic field

perturbation appears, in the plasma centered
coordinate frame, to have additional £+1 and [-1
components. These produce a body force on the
plasma that is destabilizing.

The least unstable configuration involves a
large f=1 and smaller f=0 or £=2 to produce the
toroidal equilibrium. The m=1 growth rate 1is
given by

2 _ .22, 2(ha)? g(2-B)(4-3p)
2 th[a1 g B 1-66

2 B(3-28)(1-B) + 5.2 g(2-8)

* 3o 2-8 2 2

a

B(4-38) 2 4
R (%) 612]

I+

K2 v2(2-8) . (5)

The + 6062 term (small because 60 and 62 are
small) indicates that the growth rates are
different for displacements in the plane of the
torus (+) and out of it (-).

9. m > 2 Instability. As in the case of m=1
a long wavelength m)2 deforﬁation of the plasma
couples with an J-helical magnetic field to
produce ltm helical fields. These produce a long
wavelength m»2 force that is destabilizing. For
m=2 the growth rate is given by

3
v,2 = h? v,2 [612 ;%3 + B(3-2) 5,2

6. FLR Stabilization of m > 2 Modes. Finite

Larmor radius effects, outside of the scope of
MHD, stabilizes m>2 modes. The equation of motion
for a long wavelength deformation of the plasma is
modified by the addition of a shear viscous
damping term due to finite Larmor radius as

follows:



where w, is the ion cyclotron frequency and rp the
ion Larmor radius using the magnetic field inside
the plasma. This results in stability for large
enough damping. The most stringent requirement
for stability is for m=2. The stability criteria,
neglecting the small 602 and 622 terms in the

growth rate and assuming Te =« Ti' is

Ti(keV) (2-3)3 N
a(em)? B2(1-8) ~

0.4 (1+e) By_; (kG)2 . (8)

7. Stabjlization of m=1. Two methods of
providing m=1 stability are being pursued, wall
stabilization and feedback stabilization. Using
wall stabilization, the problem is to produce a
hot plasma in a theta pinch with a/b sufficiently
large. Feedback stabilization consists of
detecting long wavelength m=1 displacements and
using a controlled f=2 field (l=2 is to be
preferred over £=0) to produce an F1,2 force
proportional to the plasma displacement to
counteract the unstable force. For stability the
delay time + of the feedback system must be
sufficiently small and in practice for successful

feedback vqT must be less than about 1/2.

C. EXPERIMENTAL ARRANGEMENT

1. Feedback Sector. The Scyllac feedback
sector was specifically designed to minimize the
m=1 growth rate and hence to accommodate
technological limitations in the existing feedback
system.u The time response and the output-current
capability of the feedback amplifier system were
insufficient to control the unstable moticn with
the full torus plasma parameters, Table II-I. In
order to reduce the instability growth rate to a
value compatible with ‘the response time of the
feedback system, the main compression field was
reduced from - 40 kG to - 17 kG and the plasma
parameters derated accordingly as shown in Table
II-I. A 120 sector (8.4-m arc-length) of the
full torus (R=4 m) was modified for the inftial

feedback experiments.

TABLE II-I
SCYLLAC PARAMETERS
Full Torus Derated Sector
Parameters Experingent Experiment

B(kG) 40 17

T/4(us) 3.7 3.5
a{cm) 1.0 1.0
n x 1016 (cm™3) 2.7 2.0
Te(ev) 500 120

T;(eV) 800 120

B 0.8 0.65
vy(em/us) 7.6 18.5
A1,o(cm) 41.9 62.8
5 e.71 1.4
8 0.16 0.2
vy x 106(s=1) 0.70 0.3
Y{TFB 1.0 0.33

The f=1,0 equilibrium field configuration for
the sector was designed using MHD sharp-boundary
theory and 8 = 0.65, consistent with the lower
plasma temper‘atur‘e.u The equilibrium fields,
B£=1/B = 0.4095 and B[:o/B = 0.147, were produced
by machining the inner surface of the compression
coil to coincide with a computed £=1,0 flux
surface. The theoretical value of the vertical
field component, B‘,/Bo = E2=1Bl=o/u Bz, was also
included in the flux surface calculations. Figure
II-1 shows a section of the compression coil which
has an average inner diameter of 24 cm. The [:1,0
flux surface of the coil was machined by the
profile-tracer method on a lathe, using a master
profile produced by a three-dimensional milling
machine from a computer-generated tape.

The magnetic fields generated by the shaped
compression coil were probed to verify the design
fields. The measurements showed that the coils
produced the design value of B[___o and Bl=1 within
the measurement error and that the f=2 feedback
coils do not perturb these fields. Figure II-2
shows the waveform of the main toroidal field.

The discharge tube for the sector consisted
of four quartz tube sections, each with a uniform
toroidal bore of 8.8 cm and an arc length of 2.5
m, and a special short section with polished
regions for side-on holographic interferometry.

The sections were butted with an outer ceramic




Figure II-1
Section of the [:1,0 shaped compression coil and a
length of the helical, toroidal discharge tube.
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Figure II-2

Waveform of the toroidal magnetic field in regions
of field maxima (Land) and minima (Groove).

ring and o-ring seals, and pumped from the ends
which were electrically isolated from ground. No

external path for axial z-currents was provided.

Figure I1-3 shows a plan view of the sector
with 4its various diagnostic viewing slots. The
following measurements were used to study the
high-beta toroidal plasma: (a) as many as six
high-speed streak cameras are used to record the
transverse motions of the plasma column at various
locations around the torus; (b) the five feedback
position detector pairs also provide plasma column
trajectories in each of the sector coils; (c¢) a
coupled-cavity He-Ne laser interferometer is used
to measure the time-history of the plasma electron
density along a chord of the plasma cross section;
(d) two

apparatuses provide self-luminous profiles of the

twenty-channel luminosity profile
plasma column. These luminosity profiles give the
plasma radius, and 1in conjunction with the
coupled-cavity inteferometer data, give absolute
density profiles; (e) balanced magnetic loop and
probe arrangements measure the magnetic flux
excluded by the plasma column. Combined with the
relative density profiles from the luminosity
measurement, the excluded flux can be expressed in
terms of the plasma beta; (f) Thomson scattering
of laser 1light is used to determine the plasma
electron temperature; (g) a side-on holographic
interferometer gives space and time resolved
absolute plasma electron density profiles; and (h)
numerous magnetic-field probes and Rogowski loops
are used to monitor the machine and feedback

systen.

Figure II-3
Plan view of the Scyllac feedback sector showing
the various diagnostic viewing slots and the
collector plate current feeds.



2. Feedback Stabiligzation System. The feed-
back stabilization system, Fig. II-4, consists of
four basic components: (a) plasma position
detectors, silicon photodetectors, designed to
detect plasma motion away from the equilibrium
position; (b) intermediate amplifiers containing
signal processing units, which produce an output
voltage proportional to the sum of plasma position
and velocity with separate gain controls; (c¢)
power amplifier modules, each of which consists of
five separate stages of amplification ending in
the push-pull operation of two ML-8618 high-power
triodes operating with outputs as high as 1 kA at
a plate voltage of 35 kV; and (d) /=2 feedback
coils located inside the main compression coil and

driven by the power modules.
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Figure II-4
Schematic diagram of the Scyllac feedback stabi-
lization system.

Figure II-5
Photograph of the Scyllac feedback sector with the
feedback apparatus installed.

Figure II-5 is a photograph of the derated
sector with the feedback stabilization system
installed. Five position detector stations are
approximately equally ‘spaced around the five-rack
sector. Two orthogonal detectors at each station
view the plasma at + 459 to the horizontal plane
of the torus at toroidal positions hz = 7x/8 and
hz = 9x/8 in a wavelength so that the /-1 nelical
displacement of the plasma column should, in
theory, be purely in and out along the position
detector viewing direction and not be apparent to
the position detectors. In practice, however, a
remnant of the f=1 oscillation still appeared on
the position detector signals. These detectors
sense the position of the plasma column and feed
the analogue processing circuits, which drive the
feedback amplifiers. The outputs of the power
modules are coupled through output transformers to
the ﬂ=2 feedback coils.

Thirteen f=2 feedback coils, each an £=1,0
Fig. II-6, are
positioned over the quartz discharge tube inside

wavelength long (62.8 cm),
the main compression coil. Two feedback power
modules are used for each ﬂ=1,0 wavelength; one
module drives one of the £=2 windings and provides
the transverse force 1in one of the position
detector directions while the second module
energizes the other f=2 winding, which is rotated

459 prelative to the first winding, and produces

Figure II-6
f=2 feedback coils wound on Seyllac helical
discharge tube with 61 a = 1.4 cm.
’




the force in the perpendicular direction. Each
position detector controls several power modules.
The electrical performance of the feedback system
is monitored by the Sigma II computer by a data
acquisition channel for each power module and 6
channels for each position detector and analogue
processor.

The delay plus risetime, r, of the feedback
system has been measured to be 1.4 us, to 90% of
full output current. This 4is for a transformer
turns ratio of 9:7 (27-uH module 1load) and
standard operating conditions: 9-V filament
voltage and 32.5-kV plate voltage. The delay time
to 10% current output was measured to be 0.5 us
and the 90% risetime, 0.9 us. In computing vyr it
is more reasonable to use a time somewhat shorter
than the time to 90% of full output since the
current has appreciable values before that time.
Using the time for (1-1/e) = 0.63 of full output
as an effective time we find Teff = 1us and «vyr7 -
0.3 to 0.4,

Auxiliary /=0 windings were also used in the
initial experiments to assist in trimming the
l=1,0 plasma equilibrium. Single-turn windings
installed in groove and land regions were
connected in series opposition in each £=1,0
wavelength to provide an auxiliary force on the
plasma column in the plane (horizontal) of the
torus. Similar windings located midway between
land and groove regions produced a force in the
plane (vertical) perpendicular to that of the
torus. These windings were energized by two small
capacitor banks with independent triggering
systems.

. S; r_wi Heli Dischar
Tube. Ideally the walls of the vacuum vessel in
the Scyllac torus should coincide with a magnetic
flux surface of the toroidal equilibrium field
configurations to optimize the development of the
plasma equilibrium distortions and the plasma to
wall separation. In all the previous Scyllac ex-
periments a quartz discharge tube with a uniform
toroidal bore was used. In this arrangement, the
theta-pinch plasma implodes to the axis of the

discharge tube followed by the development of the
61 and 60 equilibrium plasma distortions. Tran-

sient effects involving 61 helical oscillations

and 50 axial variations result and complicate the
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achievement of the toroidal plasma equilibrium.
In a discharge tube which is shaped to a magnetic
flux surface, the plasma should implode to the
appropriate equilibrium distortions without
transient oscillatory behavior.

A mechanical device for shaping a straight
cylindrical quartz tube into a heliecal, toroidal
tube has been constructed and used to fabricate
helical discharge tubes, Fig. II-1 (helix radius =
1.4 em), for the present f=1,0 coil configuration.
The device incorporates the original tube forming
development at the Max-Planck Institute for Plasma
Physies in Garching, and is also designed to have
sufficient flexibility to form quartz tubes with
diameters in the range of 5 to 20 em into major
toroidal radii in the range of 3 m to infinity
with helical radii up to 7 cm.

The compression coil has the same /=1,0
shaped inner surface used in the previocus feedback
sector experiments with the uniform toroidal
discharge tube. There are 13 [:1,0 wavelengths of
the periodic /=1 helical and £=0 bumpy equilibrium
fields.

The arrangement of the feedback stabilization
system is essentially the same as in the previous
feedback experiments with a wuniform toroidal
discharge tube. [=2 feedback coils have been
wound directly on the helical quartz discharge
tubes, Fig. II-6. Each coil consists of two
four-turn sinusoidal sections which are connected
in series by external leads and have an installed
series inductance of 16 uH including 1.2-m leads.

Additional single-turn [:2 coils were also
installed to provide fine adjustment of the
toroidal plasma equilibrium. Two sets of coils
separated by 45° and rotated 22.5° with respect to
the feedback coils can be used to provide equilib-
rium correction forces in the horizontal and
vertical directions. Each coil has an inductance
of 3 uH. These coils are not strongly coupled to
the /=2 feedback coils which are oriented to
provide forces at +/- 45° to the horizontal.
Small, slow-rising capacitor energy storage
circuits were used to drive these f=2 trimming
coils. Fast-rising current pulses were also
available to null the slow fields at the time of
the main implosion or for independent trimming.

Six separate combinations of fast and slow




circuits were used to energize three sets of four
adjacent wavelengths of the £=1,0 field configu-
ration in both the horizontal and vertical planes.
Each circuit had an 1independently adjustable
output of B[=2 = 24 G/kA.

D. RESULTS WITH FEEDBACK STABILIZATION IN A UNI-
FORM TOROIDAL DISCHARGE TUBE

In initial experiments with the closed-loop
feedback stabilization system applied to the
Scyllac derated sector, the feedback system was
successful in controlling plasma motions and the
m=1 instability in the vertical plane,
perpendicular to that of the tor‘us.u In these
initial experiments feedback was less successful
in the horizontal plane because plasma m=1 motions
in the plane of the torus were influenced by
nonequilibrium forces of substantial magnitude
which caused a loss of equilibrium. Experimental
results and analyses of the plasma trajectories
indicated that the loss of equilibrium resulted
from transient effects in setting up the equilib-
rium plasma distortions, 60 and 61, in the uniform
toroidal discharge tube. A transient force
results from the oscillations of the §, and 61
plasma distortions. The 60 oscillations, which
are slower (r .~ 10 u8) and involve a "sloshing” of
plasma between land and groove regions, make it
difficult to achieve toroidal equilibrium. The
application of an E:z programmed field pulse
during the initial plasma preionization phase
resulted in a substantial improvement in setting
the 1initial plasma column into an equilibrium
position on the minor toroidal axis following the
implosion phase of the main discharge. Subsequent
application of the closed-loop feedback system
resulted in improved plasma confinement to 25 us
with the feedback stabilization system
successfully controlling the plasma motions in the
vertical plane and extending the plasma confine-
ment in the horizontal plane of the torus.

1 a je lysi EqQuilib-
riup Transients. The

Fig. II-7 show simultaneous plasma trajectories in

streak photographs of
land and groove regions in the horizontal plane of
the torus without and with auxiliary fields and
feedback. Upward in the streak photographs is

outward away from the major axis of the torus. In
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Figure II-7
Streak photographs showing plasma motion in
toroidal (horizontal) plane: upper streak in each
photograph is taken in region of maximum magnetic
field and lower streak in region of minimum field.

each streak photograph the plasma motion is
characterized by the following: (a) initial 61
helical oscillations which damp out; (b) a stably
confined period of apparent equilibrium; (e¢) the
helical plasma distortion 61, which is directly
proportional to the separation of the plasma tra-
jectories in land and groove regions; (d) a fatter
plasma column in the groove region relative to the
land indicating the bumpy plasma distortion 60;
and (e) an outward m=1 motion terminating the
plasma confinement. These streak photographs show
that the application of auxiliary fields prolongs
the onset of the outward m=1 motion.

initial stable period, the

application of either a programmed [:O or [:2

During the

field drives the plasma column inward in the
toroidal plane to the discharge tube wall.
However, once the onset of the outward motion
occurs, a force comparable to an appreciable
fraction of the FR toroidal force is required to
overcome it. The magnitude of the force causing
the outward m=1 motion indicates a loss of equi-
librium in the toroidal plane, rather than just
the m=1 instability. Hence the inability of the
feedback system to control the outward motion.

Experimental results and analyses of the plasma
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trajectories indicate that the loss of equilibrium
may result from the transients in setting up the
equilibrium plasma distortions, 60 and §4. In
particular, the time variation of the bumpy
distortion 60 owing to variation between land and
groove regions appears to be a major factor.

The trajectory of the centroid of the plasma
column is obtained from the simultaneous land and
groove streak photographs and is used to determine
the net body force on the plasma column. The data
are smoothed by fitting to a high-degree
polynomial to facilitate taking the second
derivative of the trajectory which gives the
acceleration of the column. The net force, FNET'
acting on the plasma column required to produce a
typical observed trajectory, upper plot of
Fig. II-8 includes the destabilizing force, Fy,
which is a function of the displacement of the
centroid, ¢, and the m=1 growth rate, 7, F7 o 72
¢. The force, FX, producing the loss of equi-
librium in the derated sector experiments is FX =
Fypr - Fy. The lower plot of Fig. II-8 shows the

time dependence of FX obtained by correcting the

net force for the position dependent Fey. The
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Figure II-8
Centroid position of plasma column in hor-
izontal plane (upper plot) and the net force, F
(lower plot), derived from the above trajectory.
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force approaches an asymptotic value of 20% of the
toroidal force, FR. For successful feedback
stabilization, it is required that the plasma
column be located near the equilibrium position at
a time when it has reasonably small momentum.
Both the rapid variations as well as the
magnitudes of the force and plasma excursions
indicate that feedback control is marginal in the
horizontal plane.

This analysis of the observed plasma trajec-
tories, which yields the net force acting on the
plasma column, indicates that transients which
develop in setting up the equilibrium plasma dis-
tortions make it difficult to achieve equilibrium
at late times. The effect of the reverse bias
field Fig. II-7 is to produce a nearly uniform
inward directed force. This permits the column to
survive the initial outward force, however an
increase in the reverse bias field to compensate
the late time force imbalance causes the plasma to
strike the inner wall owing to the inward directed
transient. Similar results were obtained with
programmed auxiliary fields (f=0 or £-2). 1If the
auxiliary fields were applied at early times, the
combined effects of these fields and the inward
transient caused the plasma to strike the inner
wall of the discharge tube. On the other hand,
the rapid reversal of the transient force,
Fig. II-8, required that a programmed field
actuated after the inward transient has a risetime
less than was available with the existing system.
Thus, the presence of the inward transient
prevents the application of programmed fields or
increased reverse bias which would bring the

column into equilibrium at later times.

A set of experiments were undertaken with the
objective of cancelling or suppressing the inward
directed transient force so that an Increased
reverse bias field and/or programmed field could
be applied to correct the imbalance at later
times. The f=0 auxiliary windings were driven in
the programmed mode using a small capacitor bank
with switching times arranged so that the field
was crowbarred on the peak of the second half
cycle. When combined with the £=1 equilibrium
field, this /-0 field provided an initial outward
force followed by an inward force. In addition to

the programmed f=0 field, the reverse bias was




increased to a range of values which would
normally drive the plasma to the inner wall at
early times. Figure II-9 compares streak
photographs of the plasma with and without the
programmed field. Both had reverse bias; however,
there was a larger reverse bias field in discharge
9467 which also had the programmed [=0 rield.

The streak photographs were analyzed to give
the net force on the plasma column. Figures II-10

and -11 show the result of the analysis. The
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Figure II-9
Streak photographs showing plasma motions without
and with 1=o programmed field and feedback.
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Figure II-10
Plasma trajectories in horizontal plane (upper
plot) and corresponding calculated net force on
the plasma column (lower plot) for the indicated
auxiliary fields.
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Figure II-11
Plasma trajectories in vertical plane (upper plot)
and corresponding calculated net force on the
plasma column (lower plot) for the indicated
auxiliary fields.

trajectories for the three cases are quite
different. In discharge 9878 with neither reverse
bias nor programmed fields, the plasma moves
rapidly outward striking the wall in ~ 10 - 12 us.
The column in discharge 4972 with reverse bias
only swings inward initially but succumbs to
outward forces and strikes the outer wall at . 20
- 22 us. The shot with the programmed field,
9467, moves outward until . 10 - 12 us and then
moves back to the axis. The force analysis in
Fig. II-10 (lower) shows the suppression of the
inward transient by the programmed [:0 force.
Analysis similar to that done for the hor-
izontal behavior was performed for the motion in
the vertical plane. With the exception of m=1
unstable motion, the plasma column has generally
been well behaved in the vertical plane. The
force analysis of the vertical motion, Fig. II-11
(lower), reveals that there is suprisingly strong
coupling of the horizontally phased applied l:o
field to the vertical plasma motion. In fact
unless the feedback system was operating, the
plasma would move in the vertical plane, striking
the wall in .~ 12 us. The reasons for the cross-
coupling between the horizontally phased l:o field
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and the vertical force are not clear. Possible
explanations include imperfections in the phasing
of the [:o windings (due to viewing ports, etec.)
and "phase shifting” of the /=1 equilibrium
distortion during the 61 oscillations.

The results of these experiments and analyses
of the transient force behavior suggest that
suppression of these forces is possible using
programmed auxiliary fields.

2. Feedback Stabiljzation Experiments with
an £=2.

"Preconditioned” Plasma. A estudy of the
effect of an applied [:2 field on the plasma in
the Scyllac Feedback Sector Experiment during the
preionization and implosion phases was motivated
by proposed experiments which would use capacitor
driven f-2 fields to "trim” the plasma equilibrium
and might necessarily be applied during these
times of the discharge. The [=2 field was
generated by operating the feedback power
amplifiers in a programmed mode to provide pulses
of variable time width and amplitude. The
presence of the £=2 field during the implosion
phase did not improve the plasma behavior.

The results obtained when the £=2 field was
applied during the initial plasma preionization
phase were quite different from previous
observations made on the preionization itself and
in subsequent plasma column motion after
implosion. Characteristically, a ringing theta
preionization field will cause plasma ionization
during the first zero crossing of the field. With
the £=2 prepulse, ionization did not begin until
the second zero crossing and continued to increase
through the third and fourth zero crossings. With
the onset of the implosion and subsequent plasma
formation, the compressed column formed more in
the central portion of the discharge tube,
Fig. II-12 (# 9933), without the characteristic
outward shift (Fig. II-12, # 9878), and the
terminating motion was of a different nature than
that observed without the l=2 programmed pulse.
An interesting aspect of this behavior is that the
spatial phase of the [:2 field relative to the £=1
helical equilibrium field was unimportant. This
lead to early speculation that the net effect of
the presence of the E=2 field at preionization

time was to cause the ionization to take place
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Figure II-12
Streak photographs of plasma motions showing the
effects of a prepulse of an [:2 field without and
with feedback stabilization.

from the center of the tube toward the wall which
would tend to exclude trapped magnetic fields. 1In
order to test this hypothesis, a Z-pinch pre-
ionization method was employed. The net result
was that the enhanced plasma behavior was not
reproduced, although the preionization was lower
than with the theta preionization, and, in fact,
the behavior was poorer than normal. Thus, the
improved compressed plasma column behavior is
probably not due to the exclusion of fields in the
preionized plasma and will require further study
before it is well understood.

The plasma behavior resulting from the
application of the £=2 programmed field with the
theta preionization more nearly satisfied
requirements for feedback stabilization. Hence, a
series of experiments were undertaken in which the
feedback amplifiers were first turned on in the
programmed mode for - 7 us during preionization,
turned off for about 20 us, and then turned back
on under the control of the position detectors,
i.e., closed-loop feedback operation. The closed-
loop condition was initiated after the implosion
and initial 61 helical oscillations. This
resulted in much improved plasma confinement over
previous attempts with definite indications that
the feedback system was following and controlling
the plasma behavior. Confinement was terminated
at - 25 us.




The streak photographs showing "normal”
sector behavior, Fig. II-12 (# 9878), are to be
contrasted with streaks displaying plasma behavior
with feedback system operating in a programmed-
closed loop configuration, Fig. II-12 (# 403).
Figure II-13 shows the plasma motions, heavy
lines, observed by the plasma position detectors
and the feedback output current for discharge
#403. The 1lower plots are the average of the
plasma trajectories recorded by the five position
detector stations. These data, Figs. II-12 and
-13, show successful feedback control of the
plasma motions and extend the confinement time of
the plasma in the Scyllac Feedback Sector without
the addition of auxiliary bias or ﬁ:o fields.

However, force analysis of the plasma trajec-
tories continued to indicate that transients from
the equilibrium dynamics still play a dominant
role in determining the plasma trajectory. The
excursions in the forces are more than twice the
maximum force available from the feedback power
amplifier system. While the plasma confinement
times are increased, the feedback stabilization
system cannot overcome and control these large

equilibrium force imbalances.

HORIZONTAL PLANE VERTICAL PLANE

#403

coiL %8 hvﬁg@é;z-n 4c|m
PLASMA
TRAJECTORY
FEEOBACK ———
QUTPUT
CURRENT

AVERAGE —r
colLs bocto hﬁ%< = A I

Figure II-13
Plasma position plots and feedback output currents
observed at the 4indicated positions around the
sector on the same discharge as the lower streak
photographs of Fig. II-12.

E. RESULTS WITH A HELICAL DISCHARGE TUEE

The plasma equilibrium and stability have
been studied in a helical discharge tube with £=2
trimming fields and closed-loop feedback stabi-
lization. The helically shaped toroidal quartz
tube, which has a helical radius of 1.4 cm, was
fabricated for the existing £=1,0 equilibrium con-
figuration (cf. section C2). The experiments were
performed with deuterium filling pressures in the
range of 10 to 20 mTorr. The discharge cleaning
of the helical tube required more plasma
discharges than in previous tubes. Initial ex-
periments with a 40-kV bank voltage, B = 17 kG,
gave plasma temperatures of 90 to 110 eV. Experi-
ments at 45 kV gave plasma temperatures of 110 to
140 eV. Subsequent operation at 40 kV yielded
temperatures in the 120 to 150 eV range.

1 r ent Plasma Oscil . The use
of the helical discharge tube eliminated the &,
helical oscillations observed previously in
uniform toroidal tubes. Figure II-14 compares a
set of dual streak photographs showing the plasma
motions at half wavelength separations near the
center of the sector in the previous experiments
with the uniform toroidal tube, Fig. II-14A, and
in the helical toroidal tube, Fig. II-14B. The

HORIZONTAL PLANE VERTICAL PLANE
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Figure II-14

Dual streak photographs comparing plasma motions
in the uniform toroidal tube (A) and the helical
discharge tube (B). Horizontal plane: each dual
streak shows plasma column in regions of maximum
magnetic field, hz=0 (upper streak), and minimum
field, hz=7 (lower streak), separated by one-half
on £=1,0 wavelength. Vertical plane: dual
streaks taken one-half wavelength apart, hz=#/2
and 3r/2, at positions of intermediate magnetic
field.
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helical oscillations, Fig. II-144, develop because
the plasma implodes to the axis of the uniform
discharge tube rather than to the equilibrium
helical magnetic axis as in Fig. II-14E with the
helical tube. The helical tube also improves the
plasma to wall separation by the resulting
concentricity of the plasma column and the tube
wall as well as by the elimination of the 61
helical oscillations.

The slower 60 axial oscillations, w, = hv,
Vfﬁfﬁiii , remain and appear in the streak
photographs of Fig. II-14B as a time variation of
the plasma diameter. Miller has reproduced the
) observed plasma trajectories in an MHD sharp-
boundary dynamical model and confirmed the
existence of the &, oscillations, (cf. section
G).8 The sharp-boundary equilibrium force produced
by the [:1 and [:0 fields varies with the
transient 60 plasma oscillations making the
achievement of the proper plasma equilibrium dif-
ficult. The 60 oscillations result from the
development of a bumpy plasma column in a
discharge tube with a uniform cross section.
These oscillations could probably be eliminatd by
the use of a "bumpy” discharge tube, i.e., a
shaped discharge tube whose walls follow a
magnetic flux surface of the [:I,O configuration.

2. Results with ﬂ:z Equilibrjum Trimming
Fields. The application of l:z trimming fields to
produce correcting forces in both the horizontal
and vertical planes resulted in cross-coupling
which made it difficult to achieve a good plasma
equilibrium. Six separate small capacitor banks
were used to drive three sets of [:2 coils in each
the horizontal and vertical planes. Each set con-
sisted of four £:2 windings in adjacent
wavelengths of the horizontal plane connected in a
series-parallel arrangement and driven by a slow-
rising sinusoidal current (r/4 _ 50-90 us) with
the option of a fast "notch” pulse to null the P2
field during the plasma implosion. A considerable
effort was expended in attempting to adjust the
trimming fields to provide the best equilibrium
and plasma confinement. Figure II-15 shows plasma
trajectories on one of the better discharges with

both horizontal and vertical f=2 trimming fields.
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Figure II-15
Plasma trajectories on one of the Dbetter
discharges with /=2 trimming fields producing
correction forces 1in horizontal and vertiecal
plasma.

The slow sinusoidal f=2 equilibrium trimming
fields are not sufficient to completely overcome
the effects of the §, transient oscillations. The
f=2 rield magnitude required for equilibrium near
the end of the transient phase is too large at
earlier times when 60 oscillates to a maximum and
results in an inner wall collision of the plasma
column. This phenomenon is partially compensated
by the application of a fast sinusoidal l=2 pulse
phased such that the resulting force pushes
outward as 60 approaches a maximum.

The observed cross-coupling of the forces
produced by the equilibrium trimming fields
between the horizontal and vertical planes is not
understood. Errors in the discharge tube position
within the compression c¢oil can result in such
cross-coupling which leads to plasma column motion
partially in a direction orthogonal to an applied
f=2 force. If the discharge tube is displaced
from the helical axis of the [:1,0 field config-
uration, the equilibrium position of the plasma
column will not be at the center of the =2 field
generated by coils wound directly on the tube.
Analysis shows that a horizontally displaced [=2
field leads to /=1 components which are phased to



vertical displacement of the £z2 fields with
respect to the 2=1,0 fields, leads to an £ =1
component which beats against the £=0 field to
provide an orthogonal force for either vertical or
horizontal £:=2 fields. However checks of the
discharge tube and =2 coil positions show them to
be approximately centered in the compression coil.

3. Feedback Stabilization Results with the

Helical Discharge Tube. Closed-loop feedback sta-
bilization was applied to the sector with both the
horizontal and vertical 2=2 trimming windings
energized. The magnitude of the 2£=2 trimming
fields were in the range of 10 to 50 G. Figure
II-14B is a dual streak photograph showing the
plasma motion in the horizontal plane of the torus
at positions of maximum (upper, land region) and
minimum (lower, groove region) magnetic field
separated by a half wavelength of the 2=1,0 field.
Figure II-16 shows the plasma column trajectories,
in both the horizontal and vertical planes,
observed by the plasma position detectors at five
locations approximately equally spaced around the
sector. The data of Figs. II-14B and -16 were

taken on the same discharge and at a deuterium
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Figure II-16
Plasma trajectories (heavy lines) and feedback
output current (light lines) with £2z2 equilibrium
trimming fields and closed-loop feedback
stabilization.

filling pressure of 16 mTorr. These data suggest
that the feedback stabilization is controlling the
plasma motion for 20 to 25 us. The plasma con-
finement is terminated by a disturbance that
develops in the end coil section (# 6), upper tra-
Jjectories. It appears that this disturbance
propagates into coil section # 7 and results in a
motion in the vertical plane. There is concern
that such end effects in the toroidal sector limit
the plasma confinement time. A "shorting-out! of
the electron sheath may be occurring in the sector
and inducing a rotational wobble as in the linear
theta-pinch experiments. Such a development in a
toroidal sector would very likely terminate the
plasma confinement in approximately an Alfven
time, which is ~ 20 us in the feedback sector.

The plasma equilibrium improved with the
number of discharges in that the magnitude of the
2=2 trimming fields required for toroidal equilib-
rium decreased. The phenomenon was attributed to
continued discharge tube cleaning and a resulting
higher plasma beta. Figure II-17 shows plasma
column trajectories obtained from the plasma
position detectors on a discharge without

auxiliary equilibrium trimming fields and in the
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Figure II-17
Plasma trajectories without auxiliary fields and
with feedback stabilization after approximately
2000 plasma discharges in the helical tube.
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absence of feedback stabilization. The deuterium
filling pressure was 16 mTorr. The plasma column
remains approximately centered on the toroidal
axis in the horizontal plane for 15 us. A
downward plasma motion develops in the vertical
plane which eventually terminates the plasma con-
finement. This motion appears to be the m=1
instability and 1is 1likely initiated by a small
displacement of the column from its equilibrium
position.

Figure II-18 shows plasma column trajectories
with feedback stabilization applied to discharges
of the type shown in Fig. II-17 without additional
equilibrium trimming fields. In this case the
closed-loop feedback system is controlling the m=1
instability observed in Fig. II-17 and confining
the plasma for times of up to 25 us. In
Fig. II-18, the plasma column in the end regions,
coil sections 6 and 10, begins to move outward
near the end of the trajectories. This may be an
end effect manifesting itself in terms of a
decrease in the plasma beta or an onset of the
rotational plasma wobble discussed above.

A comparison of Figs. II-17 and -18 shows

that the feedback stabilization system extends the

HORIZONTAL PLANE VERTICAL PLANE

v -
-VA-%D@' O

1 {ps) L {ps)

Figure II-18
Plasma trajectories (heavy 1lines) and feedback
output current (light 1lines) with closed-loop
feedback stabilization and without other auxiliary
fields.
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plasma confinement time from 10 us to times
greater than 20 us without other auxiliary fields.
Force Analysis spa _Traje: .
Force analyses of the plasma trajectories with
feedback stabilization and without additional
equilibrium trimming fields as typified by
Fig. II-18 give the net force on the plasma
column. The net force determined from the central
plasma trajectories of Fig. II-18 is shown in
Fig, TI-19., The net force in the horizontal plane
oscillates undamped about the equilibrium values.
These force analyses of discharges in the
helical discharge tube, with feedback stabili-
zation and without additional equilibrium trimming
fields, show that the net force on the plasma
column in the horizontal plane is oscillating
about the equilibrium value without an average
force imbalance in contrast to some of the earlier
results in the uniform toroidal discharge tube,
Fig. II-10. The oscillations are believed to
derive from the 60 plasma oscillations or end
effects in the sector. A significant result in
these experiments is that plasma equilibrium is
achieved with the £:=1,0 -equilibrium fields
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Figure II-19
Average plasma trajectories (upper plot) on two
separate discharges in horizontal plane of central
region of sector and corresponding calculated net
forces (lower plot) on the plasma column on the
discharge of Fig. II-19 (solid line).



designed on the basis of MHD sharp-boundary
theory. Of course the plasma beta may be higher
than the 0.65 design value, which would reduce the
equilibrium fields required for equilibrium.

The increase of the equilibrium F1,0 force
noted above (section 3) and attributed to dis-
charge tube cleaning continued beyond the plasma
behavior characterized by Figs. II-18 and -19.
After a few hundred additional discharges, the
plasma was terminated by an inward rather than an
outward motion of the column, This was
compensated by applying an £=2 trimming field
pulse which resulted in an outward force on the

plasma column.

F.  EXCLUDED FLUX MEASUREMENTS

The excluded flux in adjacent land and groove
regions have been simultaneously measured for
shots with filling pressure in the range 5-40
mTorr. The data are shown in Fig. II-20. Setting
up the optimum equilibrium at these different
pressures using trimming windings is difficult and
was not done so there was generally an early wall
hit. However previous experience indicates that
wall hits do not have a large effect on excluded
flux, and this 1is borne out by the general
similarity of this data to previous excluded flux
measurements without wall hits.9,10 4 significant
feature of the data shown in Fig. II-20 is that at
high filling
oscillation is apparent. This is direct

pressures, a sinusoidal 60
experimental evidence for the existence under some
conditions of such an oscillation. An oscillation
of 50, if it occurs, would cause the F1,0 toroidal
equilibrium force to be strongly time dependent.

For comparison with the data the excluded
flux has been calculated using the nonlinear
dynamic model [see section G.2] and the results
shown in Fig. II-21. In this model the excluded
flux is simply

boy = %aB - din » (9)

where a is the plasma radius and B the magnetic
field at that z position, and ¢; 1is the constant
included flux,
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Figure II-20
Plots of the magnetic flux excluded by the plasma
column measured simultaneously in adjacent 1land
and groove region at various initial deuterium
filling pressures: (a) P. = 41 mTorr; (b) 21
mTorr; (c¢) 10 mTorr; and (63 5 mTorr.

8y, = 2B, /T8 . (10)

Thus for B constant, the oscillations in included

flux are simply those of the plasma radius.
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Figure II-21
Excluded flux calculated using the nonlinear
dynamic model for the indicated plasma betas in
land (L) and groove (G) regions.

The parameter values used were B, = 13 kG,
Byoo/By = 0.147, h = 0.1 cn™!, vy = 15 cm/us, a =
1em, T= 2.5yus and 8 as indicated in Fig. II-21.
The parameters Var Ty 2, and 8 are not known well
and one can imagine adjusting these to achieve a
fit to the measured excluded flux, however, this

has not been done.

G. PROPAGATION OF m=1 WAVES

The propagation of an m=1 displacement of the
plasma column along the minor toroidal axis of the
Seyllac sector is of interest because of possible
limitations of the plasma confinement time in the
sector due to end effects. It is known from
numerous experimental observations that the ends
of the sector behave quite differently than the
central sections. The end behavior 1is charac-
terized by large accelerations and displacements
with generally early wall hits. This is probably
the result of the abrupt transition from the
toroidal field geometry which results in a lack of
equilibrium in the end regions. The confinement
in the central region 1is likely to be limited by
the propagation time of these displacements to the
central region of the sector. The propagation
velocity of this wave thus becomes an important
factor for interpreting the results of the Seyllac
feedback stabilization experiments carried out in

a toroidal sector rather than a full torus.
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In order to experimentally measure the propa-
gation of m=1 waves, a disturbance was launched in
the central region of the sector by locally
accelerating the column in the vertical direction.
This was done by driving a single wavelength of
the 2=2 equilibrium trimming coils. The "Jones”'!
circuits (ef. Sec. J 5) wused to deliver the
current waveform shown in Fig. II-22. Different
wavelengths were activated, and the resulting
displacements were observed with the feedback
position detector stations located at different
points along the sector. The vertical direction
for the launched m=1 wave was chosen to eliminate

the additional complication due to imperfect
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Figure II-22
Waveform of the "Jones” circuit output current
used to drive the £:2 equilibrium trimming coils
in the m=1 wave propagation experiments.

Figure II-23
Schematic of the feedback sector showing the
location of the plasma position detectors and the
nomenclature of the trimming coil wavelengths.



horizontal equilibrium. Figure II-23 shows the
relative location of the position detector
stations and the nomenclature of the trimming coil
wavelengths,

Position detector signals are routinely
recorded on biomations and the data transferred
after every shot to the disk of the SIGMA 2. This
information was then transferred via magnetic tape
to the PDP-10 which‘was used for the analysis.

To reduce the influence of shot-to-shot
variations in the experiment, the data were
collected in two sets with each set composed of
several shots. One of the sets included shots
without the 1localized vertical acceleration and
the other set of shots had the single =2
wavelength activated. The trajectories contained
within each set were then averaged. Figure II-24
shows the comparison of the two sets of data as
observed at the five position detector stations
for waves launched in the "J"™ wavelength
(ef. Fig. II-23). The error bars on these figures
are the maximum deviations within the set from the
mean and represent the range of the data.

The small & sharp boundary model provides a
theoretical framework for the wave propagation ex-

periments. The equation of motion for m=1
displacements is the following:

2 2
2L -8 v2 TE v 28 = £(1) 8(2), (1)

2 - 2

2t 3z

where f(t) is the force which is applied at 2z=0
and Yo is the m=1, k=0 instability growth rate.
The force was the F1,2 interference force produced
by driving a current in a one wavelength £:=2

winding. In terms of the applied 2=2 field,

B =l =2 7 (12)

The /=2 field was produced by a four-wire winding
with radius r, = 5.8 cm and the magnitude of the

2=2 field in Gauss is given by
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Figure II-24
Comparison of two sets of data as observed at the
position detector station No. 3 for waves launched
in the J (No. 10) wavelength.

By.o(G) = 0.8 a(em) I(a)/r (em)?

where I is the current in amperes.

The solution of Eq. (11) is as follows: 12

t
£(z,t) :fG(z,t-t’) £(t?) dt* (13)

where

G(z,t) = e(t)J/- aK cos kz S(t) ,
2m
o

sinh Yt
S(t) == ) k< kg
sin wt
S(t)=———w » k> kg

Y = /Y02 - k%v,2(2-8) ,

KBv 2(2-8) - Y2,

€
i

k, = YO/VA Joog .
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The theory of Grossmann and Tatar‘onis13
applies to m=1 oscillations of a uniform plasma
column (without the k=0 instability term) and
shows the existence of damping when the plasma
pressure profile is diffuse. For an oscillation
with wave number k there is an imaginary part of
the frequency which leads to damping - exp{- nkt)
with

VA 32 2 82
=a__ 8 < £ . .
no=4 J2-B<a1 a; 1 (14)

In this model the plasma pressure is assumed to be
constant out to a radius ay and then to drop
linearly to zero at a radius a,. The observed
damping of the %=1 oscillations (k=0.1 cm"1, Tz
2.5 us) determines n to be = 4 cm/us, which from
Eq. (3) gives ay/a; = 1.2. The dispersion
relation in the Grossmann-Tataronis theory is
quite complicated but if the unstable term is
added in a simple way it implies that there is no
damping of the unstable part of the spectrum.
Another, less physical, method of introducing
damping is to add a term -u835/ 2,5t to the left-
hand side of Eq. (11). This allows the effect of
damping on the entire spectrum to be calculated in
a straightforward way. The damping of the stable
part of the spectrum in this case is -~
exp (-vkzt/2) and while the unstable growth rates
are reduced the critical wave number k, remains
exactly the same. The coefficient U is determined
phenomenologically from the observed damping of
the %=1 oscillations and has the value u = 80
cmz/ps. In Fig. II-25 are shown the differences
between the measured plasma trajectories with and
without the applied force. The errors bars
include the rms deviation of the data and an
estimate of absolute position detector accuracy.
Also plotted are the displacements calculated from
Eq. (12) assuming the following parameter values:
B,.1/B, = 0.0946, h = 0.1 cm™', By = 13 kG, a = 1
em, Y, = 0.3 u8-1, vy = 20 cm/ys, and B = 0.7.
There 1is no damping since the damping would
produce a hardly perceptible effect in Fig. II-25.
The effect of damping is shown in Fig. II-26 which

has the same parameter values as Fig. II-25 except
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Figure II-25

Plots of the differences between the measured
plasma trajectories with and without the applied
force and the calculated displacements (solid
lines) at various distances, z, from the location
of the applied force: (a) z = 31 em; (b) z = 94
em; (¢) 220 cm; and (d) z = 408 cm.

that Yo is zero and the damping factors n or ¥ are
as shown. The damping actually reduces the
arrival time of the disturbance which in the
unstable case leads to a greater displacement with
damping than without. In general, the application

of a constant force to the end of the plasma
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Figure II-26
Effect of damping on the wave propagation is shown
for the indicated values of n and u with the same
parameter values as Fig. II-25 except Yo = 0.

column produces at some location 2z, a pulse of
acceleration which in the damped case is smaller,
but arrives earlier.

The question of what effect propagation of
nonequilibrium forces from the ends has on feed-
back stabilization is complicated because of the
nonlinear nature of the feedback system. The
simplest point of view is to assume that the
forces involved are much larger than the maximum
feedback force so that feedback has a negligible
effect and the situation is as already described.

The conclusion from this study is that forces
applied to the sector plasma at the ends do indeed
propagate and would appear in the center region as
additional nonequilibrium forces. The measured
propagation time over the 4-m distance from the
ends to the center of the £=1,0 sector is 17 us +

2 us.,

H.  DIFFUSION

In Scyllac, a relatively small change in beta
causes a loss of MHD equilibrium. Beta (- nT) can
decrease in time owing to losses of particles (n)
or energy (T), either through the ends or
radially. Radial particle losses by resistive
diffusion are considered in this section. The
conclusion is that radial particle diffusion is a
significant effect for the derated experiments.
For Tg = 100 eV and a plasma radius of 1 cm, the

time required for a 10% decrease in beta is 11 ys.

00 25 50 75 100 125 150 IT5 200

For the early stages of diffusion of an
equilibrium theta pinch the temperature can be
assumed constant in time and it will be assumed
constant in space as well. With constant tempera-
ture it can be shown that the following equation

describes the diffusion process,

T
3B , 3B 1 f . B2 dr
3t T 3r (n 2.2 at
(Bo -B%)r

(o}

2_p2
B “-B
1
= —02 LCH r'na_B: . (15)
B, +82 r or 3l
The equilibrium condition,

ot + B BLz (16)

2 T 2

holds at all times (neglecting small acceleration
terms) and this relates n to B. A completely
equivalent equation can be written for n instead
of B. Equation (15) is actually simpler than it
first appears since the integral term is small and
as a first approximation can be neglected.

In Eq. (15) the resistivity has the units
(length)z/time. The conversion for Gaussian cgs
or MKS units is a follows:

n(cm?/us)

13
Negs (sec) 7.16 x 10 ,

n(en?/us) = mygq (ohm-m) 7960 .

From Eq. (15) it is seen that if B is
measured in units of By, r in units of a
characteristic length a, and t in units of a2/n,
Eq. (15) assumes a universal form depending only
on the shape of B (or n or8) as a function of r.
In Fig. 1I-27 are shown numerical solutions of
Eq. (15) for B profiles of the rigid rotor type
corresponding to various central beta values BO‘

The rigid rotor profile'™'15 is given by
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Figure II-27
Graphs of calculated plasma beta profiles of the
rigid-rotor type corresponding to the indicated
central beta values 80.
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In Fig. 1I-28,
and 25% loss of B on axis for rigid rotor and
It 1is

clear from these results that the basic resistive

are shown the times for 10%

Gaussian (density) profiles versus 8;.

time az/n gives the time scale for high-beta
diffusion.

diffusion time

Since the usually discussed low-beta

(a2/n)(B2/p) vanishes in the high-
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1.0

Plots of calculated times for 10% and 25% loss of
plasma 8 on axis for rigid rotor and Gaussian
density profiles vs BO°



beta limit (B~0) it is important to clarify this
point.

1. Classical Resistivity. The formulas for
the resistivity will be given in Gaussian cgs
units. Classical resistivity is due to a drag on
the drifting, current carrying electrons due to
electron-ion Coulomb collisions. The resistivity

is given by16'17

4 (27 m) /2 €2 n A

3 Te3/2
n=2.5x 107" ———£2—2119—7— en?/us , (18)
(T /1 kev)3/2
with

\i/2 02 1,

n A = 4n = ——— | for Tg > 40 ev ,
eh n1/2

an A= 13.8 + log(Te/1 keV)

0.5 log(ne/1016 en™3) .

For the derated Scyllac sector experiment,
assuming Te = 120 eV the resistivity is 0.007
cmz/us and the classical resistive diffusion time
for a = 1 cm is 140 us.

2. _Apom S Resis ty.

Of the many possible microstabilities that might
be responsible for an anomalous resistivity in a
theta pinch, the general consensus at the present
time seems to be that the lower hybrid drift
instability is the most important. This is an
unstable electrostatic oscillation of the plasma
driven by the diamagnetic drift of the ions. The
diamagnetic drift velocity is the fluid velocity
in a coordinate frame where the electric field is

zero,

\'£ Z —— .,
Di " enB ™ or

The resistivity depends on the 1level of
fluctuating fields ultimately produced by the
instability, that is, the saturation level. The
calculation of Davidson and Gladd18 assumes the
maximum conceivable fluctuation level and results
in a very large resistivity, so large as to be
inconsistent with theta-pinch experiments. For
example for the conditions of the present derated
sector experiment, which happen to be very similar
to those of the Culham diffusion exper'iment19 the
resistivity calculated using the Davidson-Gladd
formula is greater than 0.2 cmz/us over the range
0.2 em {r < 2 cm, which leads to a diffusion time
for a = 1 cm of less than 5 us.

A model for the saturation process based on
the electrostatic trapping of 1ions in the

potential well of the unstable wave20:21

gives
more reasonable diffusion times and is favored by
numerical simulation r‘esults.22 The resistivity

for saturation due to ion trapping is given by
m15/2 <VDi>3 Waa)\2 1
n ==l ) —F
anom 21972 \ vy w, (w _)1/2

pe ce’ei

(1371 kew)®

-15

n = 1.35 x 10

anon (8710 k6)T(N/1018 cm=3)
1 _on \f en? (19)
n jricm) us

However, there is an uncertainty in the ion trap-
ping saturation condition of a numerical factor of
about w., Unfortunately, in the resistivity, this
numerical factor enters as % = 100. The more
pessimistic case has been assumed and the
resistivity would be 100 times 1less in the
optimistic case.

In Fig. II-29 are shown B profiles versus
time for the conditions of the present derated

sector experiment and the Secyllac full torus
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Figure II-29
Graphs of calculated plasma 8 profiles ys times
for the parameters of the derated feedback sector
experiment (upper plot) and the Seyllac full torus
experiment (lower plot).

experiment. The central 8 is 1 since this was the
case for both experiments at hz = T (groove).
Diffusion of the central plasma calculated using
the sum of anomalous and classical resistivity is
about the same as for classical resistivity alone.
This is somewhat surprising since in Fig. II-30 it
is shown that the actual anomalous resistivity can
be orders of magnitude greater than classical.
However, the large anomalous resistivity occurs
only in the outer plasma region and in fact the
only reason it remains finite is that a minimum
density (~ 1% of the central density) was assumed
outside the main column. The anomalous
resistivity has a tendency to decrease with time
since plasma moves to the outer region and thereby
decreases % %% . This seems to be the main effect

of the anomalous resistivity given by Eq. (19),
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Figure II-30
Plots of the calculated sum of anomalous and
classical resistivity for the parameters of the
feedback sector and full torus experiments. The
large anomalous resistivity occurs only outside
the main plasma column where a density of ~ 1% of
the central column was assumed.

namely, to cause formation of a low-density halo
surrounding the main plasma column.
3. Resistive Tearing Modes.

of the feedback sector experiments a reverse

Since in some

magnetic bias field has been used, an estimate of
the growth rate of the resistive tearing mode 1is

of interest.
23

The growth rate is approximately
given by



va\e/ / 2
Y-<—é> 5(1)35<i_)/5 (20)
a a2 ka

with

1/4
an <ka<1 ,
vy a2

where v is the Alfven velocity, and k is the
wave number of the mode in the z direction. Using
parameter values for the sector feedback ex-
periment, a/vA = 0.1 us, a2/n = 140 us, the growth
rate is 0.13 us/(ka)z/s. The minimum permissible
1 max ~ 0-3 us~h.

This growth rate is approximately equal to that of

k for a = 1cmis 0.16 em™', thus v

the m=1, k=0 instability, so if this mode actually

occurs it would have an important effect.

4, Effect of Diffusjon on Excluded Flux.
Using the solutions of Eq. (15) shown in

Fig. II-27, it 1is possible to calculate the
excluded flux as a function of time. This is done
to see if resistive diffusion can account for the
decrease of excluded flux observed experimentally
in the groove region. Suprisingly the flux
through an area larger than and including the
plasma is found to be an approximate constant of
the motion.

Excluded flux through a loop of radius R is
given by

R
bex =f (B,~B) 27 r dr

(o}

where B(r,t) is the magnetic field solution of
Eq. (11). In Fig. II-31 this quantity, normalized
to the value at t=0 is plotted as a function of
time. The radius R is 2 cm and the initial
central beta is 0.7. The pressure profiles as a
function of time are as shown in Fig. II-27.
Figure II-31 shows that the decrease in excluded
flux 1is quite small, only 6% after one
characteristic diffusion time. Thus resistive
diffusion cannot explain the large decreases in

excluded flux observed in the groove region.
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Figure II-31
Calculated magnetic flux excluded by the plasma
column as a function of time,

I. SCYLLAC MAGNETOHYDRODYNAMICS

1. Calculations Using the Smgll 8 Dynamie
Model. In the approximation that the plasma shape
is nearly cylindrical (small &§'s) and that the
plasma pressure is nearly constant (sharp-
boundary), a fairly simple set of differential
equations completely deseribing the motion exist.8
A computer code using this model, which also
incorporates a time varying 8, has been written.
The changes in 8 are attributed to: 1) a decrease
of the main B, magnetic field; 2) a decrease in
temperature; and 3) particle diffusion, using a
separate characteristic time for each of these
processes. The decrease in the main field
actually increases B8, while the other processes
decrease it. The plasma radius was also allowed
to vary, in response to the change in magnetic
field and temperature, but for ha small, as is the
case, changes 1in radius have practically no
effect.

The object of these calculations was first to
attempt to reproduce the characteristic in-out
trajectories observed in the experiment and second
to estimate the longest confinement time with
feedback to be reasonably expected given the known
mechanisms for a decrease of B. The results are

inconclusive on the first point and on the second,
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30 us seems to be about the confinement time limit
without the use of auxiliary equilibrium trimming
fields.

The model assumed ver& simple 1initial
conditions with the plasma a stationary column in
the center of the discharge tube at the initial
time. This corresponds to idealizing the
implosion-compression as being instantaneous while
in fact it takes several microseconds. The effect
of m=0, k=0 transients that would be excited is
also neglected. The data seem to indicate that
the implosion compression reduces the outward m=1,
k=0 motion that the model predicts during this
initial period.

In Fig. II-32 are shown calculated m=1, k=0
trajectories and accelerations for the conditions
of the uniform discharge tube experiments without
auxiliary fields. The parameters used in the cal-
culations were as follows: B, = 17 kG, Bh__o/Bo =
0.147, By_{/B, = 0.0946, n, = 2 x 10'® cn3, a = 1
em, h = 0.1 cm'1, R = 400 cm, and Yad = 5/3. The
£ and Lo oscillations were assumed to have
exponential damping with characteristic times Ty =
3 us and T, = 5.6 us, with the first time fairly
well determined by the data, but the second
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Figure II-32
Calculated plasma trajectories and accelerations
for the conditions of the uniform discharge tube
experiments without auxiliary fields.
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unfortunately not. The 1/e time for decrease of
the main field was taken as 190 us and that for
the temperature 100 us, determined by a crude fit
to Thomson scattering data having only a few
points at later times and these with a large
spread. The diffusion time was assumed to be 60
us corresponding to classical diffusion with zeff
= 1 and Tg = T0 eV, somewhat lower than the
measured temperatures of 100-120 eV so as to
overestimate the diffusion if it 1is purely
classical. The remaining parameter 8 was adjusted
to give the longest confinement time. Three 8
values near the optimum are shown in Fig. II-32.

The values of B necessary for long confine-
ment times using this model are greater than the 8
limit given by pressure balance without curvature
effects, fp . = (1-B, (/B )2 = 0.73. However for
small changes in near 1, of most importance is
the change in 60, since 60 and not 8 directly
affects the body force on the plasma. In the
nonlinear theory, §; becomes very large as B+
Bmax just as it does in the linear approximation
as 8 > 1. Thus it is reasonable in a linear model
to allow any 8 up to 1. This is taken up in more
detail in subsequent sections that discuss the
nonlinear MHD theory for the 2=0 case.

In Fig. I1I-33 are shown graphs of calculated

plasma trajectories with feedback but otherwise
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Figure II-33
Graphs of calculated plasma trajectories with
feedback stabilization for the conditions of the
uniform discharge tube experiments.



under the same conditions as in Fig. II-32. The
delay time and the maximum feedback field give YT
= 0.3 and Emax = 1.5 cm, approximately the
experimental values. The position and velocity
gains were roughly optimum, ¢ = 1.5, T = 2.3 T

The feedback system was turned on at 4 us and
no additional programmed fields were used. The
turn-on time has an important effect. Obviously
too late a time does not allow for much improve-
ment using feedback and surprisingly, too early a
time also is not optimum. For example turning on
the feedback system at t=0 leads to tracking of
the £=0 force transient and an actual shortening
of the confinement time.

As usual, with complicated numerical calcula-
tions having many poorly determined parameters, it
is mainly a guess whether or not the calculation
corresponds to reality. There 1is an in-out
behavior of the calculated trajectories for B =
0.8 in Fig. II-32 in quite good agreement except
for an overall outward shift with observed trajec-
tories. However, it is believed that too delicate
a balance of large unstable forces is required in
the model for it to be precisely the in-out effect
observed in the experiment. The real physics
probably involves a suppression of the initial
outward force transient, smaller unstable forces,
a more precipitous loss of equilibrium involving a
decrease of 60 in addition to that caused by
decrease of B, as suggested by excluded flux
measurements, and propagating end effects.

onli 2=0 Magpet rodypamics.

a, Equilibrium. The equilibrium of a
constant pressure theta-pinch plasma column in the
presence of a long wavelength 2£=0 field can be
calculated quite easily without assuming the
plasma deformation is small. The pressure balance

condition is

2 2 2
88,2 B Bin

P = 2 = 2 -3 ’ (21)

where B, is the external bumpy field, Bout = Bg

+ Bo_g cos hz, and Bj,, the magnetic field inside
the plasma, is determined by flux conservation,

2 _ 172 2
Bi, r° = Bo(1-Bo) a“ . (22)

Here it is necessary to distinguish Bo, the plasma
beta before application of Bz:o' from 8, the final
equilibrium beta. Finally there is the adiabatic
law, since it is necessary to allow for an overall

expansion of the plasma,

8B 2 8, B2
o Y 0 "o Y
3 v o= 3 Vo (23)

where

and

Vo = mall .

If we imagine applying an =0 field to a straight
plasma column with radius a, in a field By, with
initial pressure 0802/2, Eqs. (21) and (22)

determine the plasma shape,

1 _31 174
r=|lo— = a . (24)

Bout 2 _
Bo

The final beta value is obtained using Eq. (23)

2 Y
- 8| frecaz
Bo- [fa L:l ’ (25)

which must be solved in conjunction with Eq. (24).
This can be done by calculating Eqs. (24) and (25)

for a sequence of decreasing 8's star%%ng very
out 2
min’
The radius as a function of z starts out with a
2
)

near the maximum permissible value 8 =

large bulge occurring where (Bout/BO =8 and a
large total volume. As B decreases Eq. (25) is

eventually satisfied for some 8 < Bo.
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In Fig. II-34 are shown examples of the
plasma equilibrium shape for By /By = 0.147, h =
0.1 cm'1, a=1cm, Y= 5/3, and the 8 values as
indicated. The 8; values were 0.6, 0.7, 0.8, and
0.9. A local bulging out of plasma in the minimum
magnetic field region (groove) results when 8 is
near its 1limiting value. This 1is probably
undesirable because it enhances the unfavorable
curvature in this region. It 1is possible to
speculate that this may be related to the decrease
in excluded flux observed in the groove but not
the land regions.

D, Dvpamjes, In the case of incompres-
sible flow, a simple dynamic theory of plasma
motion in a long wavelength bumpy field can be
constructed without using the small § assumption.

The z- component of Euler’s equation is

v 3 B2 3B, 2
L% . P 1( out in , (26)
3z kA

where

Byp2 = By2(1-8) (a/R)"

from flux conservation. The shape of the plasma

0.0 0.2 04 0.6 0.8 1.0
z(2x/h)

Figure II-34
Plots of the calculated plasma equilibrium shape
for various values of the plasma beta with the
ge?d239¥ sector values of BR:O/BO = 0.147 and h =
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is given by r = R{(z,t). To relate R to v, the

incompressibility condition V * v = 0 is used,

v
139 4
~_——{r v —_— = R
r or ( P) * 3z 0

This is integrated over r from r = 0 to r = R to

obtain
Rv = - RZ 3 Yz
r- 2 sz '
which together with 9R_ v, - aR v, gives the
& 3t r T3z 'z
result
v,
aR R z aR
—_— 2 e e — - — ¥ . (2
at 2 32 9z 2 )

Equations (26) and (27) can be solved
numerically and the results are given in
Fig. II-35 for B,_q4/B, = 0.147, 8= 0.7, vy = 18

em/us, h = 0.1 cm"1 and a = 1 cm. An additional
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Figure II-35
Graphs of the calculated, 60 plasma shape as it
approaches equilibrium for the feedback sector
parameters.



term - P v,/T with T= 2.5 us has been added to
the right-hand side of Eq. (26) to provide
damping. With damping the solution R(z,t) of
Eqs. (26) and (28) becomes constant as t »« and
agrees with the equilibrium solution discussed in
the previous section 4f in the equilibrium
solution BO is identified with the present
quantity 8 and Y+ «.

The nonlinear %£=0 theory accounts for the
apparent overloading of the groove regions with
plasma observed in the experiment. 1In Fig. II-36
are shown measured values of line density at two
times for an initial filling pressure of 19 mTorr.
The measured line density at 5 us is about twice
the value predicted by small & equilibrium theory
and to explain the line density in the groove
using small § theory would require 60 = 1, which
implies a total squeezing off of the land region.

The plasma shape R(z,t) can be Fourier
analyzed to obtain an equivalent 6o(t), the
quantity that enters into the F1,0 interference
force, This is plotted in Fig. II-37 (actually
-60 is plotted), which shows a behavior quite

similar to that obtained from the linear model
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Figure II-36
Measured values of the plasma line density in a
groove region at two times for an initial filling
pressure of 19 mTorr compared with theory.
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Figure I1I-37
(a) Plot of Co(t) obtained from a Fourier
analysis of the plasma shape R(z,t). (b) Plot of
the variation in F owing to the 50 oscillation
(dashed lines) compéred with the measured force
derived from the plasma trajectories (solid line).

where 50 undergoes a simple damped sinusoidal

oscillatien. The F1 o force is given by
’

B

B
2.2 2=0 2=1
F1,0 =T BO ha< L B
o o
§ §
[1 _ha 1 + 0 ] . (28)
2 Byq/By  Byoo/Bo

So that for 51 = By_¢/lha Bo(1-8/2)] ,

1-8 8o

F - (29)
10 T 208 T TBo/B,

The variation in F; g due to the 8, oscillation is
plotted in Fig. II-37(b). This 1is remarkably
similar in shape to the measured force obtained by
computing the acceleration of the plasma trajec-

tories.
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J.  SCYLLAC FEEDBACK SYSTEM DEVELOPMENT

a wer les. The modified
Scyllac Feedback System has been in full operation
on the sector experiment for the past year. Due
to the addition of a fourth vacuum tube stage in
the power amplifier, the system reliability has
been greatly improved. There have been no
transistor and few vacuum tube failures during
1976. The major problem that has existed from the
development period is the arcing of the power
amplifier output tube due to the intense, local
surface heating of the anode that occurs with
operation in the unique feedback system appli-
cation. This difficulty is reduced by in situ
exercising of the amplifiers and by operating at
less than maximum levels of plate voltage and
current. During the year the system was operated
at high filament power for 84 hours during which
there were about 1200 Scyllac feedback shots and
84 module failures. About 30% of these failures
resulted from loss of cathode emission of the
amplifier output tube; the rest were mainly
component faults owing to external arcs in the
confined module space where voltages to 120 kV
were produced. A recent addition of silicon
carbide varistors between the output tube anodes
has reduced the external arc probability by about
a factor of three without affecting output current
risetime.

W k ition ectors. A sig-
nificant Iimprovement in the feedback system
accuracy and capability was the change in plasma
position detectors to the 16-element quasi-
quantized type that is sensitive only to the
position of the most intense portion of the plasma
luminosity. The previous plasma position detector
suffered from variation in sensitivity and loss of
accuracy owing to variations in the plasma
background light. Figure II-38 shows the
comparison of the detector output as compared with
that from the 20-channel luminosity device for two
different levels of plasma light. A beam splitter
was used so that both devices viewed the same
plasma light. Differences between the two methods
are due to the fact that the luminosity radius is
the center of a computer Gaussian fit to the lumi-
nosity data that is not always symmetrical. A

third generation of 16-element position detectors
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Figure II-38
Comparison of the output from the feedback
position detectors with that from the 20-channel
luminosity device for two different levels of
plasma light.

is being fabricated that incorporates an automatic
gain control to improve sensitivity. The present
system requires constant operation monitoring of
the detector to ensure that the plasma light level
variation falls within a window whose upper and
lower bounds are about a factor of 1.5 above and
below the optimum level. In addition, the new
system will provide a signal approximately
proportional to the plasma radius for diagnostics
of the plasma column.
3. _New Feedback Signal Processor-Analvzer.

The last major alteration to the feedback system
is replacement of the intermediate amplifier that
processes the detector signals and distributes
them to the power amplifier modules. At present
the system consists of 10 independent (five for
each coordinate) units connecting the 10 detectors
to a like number of groups of modules, a gross
approximation to the actual z-dependence of plasma
position. Each intermediate amplifier has a

switeh for programmed closure of the feedback



loop, a differentiation for introducing damping,
and means for remote control of gain and damping.
The new system consists of a single chassis with
provisions for up to 22 detector signal inputs to
compute up to 9 axial modes for each coordinate.
Each module will be driven by a summing amplifier
that reconstructs from the mode signals the
weighted mode sum that represents the actual
plasma position corresponding to the z position of
the driven %=2 coil. There are independent
controls for gain and damping for each mode.
Since with the £=1,2 equilibrium configuration the
position detectors will view horizontal and
vertical motion whereas the 2=2 force coordinates
are U5° to the vertical, the independent module
amplifier will also perform a coordinate rotation.
A feedback loop closing switch is provided in the
mode analyzing amplifiers, also included in the
system 1is a built-in test signal generator to
simulate detection signals for testing the mode
analyzers and module drivers. Signal delay time
should be about the same as for the present
system, the amplifiers are faster but the signal
paths are longer.

4, Other Development Items. There  were
several areas of development related to feedback
carried out by feedback personnel during the year.
An energy conserving pulsed feedback system using
fast switching silicon controlled rectifiers was
investigated. Such a system using presently
available components would be appreciably more
expensive than that of the present vacuum tube
type but would offer the considerable advantages
of greater feedback force, greater reliability and
essentially zero power consumption. Evaluation of
the power amplifier modules for possible use as
driving sources for Iz currents, traveling wave
mirrors, ete., was carried sufficiently to indi-
cate that with some modification a module could
provide 500 A at 25 kV over the frequency range
from 0.3 to 1.5 MHz. Construction was begun on a
100-MHz, 1-MW pulsed, U4-kW CW power oscillator for
preionization and/or plasma tube cleaning.

Equi immi ircuit. A system
was designed and fabricated to drive Secyllac 2=2
equilibrium

trimming windings. This system

employs a "Jones” eircuit?? to provide a current

180uF 18uF
T 10kV T 50kV

step of up to 7 kA to Y4 series 2=z2 windings with a
wave shape having a quarter-cycle sine wave rise-
time of 7 pys followed by a variable rise or fall
of current of almost constant slope (+ 10%) for 50
us. To obtain a wide range of amplitudes, one
vacuum gap and two ignitrons are used. For
accurate control and reproducibility of the wave
shape, separately controlled vacuum tube voltage
regulators with constant current charging are
used: one 50 kV at 5 mA and one 12 kV at 100 mA
per circuit. The simplified ecircuit is shown in
Fig. II-39 where S1 is an ignitron triggered by a
master firing set; S2 is an ignitron fired by S3;
S3 is a GE vacuum gap triggered by a Scyllac 8-kV
pulser; C1 is 180 pyF at 10 kV; C2 is 1.8 yF at 60
kV; L1 is 25 uH; and L2 is the 2=2 trimming coil
load of about 16 uH. Figure II-39 shows some
possible wave shapes where S3 is fired 160 us
after S1 and V(C2) is varied from 20 to 40 kV.

Fifteen units were constructed.

s2

St s3 LOAD
25uH colL
16uH

Figure II-39
Schematic diagram of "Jones” circuit connected to
2=2 trimming coils and waveforms of the current
produced in the trimming coils.
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K.  PREPARATIONS FOR £=1,2 EQUILIBRIUM EXPERI-

MENTS

An ¢=1,2 equilibrium configuration has been
designed and fabricated for the Scyllac Feedback
Sector. This design uses a large helical plasma
distortion, 61 ~ 3, in combination with a 62
plasma distortion, which is produced by a rotating
quadrupole field (%=2), to achieve high-beta
toroidal equilibrium. This equilibrium configu-
ration has the following advantages: (1) It
eliminates the bumpy 60 plasma distortion and its
transient effects, which have contributed to
equilibrium difficulties in the 2=1,0 experiments.
1n addition 60 produces a nonsinusoidal asymmetry
in the relative plasma cross sections which
appears to produce undesirable effects including
the 8, transient oscillations and an anomally in
the magnetic flux excluded by the plasma column;
(2) The equilibrium 4s independent of the 62
plasma distortion and has a weaker dependence on
the plasma beta; and; (3) The parameters of the
plasma column such ag plasma beta and density will
be uniform along the column.

In addition, the larger &, has significant
advantages in the stabilization of the m=1 insta-
bility. In feedback stabilization, the larger 61
reduces the growth rate of the m=1 instability and
thereby relaxes both the delay~-risetime
requirement and the magnitude of the feedback
field. The required feedback field 1is further
reduced since it also depends inversely on 61.
The wutilization of the larger helical plasma
distortions q requires the use of a helically
shaped discharge tube in order to set up the
toroidal plasma equilibrium and maintain an
appropriate region between the plasma column and
the tube wall. The present quartz forming device
(ef. section C.2) with minor modifications has
the capability for producing a tube with a larger
helical radius.

2= ujlibri
Configuration. The design of an £=1,2 equilibrium
field configuration was based on MHD sharp-
boundary theory. Theoretical work by Barnes and
Brackbill at LASL and by Betancourt and Garabedian
at NYU on diffuse-profile equilibria for Scyllac
indicate that the sharp-boundary description gives

equilibrium fields which are low by 60% in the
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case of the 2=1,0 configuration and 20% for the
t=1,2 system. However, at the time this design
was carried out there were unresolved questions in
the diffuse profile theory concerning the £=1,2
configuration. Therefore, since the diffuse-
profile correction for the 2=1,2 system was small
and equilibrium trimming fields were planned, the
design proceeded on the basis of sharp-boundary
theory.

In the sharp-boundary theory of an £=1,2
equilibrium configuration, the 2=2 field produces

an elliptical plasma distortion,

§, = BQ=2/ha(1-B/2)B. (30)

N

and the 2=1 field a helical distortion,

8, = By_q/ha(1-8/2)B, (31)

which results in a z-independent equilibrating

force,
1,2 = 8(1-8/2) B%n2a3 6,6,/4 . (32)

Equating this F1,2 force to the outward toroidal

force, Fp = BBzaz/uR, gives the equilibrium
condition
8,6, = 1/(1-8/2) h2aR . (33)

The growth rate of the m=1 instability is given by

v2 - n2v, %[z (8)n%a2%6,2 + g5(8)8,°1,  (34)

where

g1(B) = B(14-38)(2-8)/8(1-8)

and

g,(8) = (1-8/2) .



The equilibrium parameters for the £=1,2 con-
A 61

three is

figuration were determined as
distortion of
assumed and the growth rate of the m=1 instability
with h, the 2=1,2

follows.
plasma approximately

is minimized respect to

wave number, and the 8, plasma distortion. The
minimization procedure gives
g5 \1/6
- <_ii> ; ! (35)
281 (1_3/2)1 3 (613)2/3 R1/3
and
5 ! (36)
2

T (1-#2) n2 R &8,a

From a practical viewpoint, it is desirable
for the wavelength of the £=1,2 configuration to
be an integral number of the arc length of the
existing compression coil sections. These
considerations result in the following discrete
2=1,2 wavelengths of interest: k1,2 = 83.776 cm, h
= 0.0750 cm~1; Ay,2 = 104.720 cm, h = 0.060 em1;
and A , = 125.664 cm, h = 0.050 cu™'. Since the
wavelength choice as well as the wave number h are

being limited, Eq. (6) is solved for 812,

37)

85 \1/4 1
61a = — .

Figure II-40 graphs the growth rate of the
instability as a function of the helical
814
computed from Egs. (34),

m=1
for various values of h
(37, (38). an
Alfven speed of 20 cm/us and a plasma beta of 0.6

plasma distortion,
and
are assumed. Considering the discrete values of h
above and the desired 51 value of approximately
three, the m=1 growth rate is a minimum for h =

', Fig. II-b2,

0.06 ecm ', These
combined with the projected plasma parameters,

considerations
particularly the plasma beta, and the planned use
of 2=2 equilibrium trimming fields resulted in the
selection of the

following equilibrium design

)
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GROWTH RATE OF mel INSTABILITY | y {10 sec

r T r r v
-2 «05
0.4 neOlem sedbock 4
o3t X ]
he006 cm?
ne00S cm?
OPERATING POINT
02 «3.157 1
Ll
8,.0314
B.0s
o+ lOcm
ol b e
~ OESIGN LIMIT OF
QUARTZ-FORMING
MACHINE
0o 1 — A BSE 1
o 10 20 30 40 50 60

HELICAL PLASMA DISTORTION : 8l

Figure II-40
Graphs of the growth rates of the m=1 instability
as a function of the helical plasma distortion 61
for various values of the £=1,2 wavenumber h.

h = 0.06 cm‘1;
0.314 cm; By_¢/B =

parameters: 8= 0.6; §;a = 3.157

em; 653 = 0.1326; and By_,/B =
0.0132.

One of the objectives in this design is to be
able to achieve plasma equilibria over a wide
range of plasma beta values through the uée of £=2

trimming fields. Computing 51a from Eq. (31) with

Bg. /B fixed above, &, from the equilibrium
condition, Eq. (33), and the Bg_, equilibrium
field from Eq. (30), Table 1I-II gives the

expected working range of the parameters for this

2=1,2 design with a possible 1limitation on

The
feedback field required for stabilizing the m=1

achieving the higher plasma beta values.

mode is calculated from BFE=2 = (Y/vA)2 3 B/Bhé ¢,
where £ is the displacement from equilibrium and B
is the magnitude of the main toroidal field. For
the Table II-II computations, £=1 cm and B=15 kG.

2. Compression Coil with £=1,2 Flux Surfacge.
The inner surface of the compression coil is
machined to coincide with an £=1,2 magnetic flux
surface to generate the %=1 and 2=2 equilibrium
fields.

An approximate analytic solution for the coil
flux surface has been determined following the
procedure used by Weitzner for an 2=1,0 system.2u
In the case of the 2=1,2 system it is necessary to
retain both 2=1 and %=2 fields to zeroth order in
an expansion solution of B - V¢ = 0, since the

amplitude of the £=2 field required for toroidal
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TAELE II-II

PARAMETERS FOR THE SELECTED £=1,2 CONFIGURATION

e 0.4 0.5
613 (cm) 2.762 2.947
52 0.314 0.314
BQ:Z/BO 0.01508 0.0141Y
Y (MHz) 0.245 0.273
By_5(G) 34.1 31.5

equilibrium near the minor axis §s on the same
order as the 2=1 field at the position of the
compression coil surface. For a magnetic field
system consisting of %=1, =2, vertical and
2=3/m=2 fields in addition to the main field, B,
the fields and flux function as determined from
the expansion solution to B * V¢ = 0 are given by
(h << 1),

B=B,I,+ v (38)
B B B
1 = L= =
¢=-h—--B—1- Bzrsine+ %=1 1 sin(e-hz)
a By o (S
By_ 2
+ %22 r< sin(26-hz)
Bo 2a
or3  Bg_q Byl
- = =1 7922 o in(3e-2hz)
3r'w ha Bo Bo
and
2 B B
o _r 1 "f=1 "i=2
Y= 5 m ha B, B, cos(26-hz)
=1 B!F
+ cos{€-hz) = L. 2 cos{26-hz)
Bo ha Bo
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0.6 0.7 0.8
3.157 3.400 3.683
0.314 0.314 0.314
0.01320 0.01225 0.01131
0.299 0.328 0.368

29.6 28.3 28.8

2
- —— - —— —_ cos{36-2ha) ,

where ry, is the average radius of the inside of
the compression coil.

The amplitude of the vertical field given
above, (1/ha) B£=1/Bo BQ=2/BO, for a system with
8§, = 3.157, 8, = 0.314, g = 0.6, 1 = 104.72 cm,
and a = 1.0 cm is calculated to be 0.029. This is
to be compared with the value determined by
utilizing the flux surface program of 0.03. The
vertical field amplitude is determined by the
beating of the #=1 and %2 fields. .The 2=3/m=2
component is added to beat against the 2=2 field
to counteract the vertical field beating against
the 2=2 field. The amplitude of the £=3/m=2 field
is . 2 times the amplitude of the vertical field
at the mean coil radius. At the location of the
plasma, r -~ 1.0 cm, the amplitude of the required
2=3/m=2 component is a factor of . (a/b)2 smaller
than the vertical field. The amplitude of the
%2z3/m=2 component will therefore be - 0.0006 B, at
r = a and should be negligible.

The flux function given above checks approx-
imately with an analytic expression for a rotatlng
displaced ellipse with dimensions given in
Fig. II-41.

A new computer code utilizing the above
equations for the magnetic fields and many of the
techniques of the original 2%=1,0 code has been
written to compute the magnetic flux surfaces of
the £z1,2 configuration. The flow diagram for the

code is given in Fig. II-42., The flux surface



dimensional milling machine. The mill produced

270

mandrels of the coil flux surface which were used
with a hydraulic profile-tracer arrangement on a
lathe to machine the inner surface of the
330 single-turn compression coils. Figure II-43 is a
photograph of a section of the new coil. A
typical coil cross section is shown in Fig. II-44

with the helical quartz tube, tube support, and
oo

£=2 windings.
The primary field components of the new 2=1,2

coils have been measured with single wavelength
PLASMA

2=1, 2=2, and vertical-field probe coils wound on

180°

SHerZ%DEQUARTZ 30° a section of a toroidal discharge tube. The

\BANK colL FLU\X measured values agree with the design values to

L=1.2 SURFACE \ within the measurement error.
o 90 6o Status he 2:1,2 Feedback Sector. The
FIGURE A plans for the modification of the 2=1,0 feedback
1.0cm OUTWARD DISPLACEMENT /MAJOR AXIS sector to the £=1,2 configuration have been worked
_J‘L‘ e out in detail. During the changeover the arc
aom N\ h/ length of the feedback sector will be increased by
SA%ICLTS - ) } 40% from 8.4 to 11.7 m through the addition of two
//\ hz/2 energy storage racks. The modifications will
e \ begin as soon as the present £=1,0 experiments are
e MINOR AXIS
FIGURE B completed.

The fabrication of the ¢=1,2 compression
Figure II-41
(A) 2=1,2 elliptical flux surface profile at
z = 0.3 » (hz=0.6 7). (B) Location of origin and
orientation of axes of the %+1,2 rotating ellipti-
cal flux surface.

coils have been completed. The quartz-forming

[£=0, 1, 2 system parameters ] o

L Azimuthal flux surface:Fin torroidal coordinates | :_

[_Use of symmetry to create denser data 1 ;

[ Conversion to an array z:antered at tangent point | .

| Transformation to cylindrical coordinates ] o
| Arrays regularized in cylindrical coordinates ] =
LTransformation to 2.5 Jball end mill center j -:__

[ Regularize in end mill goordinates ] 1:-

Figure II-y2 =
Flow diagram of computer code to generate tape -
mill instructions for fabricating Scyllac coil
mandrels.

. « I e ¥
Lot Alamen Sientifie Lot steey
o e vaeast @ Cnsesne

E;;"'Q(L._;-.. ......___........-..--..‘:‘--;

output data from the 7600 was transformed to Figure II-43
Photograph of the £=1,2 flux surface machined in

produce the tape drives for controlling a three- the Secyllac compression coils.
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LVERTICAL FIELD
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Figure II-U4y4
Compression coil cross-section showing the inner
bore shaped to an %=1,2 flux surface. The helical
quartz discharge tube and its support, 2=2 feed-
back and trimming windings, and vertical field
windings are also shown.

device has been modified and helical quartz
discharge tubes fabricated with a helix radius of
The £=1,2
sector is being assembled off the Scyllac sector
in order to fit the discharge tubes into the
sector and wind the 2£=2 feedback and equilibrium

3 em for the £=1,2 configuration.

trimming windings directly on the discharge tube.

L.  SIMILARITY BETWEEN WALL STABILIZATION AND £=2
FEEDBACK
It has been postulated that wall stabiliza-
tion is similar to £=2 feedback. The following
gives a relatively quick demonstration of the g=2
nature of wall stabilization. Consider a straight
2=1 system with a plasma centered in a coil. The

fields of this system are given by (hr << 1)

B = B, [Iz + V1]

(na)2 8/2 | sin(6-hz)
(1-8/2) hr h
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If the plasma column is displaced transversely by
X,y the column sees the compression field as a

combination of 2=1,0 and two fields

r 8ine = r' sine ' + Xq ; r cosg = r' cosg '

B _ h x, sin hz
¢(rr,00) = L1 |y SING@'-h2) 7 To
B, h h
h X 2 sin(20'-hz)
* =5 (hr') Tt e

+ reaction terms in displaced system].

The 2=0 and £=2 fields seen by the displaced
column can be shown to lead to the m=1 instabil-
ity. The reaction term for the g =1 field is
unchanged in amplitude (since the £=1 field in the
displaced system has the original amplitude). The
fields of the displaced, helical plasma column are
given by the following potential including the 2=1

reaction term

B
- =1 2
¢ = (hr)“ \ sin(6-hz)
Bo |:hr‘ <1 + 8 > 0

_ (ha)? (8/2) sin(8’-hz)
(1-8/2) hr'

+ 2=0 and £=2 reaction terms due

to displacement:l .

The I, (hr) fields have been reexpressed in terms
of the r,e (undisplaced) coordinate system.
Fields derived from the above expression do not
completely match the boundary condition at the
compression coil surface (B.n = 0). Transforming

the £=1 reaction term to the r,0 coordinates




B 2
=1 (hr)“\ sin(g-hz)
$ = |:hr'<1 + 8 ) h

_ (ha)2 8/2 sin(g-hz) _ h Xo sin{26-hz)
(1-8/2) hr h (hr)2 h

(ha)2 872

G832 + 2=0 and £=2 reaction terms

due to displacement].

The first two terms are the original £=1 field
which satisfies Bn = 0 at the compression coil
surface. The third term is an £=2 term which must
satisfy Bn = 0 at the coil surface by the
addition of a second-order reaction term of the

form

B 2
=2 r N
— 8in(26-h .
B 2a n{ 2)

(o}

Ad =

For a nearly circular compression coil surface,
the normal is approximately a unit vector in the
radial direction. B‘n = 0 means that the radial
reaction field (=2 component) must be matched by

the radial component §, (4¢) at r=b. Therefore

B2 . _a %5 (na)? g/2 Byt
b

B, w3 -2 B

(o}

The F1,2 force on the plasma column due to the £ =2

reaction field from the wall is given by

2.3 2
h€a2é,8 ha<é§
- 2 172 2 1
Fy,2 = 8(1-8/2) By —y = 8 BS m

%
2
Bo X, -

Bpo 2 fa\* 2§
—_— = - —_ h —
B 8 <b> (ha) m

The equation of motion therefore includes terms of

the -form
2 2,,2p2
d X 8<h Bo a\4 >
= Xg |- -\ 61 + eese .

This is the standard wall stabilization term as
given by sharp-boundary theory. The £=2 surface
current in the nearly cylindrical surface is given

by

K B 2
s\ ogt=l. fa) _8/2 26-h
(B >£=2 =2p h"o(b> 1-g/7 c0s(28-he)

2z
hb o °

Currents of this form and the corresponding form
for a "Y” displacement should not be disturbed by
flux conservers, ete., if wall stabilization is to

be effective.
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III. STAGED THETA-PINCH PROGRAM

K. S. Thomas, W. H. Borkenhagen, C. J. Buchenauer, D. L. Call,
J. N. Downing, C. F. Hammer, A. R. Jacobson, R. K. Linford,
E. M. Little, D. A. Platts, and E. G. Sherwood

A, INTRODUCTION

Previous theta pinches have performed initial
implosion heating of the ions and subsequent
adiabatic compression with a single capacitor bank
power supply. Projected theta-pinch feasibility
experiments and fusion reactors, however, will
require separation of the two functions to achieve
greater implosion heating and less adiabatie
compression. The Staged Theta-Pinch program is
designed to study the technological and physics
problems associated with separating the two
functions.

The principal experiment in the program is
the 4.5-m-long linear Staged Theta Pinch (STP).
The experiment uses a low-energy, high-voltage
capacitor bank (PFN I) to produce the plasma and a
lower voltage, higher energy capacitor bank to
provide a variable amount of adiabatic compres-
sion. 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 STP experiment produces
high-temperature plasmas with a much larger ratio
of plasma radius to discharge tube radius than
theta pinches which utilize a single capacitor
bank for both implosion heating and adiabatic
compression. By adjusting the relative timing
between the three capacitor banks, the effect of
magnetic field amplitude and time history on the
properties of the STP plasma have been
investigated.

Initfal plasma studies have concentrated on
optimizing the plasma temperature and radius while
minimizing the plasma outside the main plasma
column. Plasma behavior has been studied for
initial D, fills of 5 mTorr to 15 mTorr and PFN-I
voltages from 65 kV to the full design voltage of
125 kV. Plasmas have been produced with a ratio
of plasma radius to discharge tube radius of 0.45

to 0.55 and ion temperatures of up to 1300 eV.

The other experiment in the program was the
0.9-m-long Resonant Heating Experiment (RHX).
During 1976, the experiment was used primarily to
study the effect of preionization levels on plasma
sweep-up during the initial implosion and to make
a detailed comparison of the experimental plasma
density profiles with the predictions of a
numerical code developed by Sgro and Nielson.1 The

experiment was terminated in July 1976.

B. STAGED THETA PINCH

1.__Description. The layout of the STP
experiment in the old Seylla-IV experimental area
is shown in Fig. III-1 and two photographs of the
experiment are shown in Figs. III-2 and III-3.

The Staging bank, which is the Scylla-IV main
bank, is located on a platform .above the
high-voltage implosion circuit. The start
switches for the staging bank have been moved down
to the collector plate in order to isolate the
1oad cablas from the high-voltage circuit. This
necessitated the replacement of the start switch
in the Scylla-IV capacitor gaps with a shorting
column., The crowbar system was left intact. The
high-voltage gaps are connected directly into the
collector plates to minimize source inductance.

The 22-cm-i.d. main coil is fed from two sides to
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Fig. III-1.
Layout of the Staged Theta-Pinch experiment.
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Fig. III-2.
Photograph of Staged Theta-Pinch experiment
showing top of collector plates and compression
coil.

Fig. III-3.
Photograph of Staged Theta-Pinch experiment showing
side view of the experiment.

increase the magnetic field risetimes. Because
the components are the same on both sides of the
machine, the two sides of the experiment operate
at different voltage polarities.

A circuit diagram of one-half of the
experiment 1is shown in Fig. III-4. Table III-I
gives the electrical parameters of the various
capacitor banks when they are operated alone with

no plasma in the discharge tube.
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Circuit diagram of one-half of the Staged Theta
Pinch experiment.

TABLE ITI-I
ELECTRICAL PARAMETERS

PFN I PFN II Staging
Capacitance 6.6 uF 12.6 yF  675.2 uF
Voltage 125 kV 125 kV 45 kv
Energy 52 kd 98 kdJ 684 kJ
Risetime (T/4) 0.26 us  0.35 us 3.7 us
Peak Magnetic field 5 kG 6 kG 14.5 kG

2. Engineering. In September 1976, the
Staged Theta Pinch first operated reliably at its
full design voltage of 125 kV on the implosion
banks (PFN I and II). Also, under these con-
ditions, magnetic field waveforms were produced
which generated large-diameter, high-temperature
plasma columns with only a low level of plasma
outside the main column. To achieve these results
three improvements in the experiment were
necessary.

a. Resistance was added to the PFN circuits.
This was necessary in order to reduce late time
modulations of the magnetic field which caused
magnetiec flux to move into and out of the
discharge tube, creating "secondary” plasma. The
resistors used were liquid resistors which mounted
on top of the capacitors under the PFN gaps.
Initially the value of the resistors was 0.2 Q.
In November 1976, the value of the resistors in
the PFN-II circuit was raised to 0.5 Q. This
further reduced the late time magnetic field
oscillations.

b. The new Staging spark gaps described in
the 1975 Annual Repor't2 were installed. This
eliminated corona problems which had limited the
voltage at which the experiment could be operated.

The gaps installed were cast out of fiber glass and



epoxy . A gap made of fiber glass-filled poly-
propylene was developed and these gaps will be
used in the future as spares are needed.

¢c. Submaster trigger gaps made from modified
PFN gaps were installed on the PFN I and II banks.
Also it was found that to operate at 125 kV it was
necessary to trigger the negative PFN banks with
positive triggers and the positive PFN banks with
negative triggers. The different polarity sub-
masters are triggered by a common master by
inverting the master trigger pulse between the
master and one of the submasters.

3, _Experimental Program.

a, Operating Conditions. In early 1976, two
plasma studies were conducted. The implosion
phase was studied over a range of about a factor
of two in initial magnetic field rise and from
5-15 mTorr initial D2 fill. Also, magnetoacoustic
heating of the plasma column was studied by
generating a plasma column with the Staging bank
and then modulating the magnetic field at the
plasma’s natural oscillation frequency with the
PFN I bank.

After the resistance was added to the PFN
circuits, a series of data runs were conducted
with PFN voltages from 70 to 125 kV. Initial D2
fills of 5-15 mTorr were used and the magnetic
field waveform was varied to study the effects of
various waveforms on plasma behavior.

b, Diagnostiecs. The principal diagnostics
used to measure plasma behavior were two
1nter'f‘er'ometer's3'u and an excluded flux appara-
tus.5 Various magnetic probes, both external and
internal to the discharge tube were used. Also,
streak pictures of the plasma column were made
end-on and side-on.

Plasma density profiles were measured with a
holographic 1nterferometer3 which made inter-
ferograms at two times during each plasma
discharge. A diagram of the apparatus is shown in
Fig. III-5. To determine the absolute density at
one radial position, a new quadrature inter-

f‘er'ometer'u was developed.

A diagram of the
interferometer is shown in Fig. III-6. The
interferometer differs from an ordinary
Mach-Zehnder in that the reference beam is changed
from plane to circular polarization. Both

components of the circularly polarized beam
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Diagram of the holographic interferometer.
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Fig. III-6.
Diagram of the quadrature interferometer. Dashed
lines indicate displacement of beams during cali-
bration procedure.

interfere with the scene beam. Thus, with proper
separation of the beams, the device becomes two
interferometers which are always 90° out of phase
with each other. This eliminates many of the
problems associated with ordinary Mach-Zehnder
interferometers., A full description of the
apparatus is being published.u
a es .
(1) Plasma Studies of Staged Plasma Colugns.
For the studies reported here, the preionization
level at the time of the main discharge was v 60%
for radial positions less than 9 cm. From this
position outward it decreased monotonically to a
value of 20-30% at the discharge wall. Also for

all cases the plasma 8 on axis at the peak of the
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main compression field was equal to 1 within
experimental error.

In all cases some plasma remained outside the
main plasma column. The minimum value for this

01u cm‘3. When the plasma

plasma was 0.5-1 x 1
outside the main column was held to this level,
plasma columns were produced with radii of 4.5-5.0
cm, Because the plasma column had a diffuse
profile, the plasma radius was chosen as the 1l/e
point in the density profile. This approximates
the radius of a sharp boundary plasma with the
same peak density and line density (particles/unit
In addition, this

radius 1is the one which would be wused in

length of plasma column).

determining if the plasma could be wall stabilized
in a helical geometr‘y.6 The sum of the electron
and ion temperatures (Te + Ti) was determined from
pressure balance at the peak of the compression
field and ranged from 400 eV to 1500 eV. If it is
assumed that electron temperature is determined by
the transfer of energy from the ions to the
electrons and subsequent loss by thermal
conduction out the ends of the exper‘iment,7 then
the electron temperature should be 100-150 eV.
This Iimplies a range of ion temperatures of
300-1350 eV.
Fig. III-7, which shows the plasma density profile

A typical example 1is shown in
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Density vs radius for the four times indicated on
the magnetic field waveform shown. PFN voltage -
100 kV, Staging voltage - 20 kv, fill - 10 mTorr
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at four times during the plasma discharge along
with the magnetic field waveform.

In optimizing plasma temperature and radius
in combination with a low level of plasma outside
the main column, two factors were found to be
important.

(a) The most important parameter in the
production of plasma outside the main plasma
column was the amount of magnetic flux which left
the discharge tube after the initial implosion.
This is illustrated in Fig. III-8, which shows the
magnetic field, a holographic interferogram, and
the reduced data from the interferogram for two
cases, Figure III-8(a) 1is for a "step-func-
tion™ wavef‘or‘m8 where no flux leaves the discharge
tube. In Fig. III-8(b) the dip in the magnetic
field caused flux to move outward., This flux
carried low-density plasma into the wall and
caused the creation of additional plasma.

(b) The magnetic field waveform which
produced the optimum results involved a certain
amount of field progr‘amming."8 After the initial
field rise the external field dipped, but because
of the change in plasma area, no magnetic flux
left the discharge tube.
r'esults1'9 show that the plasma ions have a

complicated spatial and velocity distribution. It

Numerical code

is probable that the highest energy ions are
moving outward at the time of the magnetic field
dip so less work is done by them on the magnetic
field than would be the case if the field did not
dip. Thus more energy is left in the plasma after

the implosion and reexpansion phase than would
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Fig. III-8.
Magnetic field wavefornm, holographic inter-
ferogran, and density vs radius for (a)

“step-function™ waveform and (b) "field program-
ming” waveform. PFN voltage - 70 kV, Staging
voltage - 15 kV, fill - 10 mTorr D2



occur for a "step function™ magnetic field
waveform. This theoretical prediction 1is sup-
ported by the experimental results. As measured
by the excluded flux apparatus, the more the
plasma reexpanded after the initial implosion, the
larger the plasma radius and temperature. of
course if the field dip was too large, magnetic
flux was drawn out of the discharge tube and
"gsecondary” plasma was formed. These points are
illustrated in Fig. III-9, which shows the plasma
column density vs radius for the three magnetic
field waveforms shown. The experimental con-
ditions were those for which the Sgro-Nielson code
predicted resonance between the electric circuit
and the plasma column. In all cases 8 = 1 so the
plasma density on axis was inversely proportional
to the plasma temperature. As seen from the
center example, a certain amount of "field
programming” increased the plasma temperature and
radius without producing a 1large amount of
"secondary” plasma. In the lower example, the
plasma temperature and radius were even larger but
"secondary” plasma was produced by the plasma
drawn into the -discharge tube wall as flux was
removed from the discharge tube.

(2) Implosion Studjes. Implosion

were conducted under a range of experimental con-
ditions. Unlike the studies on Scylla I-B and IHX,

studies

which concentrated on studying the implosion

dynamics, the purpose of these experiments was to
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Plasma density vs radius at peak magnetic field
for the three magnetic field waveforms shown.
PFN I voltage - 125 kV, PFN II voltage - 100 kV,
Staging voltage - 25 kv, fill - 15 mTorr D2-

determine the amount of plasma outside the main
column after the initial implosion. One set of
experiments was run at 65 kV on the PFN banks and
for initial D, fills of 5 and 10 mTorr. For these
cases PFN I and PFN II were sequenced so that the
external magnetic field rose to 2.9 kG in 200 ns
and then was constant for 700 ns, after which time
it decreased to zero. In other studies PFN I and
PFN II were fired simultaneously. Charge voltage
was 100 kV and initial fill levels were 5, 10, and
15 mTorr D2. This produced an initial magnetic
field rise which was equal to that expected if PFN
I was operated alone at 125 kV. In these cases,
the magnetic field rose to 6 kG in 180 ns. Thg
waveform was almost flattopped as a result of the
varying Inductance of the circuit resulting from
the plasma implosion and reexpansion.

Results of these studies are shown in
Figs. III-10 and III-11 where plasma density is
plotted vs radius for six representative times.
Figure III-10 shows the results for 65-kV PFN
voltage and 10-mTorr initial fill. Figure III-11
presents the results for 100-kV PFN voltage and
10-mnTorr fill.

The two experimental cases differ in the fol-
lowing ways: (1) Peak density on the discharge
tube axis is higher for the 100-kV case. (2) For
the 100-kV case a well-defined reexpansion of the
plasma column is observed. This does not occur at
65 kV. (3) The radial distribution of the low

density plasma outside the main column is
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Fig. III-10.
Plasma density vs radius at six times
for PFN voltage of 65 kV.
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Fig. III-11.
Plasma density vs radius at six times for PFN
voltage of 100 kV.

different. In the lower voltage case the density
decreases monotonically to the discharge tube wall
while for the 100-kV case a minimum occurs approx-
imately halfway between the main column and the
wall. Minimum plasma densities are about the same
(~ 10% of initial fill) in both cases.

(3) Magnetoacoustic Heating Studies. The
magnetoacoustic heating studies conducted in April
1976 showed that externally driven magnetoacoustic
plasma oscillations can be an effective method of
providing auxiliary heating for theta-pinch
plasmas. The magnetic field waveform with and
without resonant modulation 1is shown in Fig.
III-12(a). Figure III-12(b) shows the effect of
the external modulation on plasma radius. At
later times the area of the plasma column has
increased by approximately 50% due to the field
modulation. A more complete description of these

studies has been published.10

C. RESONANT HEATING EXPERIMENT

escr . During 1976, the RHX
operated in two configurations. For the first
three months it was arranged as a 0.9-m version of
the implosion circuits on the STP. The only
difference was that the RHX had a secondary 0.4 uF
preionization bank which was fired a short time
before the 1initial implosion. In April the
machine was changed to the resonant heating
configuration. This involved replacing one of the
PFN-I 0.2-UF capacitors on each side of the
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(a) Magnetic field without (solid curve) and with
(dashed curve) resonant modulation. The arrow
indicates when Te + T; 1s inferred from pressure
balance. (b) Effective 8 = 1 radius, as derived
from excluded flux data, without (solid curve) and
with (dashed curve) resonant field modulation.
The timing is the same in III-12(a).

experiment with a 0.4-uF capacitor. These
capacitors then became part of the PFN-II ecircuit.
The two PFN-I capacitors nearest the coil on each
side of. the machine were replaced with shorts,
turning these PFN gaps into crowbar gaps.

2. Engineering. Three engineering changes
were incorporated into the RHX to enable the
experiment to perform its experimental program.

a. When the secondary preionization bank was
installed it was found that the bank prefired when
the primary preionization bank was fired. The
problem was solved by installing low-inductance
liquid resistors across the collector plates to
dampen out the high-frequency electrical tran-
sients. These resistors did not appreciably
affect the main magnetic field waveform.

b. Cable shorting trigger systems were
developed for both the pulse-charged master
trigger gaps and the dc-charged preionization
banks. These systems are much simpler than the
previously used Seyllac buffer systems, and they
operate with much less jitter.

c. When the PFN gaps were converted for use
as crowbar gaps it was found that the trigger
system energy was insufficient to trigger them

properly. Numerous modifications were made to the




trigger system to 1increase the energy. The
understanding developed during the implementation
of these changes 1led to greatly improved
performance of the crowbar system. These design
changes were incorporated and extended during the
modification of the experiment to the Field
Reversal Theta Pinch (see Sec. VIII of this
report).
xperimen r .

a. Operating Conditiongs. The objectives of
the preionization study were twofold. First, to
determine the effect of the secondary
preionization on plasma sweep-up during the
initial implosion. Secondly, to provide data for
a detailed comparison of the experimental results

with a numerical code.1

In order to reduce the
variables in the experiment the following
conditions were held fixed. Capacitor bank
voltages were 70 kV on the preionization banks and
65 kV on the PFN banks. Initial D, fill was 10
mTorr. The only parameters changed were the
timing of the firing of the banks. Data were
taken both with and without the secondary
preionization bank.

The data were compared with the output of a
numerical code which contained the hybrid

1

simulation code' developed by Sgro and Nielson and

a circuits code11

developed by Nielson for an
earlier hybrid code. Several modifications were
made in the code to improve its correlation with
the experiment. The three modifications which
made the most significant improvement were: (1)
making the initial density profile in the code
agree with the experimentally measured preionized
profile just prior to the implosion, (2) including
the effects of axial electron thermal conduction
to the ends, and (3) including an appropriate
time-varying resistance for the spark gaps in the
circuit code.

Before these improvements were made, the code
predicted that, when the RHX was modified to the
resonant heating mode, it would produce marginal
but interesting experimental verification of the
resonant heating concept.11 The "improved" code
however, predicted that the RHX was not adequate.
Because of electron thermal conduction, the RHX
is not long enough to prevent serious field

diffusion by the time of plasma reexpansion. 1In

addition, a properly designed crowbar system in
conjunction with a Marshall coil would be required
to overcome the bad effects of the "turn-on”
resistance of real crowbar gaps. Both of these
effects resulted in the code predicting that the
plasma would hit the wall after the initial
implosion.

In spite of this pessimistic prediction, the
RHX was modified in April to the resonant heating
mode in hopes that the experimental results would
at least provide an important check on the
validity of the code, The next two months were
spent improving the behavior of the crowbar
system. During this process the magnetic field
behavior approached that predicted by the code on
the occasional shot when the crowbar worked well,
but the lack of repeatability prevented careful
plasma diagnosis.

The crowbar problem was finally solved Jjust
when the RHX was scheduled to be converted to the
Field Reversal Theta Pinch (FRTP). The hurriedly
obtained data then showed a new problem of
unrepeatable plasma inventory and behavior.
Because of this unexplained problem as well as the
pessimistic code predictions, further delay of the
conversion did not appear wise. The conversion to
the FRTP began in mid-July.

After the experiment had been disassembled it
was discovered that a sticking valve on the D2 gas
fill system was probably the reason for the
nonpreproducible results. No conclusions could be
drawn from the data obtained so no results are
given below.

b, Diagnostics. Plasma diagnosties included
magnetic probes, both internal and external to the
discharge tube, and two interferometers. A
double-pass holographic interferometer3 gave the
plasma density profile at one time during the
plasma discharge. A HeNe laser 1nterferometer12
in a double-pass geometry gave plasma density vs
time at one radial position. For the plasma
studies reported below, data were taken at 1-cm
increments in radial position.

¢, Plaspa Results. The highly repeatable
temporal and spatial behavior of the plasma
density when the RHX was operated in the STP
implosion mode 1is shown in Fig. III-13. The

circles are HeNe interferometer data that have
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Fig. III-13.
A sequence of density profiles showing the
temporal evolution of the plasma. The circles are
He-Ne data and the 1lines are computer reduced
holographic interferometer data. /ndl can be
interpreted as density by dividing it by the
nominal plasma length of 90 cm.

been averaged over at least three shots. The
lines are computerized reductions of holograms and
each profile represents a single shot. The time
labeling each profile 1is measured from the
initiation of the implosion field. This par-
ticular series of data was obtained with the
secondary preionization turned on.

The following is a brief summary of the
results obtained from analyzing data like that in
Fig. III-13 with the output of the computer code.

n Application of the secondary
preionization bank about 200 ns before the main
implosion increased plasma sweep-up by about a
factor of two. It also began to push the plasma
off the wall (see the T = -15 ns profile in
Fig. III-13) and probably increased the plasma
temperature near the wall, The use of secondary
preionization also changed the characteristics of
the implosion so that the use of classical
resistivity in the code gave a better agreement
between experiment and theory than the Chodura
model13 which most accurately predicts results in
the STP and IHX.2

(2) Comparison with the numerical code
indicates that ionization of neutrals is not as

rapid in the experiment as the code predicts.
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This is probably due to either a depletion of the
high- energy tail of the Maxwellian electron
velocity distribution or to greater thermal
conduction effects in the experiment than 1is
inecluded in the code.

(3) The sign of the flux trapped in the
plasma du;iné the initial preionization strongly
affected the implosion even though a variation
from 20-80 G in the magnitude of the trapped field
made 1little difference. Positive trapped flux
resulted in a smaller but a longer time-duration
density peak on axis. This indicated that the
ions were either less energetic, or the magnetic
field in the plasma core was larger, or both.
Negative trapped flux resulted in lower pre-
ionization in the center and is observed as the
only meaningful discrepancy between the HeNe and
holographic interferometer data shown in
Fig. III-13. Only shots with positive trapped
flux were used to obtain the averaged HeNe data,
but the holograms obtained at t = 280 ns, 565 ns,
and 770 ns were apparently obtained when the
trapped flux was negative.

(4) Essentially no neutrals are ionized
during the implosion as shown by the temporal
behavior of the electron inventory 1in Fig.
III-14. The inventory begins to rise when the
small quantity of plasma is pulled out toward the
wall by the escaping flux. Note the increased
density outside the main column at t = 565 ns in

Fig. III-13 and the corresponding rise in

25 —+ ! ) ———t + s
100 %=t « INVENTORY .
— B-FIELO -
— } 2
2 R
S 3
S ¥
=]
o 2
2
_9 g
— <
; 4
o 3
z z
W ri]
z &
-02 0 02 04 06 oe 10 1.2
TiME [ 8]

Fig. III-14.
A comparison of the temporal behavior of the
external B field and the total plasma inventory as
determined from the holographic interferometer
data shown in Fig. III-13.



inventory between 600 and 700 ns. The next sharp
rise in inventory occurs at about 850 ns and is
localized for r >8 cm as seen in Fig. III-13.

This time corresponds to the arrival near the wall
of the fastest ions as seen in the phase space
plots generated by the computer code. The code
indicates that these ions are successfully turned
around by the second magnetic field peak (see
Fig. III-14) but they (or the
electrons) apparently ionize the neutrals left

behind (r > 8 cm) by the initial implosion.

associated

D. SUMMARY

During 1976, the Staged Theta-Pinch Experi-
ment achieved its primary goal of producing
large-diameter, high-temperature theta-pinch plas-
mas using separate implosion and compression
capacitor banks. In the process it was found that
some "free expansion” heating of the plasma column
could be achieved without producing extra plasma
In addition, the
experiment operated at its full design voltage of

125 kV much more reliably than could be expected

outside the main plasma column.

of a "state of the art” device.

The data obtained from the RHX in the STP
implosion mode motivated several important im-
provements in the hybrid code and provided a
better understanding of the plasma behavior during
the first microsecond. The results indicate that
the use of secondary preionization would probably
reduce, but not eliminate, the formation of
secondary plasma in the STP when large modulation
is allowed as shown at the bottom of Fig. III-9.
The results of the improved code also show that a
longer theta pinch with an improved crowbar system
would be required to adequately test the resonant

heating concept.
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IV. TOROIDAL REVERSED-FIELD PINCH

D. A. Baker, L. C. Burkhardt, J. N. DiMarco, A. Haberstich
R. B. Howell, H. J. Karr, M. D. Machalek, S. Ortolani, A. E. Schofield

A. SUMMARY

The reversed-field pinch (RFP) with its MHD
stable, high beta configuration offers the possi-
bility of leading to relatively small fusion reac-
tors. The current LASL RFP progrém has as 1its
basic objectives determination of favorable
operating parameters and scaling properties of
heating, diffusion, and lifetime of the pinch.

This past year experiments were carried out
on 2T-S, the scaled-up version of ZT-I. The two
experiments differed primarily in the fact that
the minor diameter of the discharge tube was in-
creased from 10.3 cm on ZT-I to 15.4 em on ZT-S.
The magnetic cores, the control system and field
energy supplies of the 2T-I experiment were
retained for 2T-S. A 15.4-cm bore was the largest
vacuum tube that the old magnetic cores could ac-
commodate. The primary object of the new experi-
ment was to determine the scaling of the
confinement of the pinch with increased minor
diameter of the discharge vessel. Because the
confinement time of the experiments is limited by
field diffusion, one expects confinement time to
scale as the field diffusion time, i.e., as d2/D
where d is the minor diameter of the plasma region
and D is the field diffusion coefficient.

The confinement time has been found to in-
crease from the 10-15 pys in 2T-I to 25-30 us in
the larger bore 2ZT-S device. Thus the confinement
time scales approximately as the square of the
minor diameter. The field diffusion, as expected,
was observed to proceed at a slower rate. The
time taken for the toroidal current to become uni-
form over the cross section increased about a
factor of two and decay of the programmed reversed
field was reduced by a larger factor.

Electron temperatures as measured by Thomson
scattering are low, 12-15 eV, and are probably
limited by the line radiation from impuritiles.
The impurity level measured in ZT-S was found to
be mainly oxygen in amounts of 0.3 to 0.5%. Mass
spectrometer measurements indicated that after a

discharge the dominant impurity present was H20
(not D20), which is evidently escaping from the
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walls of the discharge tube. No high mass species
corresponding to hydrocarbons from O-ring seals
were observed.

Ideal MHD analysis of the magnetic probe data
showed that, by suitable field programming, the
desired stable configurations can be produced.
These favorable plasma-field profiles degrade due
to finite resistivity. A resistive tearing-mode,
stability analysis of the profiles indicates that
there can be unstable resistive modes at wave
numbers which are either stable or weakly unstable
according to ideal MHD theory. The resistive mode
analysis does not reveal any unstable modes at
radii outside the zero point in the toroidal
field. The nonideal MHD calculations indicate
that growth rates of the resistive modes are
slowed considerably by viscosity.

The encouraging scaling results have led to a
proposal to build a next generation reversed-field
Z-pinch experiment called ZT-40. During this year
the larger device was proposed, reviewed, and
given approval for construction. The basic
objectives of the new, larger (40-cm bore)
experiment will be (1) to extend the confinement
time to a few hundred microseconds, (2) operate in
a regime of low impurities so that the radiation
barrier 1is overcome, and (3) explore the
production and maintenance of the stable
configurations for both field programming and
self-reversal modes of operation. The experiment
is to have sufficient flexibility to allow
operation with field risetimes ranging from a few
microseconds to a millisecond, and for average
total current densities up to - 3 kA/cmz.

The present goal is to have the ZT-40 experi-
ment operating without power crowbars in calendar
year 1979. The power crowbars for sustaining the

fields will be added at a later date, in 1980.

B.  COMPARISON OF ZT-I AND ZT-S STABILITY RESULTS

One conclusion derived from the ZT-I results
is that pinch stable time is 1limited by the
diffusion of the magnetic field. All other

parameters being equal, 2T-S should have an




increased stable time proportional to the square
of the scaling factor S, assuming a simple
isotropic model for diffusion. S = 1.5 1is the
ratio of the minor bore of the ZT-S discharge tube
to that of the ZT-I tube. To obtain comparison
data, the gas filling pressure of 35 mtorr and the
rates of change of I¢ and ¢¢ (toroidal flux) were
approximately the same. The magnitude of I¢
scaled as S is 40 kA for 2ZT-I and 60 kA for ZT-S.
The streak photographs, ¢¢, B¢, and B¢ Fourier
cosine-sine probe traces shown in Figs. IV-1 and
IV-2 show that the stable time is increased by a
factor of approximately two. The Fourier probes
have an initial signal due to the 1/R effect of
the toroidal magnetic field, the 1larger signal
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t A | |

0 5 10 15
Time (L sec)

Fig. Iv-1.
Data obtained from ZT-I. Shown vs time are streak
photograph, toroidal flux ¢,, toroidal magnetic
field at the wall B¢, and fourier probe signals of
the plasma displacement.

SIN

ae— \/
I 1 | 1

o 10 20 30

Time (usec)

Fig. IvV-2.
Data obtained from ZT-S. Shown vs time are streak
photograph, toroidal flux ¢,, toroidal magnetic
field at the wall By, and fourier probe signals of
the plasma displacement.

"COS

obtained for 2T-S in Fig. IV-2 being due to an
increase in gain. 2ZT-I shows an unstable per-
turbation developing at ~ 13 us while the
equivalent time for 2ZT-S is - 28 us. This
increase in stable time then generally confirms
classical 82 scaling.

A further illustration of the reduced time
scale for diffusion is shown in Figs. IV-3, IV-4,
and IV-5. Again, in these experiments the rates
of change of I¢ and ¢¢ were approximately constant
for both cases. The magnitude of I¢ was 32 kA for
2T-I and 72 kA for 2ZT-S, and the bias field was
adjusted to give approximately the same compres-
sion ratio, as measured on streak photographs.
Figure IV-3 shows the poloidal magnetic field
profile obtained from 2ZT-I. From the slope it can
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Fig. Iv-3.
Profiles of the radial dependence of the poloidal
magnetic field for selected times in the ZT-I
experiment.

be seen that at 2 us in 2ZT-I, the toroidal current
density has penetrated to the axis and is uniform
Figure IV-4

shows that in 2ZT-S at least 5 us are required to

out to the pinch radius of 2.5 cm.

produce an approximately equivalent profile but,
even then, the toroidal current density is not yet
uniform out to the pineh radius. The maximum
current density occurs at - 2.5 cm, still well
away from the axis. Another indication of current
diffusion can be seen in Fig. IV-5, which measures
the 10% to 90% width of the rising portion of the
poloidal magnetic field profile. This technique
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Comparison of the sheath width measured in ZT-I
and ZT-S vs time.

is used to obtain a measure of the width of the

current sheet rather than attempt to take




derivatives of the magnetic field profile.
Figure IV-5 shows that during the implosion time
(- 3 pus) the approximate width of the current
density profile is the same for 2ZT-I and ZT-S.
Afterwards the profile for ZT-S is slightly wider.

For the same initial conditions in both
experiments, the sheath width and the diffusion
time of the toroidal current were greater in ZT-S.
However, for 2ZT-S the plasma electron temperature
is higher (~ 12 eV compared to ~ 7 eV for
comparable conditions in 2T-I). The diffusion
time of the reversed field should then be expected
to be even longer than calculated from geometrical
scaling. In comparing the B¢ traces shown in
Figs. IV-1 and IV-2 it is noted that the reversed
field has indeed taken 1longer to decay to zero
than predicted from 82 scaling.

The above work used spark gaps as crowbar
switches. Some additional work was done with
metal-to-metal crowbar switches,1 which were
located right in the feed plates that drive the
toroidal current. The metal-to-metal switches
themselves have an inductance of -~ 1 nH and the
inductance between these switches and the pinch is
quite small, In contrast, the spark gap crowbar
switches are located at the capacitor bank. The
spark gaps themselves have a higher inductance
than the metal-to-metal switches, and the spark
gaps are 1isolated from the pinech by a larger
inductance and resistance, which influence the
pinch current decay. A comparison of the current
vs time for the two crowbars 1is shown in
Fig. IV-6. Also shown are streaks obtained with
the two types of crowbars. The metal-to-metal

60 60
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(73
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o
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(a) {b)

Fig. IV-6.
Comparison of the toroidal current for (a) spark
gap crowbar and (b) metal-to-metal crowbar on
2T-S. The pinch behavior is shown in the streak
photograph below the current.

crowbar is very effective in reducing the electric
field at the surface of the discharge tube, which
at 7 uys is 117 V/m, compared to 670 V/m for the
spark gap switches. The most noticeable effect
observed with metal-to-metal switches [Fig.
IV-6(b)] is the reduction of 1light outside the
main pinch and an increase in the number of
bounces that can be discerned. The stable time
for this mode is - 32 us and the toroidal current

1/e decay time is - 40 us.

C. FIELD DIFFUSION AND IDEAL MHD STABILITY

The ZT-S results presented here have been
obtained with peak toroidal currents of 60 kA and
filling pressures of 18 or 34 mtorr of 90% D,
+ 10% He. The preionization voltage was 5 kV at
18 mtorr and 4 or 5 kV at 34 mtorr. The Y4-and
5-kV cases at the higher filling pressure are
referred to as low and high PI conditions, respec-
tively. The risetime of the toroidal current to
maximum amplitude was of the order of 6 us, and
that of the reversed toroidal magnetic field was
approximately 8 us.

Plasma radii defined as the radii containing
80% and 50% of the plasma kinetic energy are shown
in Fig. IV-T as functions of time for the high PI
condition. The corresponding result at 18 mtorr
indicates an 80% radius of 0.045 m and a 50%
radius of 0.035 m. The 18-mtorr radii remain
essentially constant for the 22-us duration of the
data analysis.

T 0.08 + + + 4—
= WALL RADIUS #19443
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2 006t
[a]
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o
g 004 1
=
)
P ¢
g I ]
- 002 34 mtorr
60 kA, HIGH PI
(o] + — —+ +
0 5 10 15 20 5
TIME (us)
Fig. IV-T.

Plasma radii containing 50% and 80% of the
transverse plasma kinetic energy as functions of
time.
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An estimate of the diffusion time of the
poloidal

comparing the value of the toroidal current den-

field in the two cases is obtained by

sity on axis with that of the highest current den-
sity in the discharge.
time is found to be of the order of 10 us at
34 mtorr and 12 ys at 18 mtorr.

The current penetration

The longer time
could be due to the higher electron temperature
observed at 18 mtorr.

In Fig. IV-8 are plotted the growth times of

the fastest m = 1 modes. These ideal MHD modes
are calculated on the basis of experimental
magnetic field profiles measured by means of
100 + | + +
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Fig. Iv-8.

Growth times of ideal m = 1 modes as functions of
time for three discharge conditions indicated in
the figure.
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internal magnetic probes. Each data analysis is
based on an average of five or six shots.

The ideal MHD stability results are similar
to those predicted in ZT-I at somewhat Ilarger
in the sense that the
discharges show favorable stability shortly after
the This followed by a

gradual deterioration of the stable field configu-

toroidal current densities,

implosion. phase 1is
ration until a gross instability is observed on
streak photographs as well as on the sine-cosine
probe signals. The observed stable configuration
time is approximately 20 us at 34 mtorr, high PI,
25 us at 34 mtorr, low PI, and 25 us at 18 mtorr.
Streaks at 34 mtorr, low PI,

drift of the

show a slow upward
This wupward drift

occurred in each of the discharges used in the

discharge.
stability analysis, and resulted in a gradual
shift of the measured magnetic field profiles.
The assumption of cylindrical symmetry was
therefore violated at late times thus requiring
the 34 mtorr, low PI analysis to be terminated at
17.5 us.
Figure 1IV-9 shows the
functions of time for the three discharge con-
ditions.
rising in time,

ficult to

poloidal betas as

The beta values are seen to be generally
thus making it increasingly dif-
the MHD stability of the

Plots of the plasma energy content as

control
pinches.
functions of time show that most of this increase
is due to a drooping of the toroidal current
rather than an increase in plasma internal energy.
The toroidal current decays by 20% during the time
interval shown,
beta.

resulting in a U40% increase in
The dips in the poloidal beta at 8 to 12 us
coincide with the appearance of a "halo” on the
streak photographs. This suggests that some of
the plasma kinetic energy is released to the wall
at these times. The affected region appears to be
near the outer edge of the pinch. The electron
temperature near the center of the discharge is
not noticeably affected by these dips.

The gradual deterioration of the MHD stable
time during the late phase of the pinches is due,
as in ZT-I, to the evolution of the magnetic field
configuration,
diffusion. An estimate of the parallel resistiv-

ity Wl responsible for this diffusion is obtained

which is believed to be caused by
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Poloidal betas as functions of time for the three
discharge conditions of Fig. IV-8.

by solving the generalized Ohm’s law in the linear

cylindrical discharge approximation

: =Esz+EeBe
] i, B, + 35 By ’

where E, B, and jJ are the electric field, the
magnetic field, and the current density,
respectively. The electric fields are obtained
from the time derivatives of the magnetic fields
and the value of the axial electric field is
inferred from the voltage applied to the experi-
ment. Figure IV-10 shows the parallel resistivity
profile obtained in this fashion during the time

} ) I
T t — T

# 19443
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5.5-95 ps

3
WALL
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0 002 004 006 008
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Fig. IV-10.

Parallel resistivity as function of radius during
the post implosion interval of 5.5 to 9.5 us, with
34 mtorr, high PI. Solid curve: as calculated
with the generalized Ohm’s law. Dashed curve:
value used in the MHD simulation.

interval of 5.5 to 9.5 us of the 34-mtorr high-PI
discharge condition.
The expression for the perpendicular compo-

nent of the resistivity,

Ez Be - Ee Bz " BZ

nl = - + U, —;
jz Be je Bz jz Be 1g Bz

contains the radial plasma velocity u,, which is
not directly available experimentally. If, how-
ever, a certain ratio of the perpendicular to the
parallel resistivities is assumed, then the gen-

eralized Ohm’s law can be solved for .
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Comparison of radial plasma velocity (a) and
toroidal current (b) as functions of time. The
plasma velocity is calculated for two ratios of
the perpendicular to parallel resistivities.
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Figure IV-13 shows classical electron
temperature profiles corresponding to the n“
profile of Fig. IV-10 and to a perpendicular
resistivity equal to five times Ty . The predicted
temperature is seen to be higher at the edge of
the plasma than at the center of the discharge.
This behavior is also present in the measured
electron temperature represented by the data
points in the figure. These temperatures were
obtained by Thomson scattering on discharges
having a slightly smaller radius than those used
during the profile measurements. Comparison of
predicted and measured temperatures shows that
under this mode of operation, the postimplosion

resistivity of 2ZT-S is close to classical.
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Fig. IV-13.

Classical electron temperatures as functions of
radius corresponding to the parallel resistivity
] of Fig. IV-10 and to a perpendicular
resistivity n aqual to 5 times n - Data points
are temperatures measured by Thomson scattering.

D. RESISTIVE MHD STABILITY

The stability of three ZT-S configurations to
resistive MHD modes has been investigated by means
of two codes written by Dibiase.2 The first code
assumes compressibility, resistivity, viscosity,
and thermal conductivity. The other, incompressi-
ble code includes resistivity only. The codes

have been modified to read experimental
distributions of the magnetic fields. As in the
ideal MHD case, the calculations have been re-
stricted to m = 1 modes. The configurations that
have been examined are the 60-kA, 34-mtorr, high
PI case at 5.5 and 7.5 us, and the 60-kA, 18-mtorr
case at 5.5 us.

Results for the two 34 mtorr cases are shown
in Fig. IV-14, The shaded areas are regions in
k-space (k 1is the wave number along the major
circumference of the torus) which are predicted to
be stable according to ideal MHD stability theory.
The regions immedIately to the left of the ordin-
ates may contain unstable modes localized near the
axis of the experiment, depending on the
reliability of the data near the magnetic axis.
The region located to the left of the two shaded
areas, in Fig. IV-14(b), contains slowly growing,
These ideal localized
modes are somewhat faster growing at 5.5 us.

Their growth rates are indicated by the dashed

localized Suydam modes.

curve in Fig. IV-14(a).

The results of the resistive mode analysis
are represented by the solid and dotted curves in
the figure. The s8olid curves are obtained with
resistivity and viscosity, and the dotted curves
with resistivity only. The value of the magnetic
Reynold's number in the first case was set at 100.
The resistivity was chosen to be uniform, so that
the results pertain to resistive tearing modes.
To assign a time scale to the calculated growth
times, a resistive diffusion time of 10 ys has
been postulated.

The results reported in the figure indicate
the presence of resistive instabilities at wave
numbers which are either stable or only weakly
unstable according to ideal MHD theory. The
growth rates of these resistive modes are
relatively slow, if one includes viscosity in the
analysis. The resistive mode analysis does not

reveal any positive-k modes. The same general
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Fig. IV-14.
Growth rates of m = 1 modes as functions of
longitudinal wave number k, (a) at 5.5 us, (b) at
7.5 us, with 3% mtorr, high PI. Dashed line:
ideal MHD, dotted lines: resistive modes, solid
lines: resistive modes with viscosity. The shaded
areas are fully stable according to ideal MHD.

behavior occurs for the 18-mtorr configuration.
However, the ideal modes have somewhat faster
growth rates, and the resistive modes have less
impact on the overall stability than in the first

two cases.
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E. TEMPERATURE AND DENSITY MEASUREMENTS ON ZT-S

1. _Electron Temperature

. omsgon Sca r . The electron temper-
ature in ZT-S has been measured by Thomson scat-
tering as a function of time at two radial posi-
tions, under the discharge conditions described in
Sec. C.

Figure IV-15 shows the electron temperature
at 1.5-cm radius of the 18-mtorr discharge. The
error bars are statistical error bars representing
the standard deviations of two or more shots. A
temperature of more than 10 eV 1s seen to be
maintained for 25 ps, the stable configuration
time of the discharge. The maximum electron
temperature is of the order of 15 eV.
Figure IV-15 also shows the time dependence of the
electron density on an arbitrary scale.
Instrumental scattering prevents an absolute

measurement of the density at this time. The
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Fig. IV-15.

Thomson scattering measurements of the electron
temperature (upper graph) and relative electron
density (lower graph) as functions of time at
1.5-cm radius. Arrows indicate the onset of an
instability on streak photographs. Filling
pressure, 18 mtorr.




slight dip in density at 12 pys might be related to

the appearance of the "halo™ on the streak
photographs., The temperature, however, does not
seem to be affected.

Electron temperatures for the 34 mtorr,

high PI case are shown in Fig. IV-16 at 1.5-and
3-cm  radii. Reasonably high temperatures are,
again, maintained for the entire 20-us duration of
the stable The

temperature is seen to be peaked initially at the

grossly discharges. electron
edge of the plasma and to become uniform towards
The

maximum temperature is of the order of 12 eV and

the end of the stable configuration time.

the subsequently uniform temperature is 7 or 8 eV.
As mentioned earlier, the temperature measured at

the edge of the discharge between 7 and 11 us is

34 mtorr, 60 kA, HIGH PI
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Fig. IV-16.
Thomson scattering measurements of the electron
temperatures at 3-em radius (upper graph) and
1.5-cm radius (lower graph). Filling pressure,
34 mtorr.
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in good agreement with the classical temperature
derived from the diffusion of the magnetic field.
Figure IV-17 shows a plot of the electron
temperature at 1-cm radius in ZT-I for a discharge
current of 36 kA with an 1i-mtorr filling pressure
of 80% D, + 20% He.

was somewhat higher than the current density in

The toroidal current density

2T-S, whereas the filling density was lower than
that of the ZT-S.
Comparison of the ZT-I with the 18-mtorr 2ZT-S
results shows an electron temperature increase in
ZT-S by a factor of 2.5.

18-mtorr discharges in

b. X-Ray Measyrements. The production of
higher energy x rays in 2T-S 1is of interest

primarily because any x-ray background can impair
the measurement of electron temperatures by the
differential method

at low

X-ray being used for

measurements of T plasma density

e

operation. On the basis of the data so far, as an
X-ray source,

ZT-I.

ZT-S does not differ grossly from

The emanations appear to occur in the 50-to

500-keV range, with the softer x rays coming
earlier, the harder coming later in the discharge.
Greater reproducibility is observed at pressure
> 10 mtorr. Signals tend to be extinguished by a
small ceramic probe on the axis of the machine.
Signals also are suppressed by as 1little as
0.7% N2 {mpurity gas added to the D,. At least a
few tens of gauss B, are needed for the machine to
produce x rays but yields continue with fields as
high as a few kilogauss. A local dc magnetic

field on the order of ten gauss, perpendicular to

7 —— + +— —+— + +
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E " / |
S 51 R
2 41 1
-
z 3‘L 4
o
o
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w
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Fig. IV-17.
Thomson scattering measurement of electron
temperature at 1-cm radius in ZT-1. Filling

pressure, 11 mtorr.
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the B, field, substantially reduces and alters
x-ray generation.

The time histories of x-ray yields for two
pressures, 19 and 35 mtorr, are shown in
Fig. IV-18. Traces were taken with a detector
sensitive to 1lower energy radiation, with a
preionization bank voltage of 5 kV, and a forward
B, of 0.1 T.

n ture. Jon temperatures were
measured on ZT-S using the Doppler broadening of
the HeII 0.4686-um line. The variation of T;
versus time is shown in Fig. IV-19 for two shots
at a filling ©pressure of 18 mtorr. Also
measurements of Ty for the same conditions but at

34-mtorr filling pressure yielded about 11.0 eV.

19 mT
X RAY -
05 V/div -
Ii |
30 kAsiv
] 1 |
No. 20587
35 mT
X RAY
0. V/div
IZ
30 kA/div

ZT-S

Fig. IV-18.
The time history of x-ray production in 2T-S for
two pressures of D, with a NaI type detector whose
shielding allows detection into the 1lower
(- 60 keV) energy range of x rays.
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No. 2060!
10 ,u,s/div—-

Tp (eV)

2_.. -
O
0 4 8 12 18 20 24 28 32 36
TIME [p8) —
Fig. IV-19,

Ion temperature vs time for I¢ = 60 kA,
B¢ = 0.059 T and P, = 18 mtorr.

These are averages radially since the observed
emission comes from a chord of the plasma. The
Stark corrections were made using the recently
obtained density measurements discussed in the
next section,

3. Electron Density.

urements were made using the coupled cavity Ashby

Radial density meas-

Jephcott interferometer at 3.39 u. Measurements
were made for 17 chords across the minor diameter
of the torus and the density profile then obtained
by an Abel inversion. A typical profile is shown
in Fig. IV-20 in the postimplosion phase of the
discharge. Assuming a reasonable density gradient
on the outside, this profile represents - 60%
fonization. The general indication of hollow
profiles agrees with other diagnostics, although
the return to zero on axis is probably an artifact
of the Abel inversion technique.

F. PLASMA IMPURITIES
esfidual s An r

Discharge. Mass scans of the residual impurity
gas in ZT-S were made with a Veeco GA-4 Vacuum Gas
Analyzer over the range from 10 to 300 mass units.
Although - 25 ion species were observed within the
range (logarithmic scale) of the analyzer,
approximately 95% of the total existed in 8 ion
types as 1listed in Table IV-I. Due to the
different sensitivities of the analyzer for
different gases, the relative peak heights are
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Fig. IV-20.
Density profile at 10 us after Z current of 60 kA
is applied; B, bias field is 0.06 T and the
filling pressure is 14 mtorr.

only a rough indication of the partial pressures
of the impurities.
TABLE IV-I
MASS IMPURITY ANALYSIS FOR ZT-S AFTER DISCHARGE

(Corrected for Impurities in Detector and

Auxiliary Vacuum Line)

Ion Mass Possible Peak Amplitude ¢ of
(Mass Units) Ion Identity (Relative Units) Total
12 c 2.1 1.7%

14 N, CH,, CD 6.1 4.9%

16 0, CD,, NH, 6.8 5.5%

17 OH, NHjg 2.6 2.1%

18 Hp0, ND,, CD3, CHy 82.9 67.0%

19 DHO 4.8 3.9%

28 Ny, CO 9.8 7.9%

32 0, 2.2 1.8%

Mass 18, probably water vapor, is the major
impurity. Notably absent in the mass scan were
high mass peaks above ~ 40 mass units. The
presence of heavy hydrocarbon molecules from
O-rings in the system was anticipated but was not
observed.

The same gases were detected before and after
the discharge with some minor shifting of relative
amplitudes--e.g., 0, was reduced from 5.3% to 1.8%
by the discharge and apparently combined with
hydrogen during the discharge period. The
amplitudes of the impurity peaks were increased by
a factor of ,i 4 by the discharge. These
impurities were probably released by discharge
bombardment during the initial stages of pinch
formation. This was also observed in the
spectroscopic impurity measurements described in
the next section.

The major impurity peaks are shown in the
oscilloscope trace (linear scale) of Fig. IV-21
obtained” in conjunction with the mass analyzer.
C, N, 0, OH, Hy0, Ny, Oy form the lines observed
with H,0 having the largest amplitude.

ectrogscopic Determinatjion o U]
Level During Discharge. Measurements were made of

the impurity content of ZT-S by adding known small
amounts of impurity gases to the discharge and
observing the increase in intensity of spectral
lines. The line observed for oxygen was the OIII
line at 0.3265 um.

At 34 mtorr there was found to be
0.35% oxygen present for a toroidal current of
60 kA and a bias field of 0.06 T. When the
filling pressure was 18 mtorr a percentage of
oxygen > 0.5% was found to be present. These
measurements were made with the magnetic field
probes inserted into the discharge. With the
probes removed, contrary to expectations, a higher
oxygen impurity of 1% was found. In each of these
cases the amount of oxygen contributed by
outgassing was only about 0.15% at 18 mtorr and
0.08% at 34 mtorr. The balance of the impurity
observed was removed from the walls during the
initial stage of the pinch discharge. As was
shown in the previous section, the major
contributor to outgassing from the walls was found
to be H,0.
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Fig. Iv-21.

Mass analyzer oscilloscope trace of residual gas
after discharge of 60 kA with 18 mtorr D2 filling
pressure, The H,0 peak exceeds the scope
deflection limit and is saturated. The 02 peak is
larger before the discharge and is evidently
dissociated and combined into OH, H20, and D2 by
the discharge.

This effect of having more impurities with'

the probe out than in was investigated. It was
found that about 3 em into the discharge the
transition in impurity concentration took place.
Calgulatjion urity Tolerance Limi-

tations for ZT-S and 2T-4Q. A potentially impor-
tant effect in the ZT experiments is the energy
loss by radiation from impurities. Impurity
ionization and line radiation losses can act as a
barrier to obtaining plasma temperatures above a
few tens of electron volts. Measurements of the
impurity content in the ZT-I and 2T-S plasmas have
been made and calculatfions have been carried out
of the power loss and the resulting effects on Te
and Ti'
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Radiation power loss was obtained with the
POWRAD computer code using the theoretical equa-
tions of McWhirter.3 A factor of 5 was inserted
into the 1line excitation rates to bring the
results in line with the more recent measurements
and calculations.” Results for the radiated power
are shown in Fig. IV-22 for typical ZT-S filling
density and fractional impurity (FI) level for
assumed electron temperatures ranging from 10 eV
to 50 eV. (The ordinate 1is proportional to
ng X FI and the abscissa is inversely proportional
to ne.) When the radiated power level exceeds or
equals the input power, the plasma temperature
falls or is fixed at that level. The results of
Fig. IV-22 show the first radiation barrier, which
is transcended only when Te exceeds ~ 30 to 50 eV.

If it is assumed that the ZT-S electron
temperature is ~ 10 eV, in approximate agreement

with the Thomson scattering measurements, and the

L 44

+ 36

1 28

RADIATED POWER IN J/m LENGTH /pus

T 2506V

R SRS e s T S SR PN

] 4 8 12 6 20 24 28 32 3¢
TIME (usec) (STARTING WITH Ol IMPURITY AT t=0)

Fig. Iv-22.
Radiated power in megawatts per meter length
computed with the POWRAD code fo an initial
plasma density n = 1.3 x 1015 em™2, compression
= 4, fractional impurity = 0.004 0, for the indi-
cated plasma electron temperatures.



plasma parameters are those deseribed for
Fig. IV-22, the energy loss rate is in good
agreement with the energy loss measurements
determined from probe data and pressure balance
shown in Fig. IV-23.

The theoretical effect of the impurity
radiation on Ty and T; was determined initially
using the IMPRAD 2 computer code which calculates
the time dependent plasma temperature resulting
from the opposing effects of ohmic heating and
Classical Spitzer

resistivity with effective Z modification is

impurity radiation losses.

assumed in the ohmic heating calculation and the
impurity losses are calculated as in the POWRAD
code mentioned above. Ion-electron energy
equilibration 1is also assumed to be classical.?
This code has now been revised to update the
ionization, recombination, and excitation
coefficients from the l0-yr-old McWhirter values.
The new code uses tabular values from the
Appleton Laboratory Tables and Graphs by H. P.
Summers. The functional dependence given by the

McWhirter equations is retained.

1B mtorr, 60kA

600 — —t— t ——t—t t—+
500 1 INPUT ENERGY T
€
~
2 400 T T
&
[ KINETIC + MAGNETIC
% 300 + i
i
200 T 4
100 + KINETIC T
o} bt +
0O 2 4 6 8 1012 4 16 1B 20 22 24
TIME (ps)
Fig. Iv-23.
Energy balance for I¢ = 50 kA, filling pres-

sure = 18 mtorr,

There are several factors which determine the
value of T, and Ty in these calculations. Factors
favoring high Te and Ti in general are:

a. Lower plasma density--to reduce the radiation
excitation and afford fewer particles to
divide up the ohmic heating energy.

b. High Current density--to increase the.ohmic
heating rate.

c. High initial Tg, or Tj,--from shock heating,
for example.

d. Low impurity levels--to reduce radiation.

e, Anomalous heating, beam injection, rf heating
ete. (These are not included in the analysis
here but may be of use in the future.)

In Tokamak systems the radiation barrier is
overcome because of the relatively low plasma
density. In 6 pinches, high initial T; assists in
passing over the barrier. In the ZT systems, the
best compromise among these parameters must be
found with compression ratios less than - 2.5 to
satisfy stability requirements.

Figure IV-24 shows the theoretical limiting
values of current density and plasma density for
selected fractional impurity levels obtained from
the revised computer code. To avoid having T, and
Ty fixed in time, rather than rising as ohmic
heating continues, it is necessary to have values
of current density and plasma density above each
parametric curve for the indicated fractional
impurity level shown in the figure. These results
are demonstrated for particular cases of plasma
density, current density, and fractional impurity
levels in Figs. IV-25 and IV-26 which show the

time-dependent behavior of Ty and T

e*
Figure IV-26 shows the effect of an assumed
initial ion temperature of 100 eV (e.g., shock
heating) on the time-dependent Tj and Te- For
this case, apprecfably higher values of initial
impurity can be tolerated.

The amounts of impurity that can be tolerated
for the operating conditions of ZT-S and the
expected conditions for ZT-40 are small but not
less than those obtained in other experimental
devi~::es.6"10

Experimental measurements of the radiation
loss from the 2ZT-S experiment are currently being
made. These results will be compared with losses
observed from balance

energy experimental
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Fig. Iv-24,
Plot of computed threshold electron and current
densities (for selected fractional fimpurity
levels) for which ohmic heating - radiation loss.
For j and ng above each parametric curve, Te and
Ti will increase with time.

measurements and the theoretical predictions

described above.

G. ENERGY BALANCE MEASUREMENTS ON ZT-S

The energy input inside the ceramic wall was
compared to the energy contained in the plasma and
magnetic field as determined from magnetic probe
data and pressure balance. These calculations
were made for two different pressures, 18 and
34 mtorr and peak I¢ of 50 kA. The 18-mtorr case
is shown in Fig. IV-23 and shows a large energy
loss rate of about 12 J/m/us. The ratio of plasma
to magnetic field energy gives a total B = 18%.
The 34-mtorr case 48 shown in Fig. IV-27 and it
shows an energy loss rate of . 25J/m/us during the
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Fig. Iv-25.

Plot of theoretical values of T, and Tj vs time
determined by classical ohmic heating opposed by
impurity radiation loss.
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Fig. IV-26.

Plot of theoretical values of T, and Ty vs time
determined by classical ohmic heating opposed by
impurity radiation loss with an assumed initial
ion temperature of 100 eV.

first 10 ys. The total B for the high PI case is
23%. The input energy shown in Fig. IV-27 is for
the high PI case.

H. ZT-40 TOROIDAL, REVERSED-FIELD Z-PINCH

1. _Geperal QObjectives. The next generation
experiment in the LASL toroidal Z-pinch program,
2T-40 (originally called ZT-P), was given final go
ahead approval by DMFE in December 1976. ZT-U40 is
a logical step up from the present reversed-field
2T-S device, and a primary objective of ZT-40 will

be to demonstrate confinement time scaling (up to
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Energy balance inside for I¢ = 50 kA, filling
pressure = 34 mtorr.

150-200 us) from the results of ZT-I and ZT-S. A
second objective will be to operate in a regime
clean enough to overcome the impurity radiation
barrier at Te - 15 eV and raise the temperature to
Ty = Tg ~ 100 - 200 eV. A third objective of
ZT-40 will be to determine the ranges of the
current and electron densities which allow the
production of MHD stable configurations. This
last objective relates to the projected size of
potential fusion reactors based on this approach.

A wide range of sizes and configurations was
considered for the 2T-40 device; the present
design (with R = 114 em and r = 20 cm) appears to
be a proper size commensurate with considerations
of scaling studies, manpower resources, available
plant facility, and funding allotments. It 1is
projected that the first plasma experiments on
ZT-40 will begin in the calendar year 1979.

2. Design. The basic design of ZT-40 is a
40-cm bore torus with plasma aspect ratio of 5.7.
The torus is fed at 12 points and has 12 magnetic
iron cores equally spaced about the torus. A
sketeh of the device is shown in Fig. Iv-28. A

fewer number of feeds would allow greater machine

access, but would mean a large developmental
program in high-voltage technology to attain high
reliability. The machine risetime is lengthened
by shorting a fraction of the toroidal feed points
and by series-paralleling the poloidal field
windings. Very slow operation can be attained by
energizing the field only with the power crowbar
bank.

The initial experiments on ZT-40 will proba-
bly utilize a ceramic discharge tube. Further
experiments with quartz and metal tubes are
planned if further studies indicate their use will
lead to cleaner discharges. The discharge tube is
located inside a 2-cm-thick aluminum shell which
serves as the primary conductor of a transformer
with the plasma 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. Figure IV-29 shows a
top view layout of the torus and the four pumping
stations. The four stations will each have three
small pumping apertures into the torus. Single,
large apertures must be avoided to prevent large
field perturbations inside the torus.

3. Machine Parapeters. The basic machine
parameters for ZT-40 are given in Table IV-II. A
more complete description of the engineering
details of ZT-40 is given in Sec. XV.
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Fig. 1v-28.

Schematic of the ZT-40 device.
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MAGNETIC CORE / TOROIDAL CURRENT FLANGE TABLE IV-II

ZT-40 PHYSICS DESIGN PARAMETERS

- - Major radius R =114 cm
! o & S U Minor vacuum chamber radius a = 20 cm
N N\, | X Gas fill (D2) p = 5-30 mtorr
lr Electron density ng = 1014_10160p"3
7 Iy it v ) Confinement time
P 1
— ! (assuming a2 scaling) T, = 150-200 us
FHNN\DES, Electron,
L] .
> ion temperature Te - Ty = 100-200 eV
/ ' —
NN Toroidal current I¢ < 150-600 kA
Mean toroidal
- current density Jp < 2 kA/cm?
N
Initial (toroidal) field §¢ = 0.2 -0,6T
Reversed-toroidal field %¢R =<=-0.5T
VACUUM PUMPING Poloidal field By = < 0.6 T
TATL -
S oN —tm— Range of plasma
ZT- 40 current risetime T =2.5us to -1 ms
Base pressure Py = 10"8 torr
Fig. IvV-29.
Sketch of the ZT-40 torus showing magnetic cores,
toroidal current feeds and vacuum pumping
stations.
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V. SCYLLA IV-P LINEAR THETA-PINCH EXPERIMENTS

K. F. McKenna, R. J. Commisso, C. A. Ekdahl, K. B. Freese,
R. Jones, R. W. Kewish, R. Kristal, W. E. Quinn, and R. E. Siemon

A. INTRODUCTION

The 1linear theta pinch 1is an attractive
alternate approach to a high-beta fusion reactor.
The advantages of this device are its ease of
plasma heating, high plasma beta and density,
demonstrated plasma equilibrium and neutral
stability properties, and simple geometric con-
figuration. However, in linear systems, particle
loss through the ends and heat loss by electron
and ion thermal conduction along the field lines
present a fundamental 1limitation on the plasma
confinement time which leads to reactor systems of
uneconomical length. In addition, the plasma
behavior and scaling in laboratory size devices
has not been clearly identified. Accordingly, in
order to obtain relevant reactor designs of
economical 1length, plasma loss from the ends of
the theta pinch must be significantly reduced and
the appropriate scaling laws established.

The Scylla IV-P 5-m linear theta pinch was
constructed to facilitate detailed studies of
linear theta-pinch physics. The present primary
objective of the Scylla IV-P experiment is the
investigation of particle and energy end-loss
physics and end-stoppering techniques.

Scylla IV-P became operational, with plasma,
in January 1976. Since that time the following
has been accomplished: (1) a large array of diag-
nostics have been installed and the hardware and
software required for interfacing the diagnostics
with the Seylla IV-P computer have been developed.
A Thomson scattering apparatus and a side-on HF
interferometer have been installed and are
currently being tested; (2) the plasma parameters
(Ti = 1-2 keV, n, = 15 x 1016 cm'3) and stability
characteristics at 10-mTorr D2 fill pressure and
45-xV primary bank voltage have been determined;
these measurements establish a reference basis for
subsequent experiments; (3) plasma end loss was
examined with an end-on interferometer which
responds to the electron density integrated over
the length of the observable plasma column, and

with internal magnetic field and pressure-

sensitive probes which respond to local conditions
within the axially flowing plasma near the coil
ends. The local measurements indicate that the
plasma flowing from the ends of the theta pinch
remains remarkably columnated (as opposed to rapid
radial expansion) while the internal magnetic
fields are significantly altered from their vacuum
configuration implying that the field lines are
"frozen” into the outflowing plasma; (4) initial
end-stoppering experiments using quartz end plugs
have been carried out. The results indicate that
the insertion of the plugs eliminates particle end
loss from the ends of the theta pinech and
increases the energy confinement time. The plasma
stability characteristics were greatly enhanced in
the presence of the plugs.

The planned near-term experiments on Scylla
IV-P 1include the following: (1) a continued
examination of the theta-pinch end-loss physics
with particular emphasis on the identification of
inward propagating area wave phenomena, electron
and ion thermal conduction effects, and particle
and energy end-loss scaling; (2) the detailed
investigation of the plasma-plug interaction using
solid end plugs of various materials in
end-stoppering experiments. Cryogenic frozen gas
and high—pressure puff gas injection end-plugging
schemes will also be studied; (3) electromagnetic
end-stoppering techniques such as the application
of multiple mirror fields and possibly moving
mirrors, will be investigated; and (4) the study
of plasma injection into the ends of the theta
pinch from coaxial plasma guns 1is planned.
Analytical and computer models of the end-loss and
end-stoppering processes are currently being

developed, to complement the experimental program.

B. EXPERIMENTAL ARRANGEMENT

An elevation plan view of the Scylla IV-P
theta pinech 1is shown 1in Fig. V-1. Rather than
stacking the energy storage capacitor-spark gap
units in conventional Scyllac—type racks, a three-
level hplatform structure 1is used where the

capacgtor units are arranged in clusters composed
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Figure V-1.
Elevation plan view of the Scylla IV-P device.

of nine capacitor units and one crowbar trigger
unit. This arrangement facilitates trouble
shooting and bank maintenance. The collector
plates and 5-m long compression coil are situated
on the middle platform level which also
accommodates the majority of the plasma diagnostic
systems. A photograph of the device is shown in
Fig. v-2, Operation of Scylla IV-P is completely
computer controlled. The computer also provides
for "on-line" data reduction.

1 jon Coil and Discharge Tube. The

5-m long, 11.2-cm diam. single turn compression
coll is fed by five collector plate (parallel
plate transmission line) assemblies, each assembly

being i-m wide and 3-m long. The energy from the

Figure v-2,
Photograph of the "front end” of the Scylla IV-P
device showing the 5-m compression coil and its
current feeds.
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capacitor bank is fed to the collector plates
through coaxial cables connected to close -packed
cable cartridges located on both the top and
bottom surfaces of the collector plates. The
quartz discharge tube has an 8.8-cm inside
diameter and extends 4.5 cm beyond the coil ends.
Each end of the discharge tube is contained within
a 20-cm—diameter, 50-cm-long quartz end bubble.
This configuration minimizes plasma-wall
interactions at the discharge tube ends and
provides access for optical and internal plasma
diagnostics.

. _Pri C ci Bank. The primary bank
consists of 600, 1.85-uF, 60-kV capacitors with a
total energy storage capacity of 2 MJ. Each
capacitor is connected to the collector plate by
its spark gap switch through six RG-17/14 coaxial
cables. The bank operating range extends from 40
to 60 kV and produces a magnetic field of 1.1
kG/kV with a quarter cycle time of 3.3 us. 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 a primary bank voltage of 45 kV which generates
a peak magnetic field of 50 kG and an initial
vacuum azimuthal electric field of - 0.6 kV/cm at
the inside wall of the discharge tube.

3. Preionization_(PI) Bank. The optimum
preionization bank configuration was determined
from an experimental study of the preionized
plasma parameters obtained with various PI bank
conditions. A PI bank consisting of five 0.7-uF,
75-kV capacitors charged to 55 kV was determined
to be optimum. A single capacitor is connected at
the rear of each of the five collector plate
assemblies by its spark gap through 6 RG-17/14
coaxial cables. The PI bank oscillates at . 500
kHz and produces a peak field of . 2 kG.

4. Diagnostics and pata Acquisition. The
diagnostics on the Seylla IV-P device have been
arranged to permit investigation of the plasma
parameters not only at the center of the plasma
column but also at various positions along the
coll axis and within the end bubbles located at
the coil ends. A schematic of the Seylla IV-P
diagnostic configuration is shown in Fig. V-3.
The central plasma column has been studied using

stereo viewing streak cameras, a 20-channel
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Figure V-3.
Schematic of the Scylla IV-P diagnostic configura-
tion.

luminosity detector, silver and scintillator
neutron detectors, and a diamagnetic loop-probe
system. A Thomson scattering apparatus and an HF
side-on interferometer are being positioned within
the central 1-m coil section. Axial variations of
the plasma parameters are studied with streak
cameras, neutron detectors and diamagnetic
loop-probe systems; In future experiments the
Thomson scattering apparatus and an additional
20-channel luminosity detector will also be used
to investigate axial plasma variations. The
behavior of the plasma flowing out of the
theta-pinch ends and into the end bubble regions
is studied externally with framing and streak
cameras and with total magnetiec flux loops, and
internally with pressure-sensitive piezoelectric
probes and magnetic field probes. The axially
averaged plasma electron density distribution is
obtained with a holographic ruby laser
interferometer which views the plasma column
end-on. A He-Ne coupled cavity interferometer has
been used to study the preionized plasma and is
currently being modified so that coupled cavity
density measurements can also be made during the
primary bank discharge. In addition to the diag-
nostics shown in Fig. V-3, monochrometers which
will permit spectroscopic plasma studies are being
installed. A side-on ruby laser interferometer,
to be used in the investigation of the plasma
end-plug interaction, has been designed and will
be implemented in the near future.

The Scylla IV-P computer monitored data
acquisition system consists of 24 biomation
channels and 48 Standard Engineering Corporation

(SEC) units. All the data collected by these

units are analyzed "on-line” by the Scylla IV-P
Prime 300 cohputer. All the bank monitors,
primary master gap, primary submasters, crowbar
masters, and PI master, are monitored with the
biomations and displayed on a hard copier along
with the corresponding time delays and the primary
bank waveform, quarter period and maximum fIeld.
The total magnetic flux loops, on one end bubble,
are also monitored on biomations. The SEC units
generally record the output from the diamagnetic
loop-probes, the Iluminosity apparatus and the
prompt neutron detectors. Other diagnostics are
either monitored on oscilloscopes or are
temporarily placed on the SEC units. The Thomson
scattering apparatus is self-contained, having its

own data acquisition and reduction system.

C. EXPERIMENTAL RESULTS WITHOUT END PLUGS

In order to determine the plasma parameters,
stability behavior, and end-loss characteristics,
which establish reference conditions for
end-stoppering studies, experiments were conducted
with the theta-pinch ends unobstructed. An
initial static fill pressure of 10-mTorr D2 and a
primary bank voltage of U45 kV were used in these
experiments. Before proceeding to the full
primary bank plasma studies, the properties of the
preionized plasma were investigated.

. Preionizatio Studies. Ideally, the
preionized plasma should be highly ionized,
radially and axially uniform, and impurity free.
Experiments were carried out to determine the pre-
ionization bank configuration which most closely
produced these optimum conditions. In these
studies the time-resolved plasma electron
inventory was determined with a side-on 3.39-u
coupled cavity interferometer, the plasma radial
uniformity was checked with an end-on ruby laser
interferometer, and the relative impurity level
was monitored using a monochrometer-
photomultiplier combination tuned to the 011
spectral line at 3973.3 &.

A summary of the results of the preionization
study is given in Table V-I where the PI bank con-
figurations, energies, and applied capacitor
voltages are listed along with the maximum

ionization expressed as a percentage of full
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TABLE V-I

PREIONIZATION EXPERIMENT SUMMARY

Number of Capacitor

0.7 UF Capacitors Voltage
(kV)
10 50
10 40
60
50

ionization of the 10-mTorr fill gas, and the

e-folding decay time from peak ionization .
Although a small degree of compression and
radial variation of the preionized plasma at early
times was indicated from examination of the end-on
ruby laser interferograms, the plasma was observed
to be highly uniform at times greater than a few
microseconds after the time of gas breakdown (8 to
10 us after initiation of the PI discharge).
Thus,
than

the measured ionization percentages greater
100% (Table V-I) obtained at the higher PI
bank energies cannot be attributed to errors in
reduction of the side-on coupled cavity data due
to plasma compression and radial nonuniformities.
The

results

electron most

wall

excess inventory probably
The

spectroscopic data also indicated an increase in

from impurity ionization.
impurity radiation level with increased PI bank
energy, the most significant increase occurring
the PI bank energy
6.3 to 8.8 kJ resulting in a factor of three jump

in the

when

was increased from

relative dimpurity intensity level. A
measure of the axial uniformity of the preionized
plasma was obtained from the axially arrayed
These data indicated

a more uniform axial distribution of the plasma

diamagnetic loop-probe data.

when the five capacitor PI bank configuration was
used.
As a of these

configuration

consequence experimental

results, a consisting of five
capacitors charged to 55 kV was chosen as an
optimum compromise between ionization fraction,

plasma uniformity and reproducibility, and

impurity minimization. This PI bank system was
used in all the experiments discussed below. 1In

these experiments the primary bank discharge was
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PI Bank Maximum Ionization Decay
Energy Ionization e-folding time
e (B

8.8 136 + 26 17

5.6 101 + 8 22

6.3 95 + 12 19

4.y 77 + 8 27

applied - 20 us after initiation of the preioni-
zation discharge.
. Primary D tabili

streak photo-

harge Plasm

Ch cteris . Side-on stereo
graphs of the primary discharge plasma were taken
at an axial position 17 cm from the coil midplane.
Figure V-4 presents typical streak pictures taken
at two different camera sweep rates. The upper-
most streak in each photograph shows the plasma
column viewed from the top of the theta-pinch coil
and an upward motion in this streak represents
The

upper streak in each photograph shows the column

plasma movement toward the coil feed slot.

viewed from the front of the coil and an upward
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Figure V-4.

Stereoscopic streak photographs of the Scylla IV-P
plasma column obtained at two different camera
sweep rates at an axial position 17 cm from the
coil midplane. The bottom streak in each
photograph shows the plasma as viewed from the top
of the theta-pinch coil and the upper streak shows
the column viewed from the coil front.




motion in this case represents a plasma movement
downward in the gravitational sense.

From examination of many stereo streak photo-
graphs the plasma stability time history can be
described as follows: (1) a damped m=2 oscillation
of the column is observed immediately after the
termination of the implosion phase; (2) the plasma
"wobble” or m=1 rotation begins . 4-5 us after
discharge initiation and never totally damps out;
and (3) the plasma exhibits a slight m=2
distortion at times t > 10 us. The initial m=2
oscillation can be clearly identified as a
rotating elliptical plasma cross section from the
streak photographs of Fig. V-l4a. The average
frequency of the rotation is 0.81 + 0.15 MHZ and
the instability damps out after 3-4 us.

The onset time of the m=1 wobble is 4.7 + 0.6
us. This 1instability 1is characterized by a
frequency of 0.42 + 0.05 MHz and a growth rate of
0.9 + 0.1 MHz. The wobble generally attains a
peak amplitude of . 2 cm, after which it begins to
damp out. Figure V-5 shows a time projection of
the wobble trajectory, reduced from the accompany-
ing streak photograph, where "in” on the {n-out
axls indicates motion toward the coil feed shot
and "up" on the up-down axis has the usual
gravitational meaning. The plasma column rotates
in the counter/clockwise direction, which is the

direction expected for ion rotation due to

f——20 ys———|

DOWN

Figure V-5,
Time trajectory of the plasma column, reduced from
the accompanying streak photograph.

end-shorting of the radial electric field in the
plasma sheath. A limited number of stereo streak
photographs were taken at an axial position 16 cm
from the end of the coil. These data, in con-
junction with simultaneous streaks taken near the
coil midplane, indicate that the amplitude of the
wobble increases toward the center of the coil and
that there is little phase shift between the two
axial positions, implying that the oscillation has
a nodal point near the end of the coil.

The presence of an m=2 distortion of the
plasma column at t > 10 us is also indicated from
the end-on holographic interferograms (discussed
below). However, since the interferometric
technique measures an axially integrated density
profile, whether or not the observed effect
results from a local m=2 distortion or a
distortion existing along the entire column length
cannot be resolved by this diagnostic. An
indication of the local behavior of the m=2
instability was obtained from the side-on,
20-channel, luminosity detector located 17 cm from
the coil midplane. Figure V-6 shows an end-on

interferogram, displaying the m=2 distortion at t
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Figure V-6.

End-on interferogram, displaying m=2 distortion at
t = 1.6 us, and the time history of the 1loecal
plasma column radius measured with the side-on
luminosity detector shown schematically.
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= 11.6 u8, and a time history of the local plasma
column radius measured with the luminosity
detector. Both data were obtained on the same
discharge. The luminosity data shows an increase
in plasma radius between 10.8 and 11.8 us,
consistent with the m=2 distortion indicated on
the interferogram. Such a correlation does not
abgolutely identify the 1local character of the
distortion but certainly does imply the existence
of local m=2 behavior of the plasma. In order to
clearly identify the nature of the 1local
distortion, a second luminosity apparatus has been
constructed and will be installed at 90 to the
original apparatus. This scheme will provide a
quantitative analog to the stereo streak camera
technique and provide a local two-dimensional
plasma profile.

a Averaged Plasma Measure-
ment. The spatial and temporal evaluation of the
axially averaged plasma electron density distri-
bution was determined with an end-on, 30-ns
pulsed, holographic ruby laser interferometer.
Figure V-7 presents a time sequence of plasma
column interferograms. Each interferogram was

obtained on a separate discharge and the entire

h6us

Figure V-7,
Time sequence of plasma column end-on interfero-
grams.
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8.8-cm diameter of the discharge tube was
illuminated by the interferometer laser light.
The fringe pattern on each interferogram was
digitized and reduced with software developed for
the CTR-PDP-10 computer. The results of this data
reduction scheme, which does not require that the
interferogram have a symmetric profile, give the
axially averaged peak density, total integrated
electron inventory, and a three-dimensional
isometric plot of the axially averaged electron
density distribution.

The time history of the axially averaged peak
density, ny, which does not necessarily occur on
the discharge tube axis, is presented in Fig. V-8.
A peak density of approximately 1.6 x 1016 cm'3 is
obtained at peak compression. The peak density
drops sharply with the decrease in the main field
and subsequently decays gradually to a value of
about 0.6 x 1016 em=3 prior to the column breakup.
The three-dimensional density plots corresponding
to the interferogram sequence of Fig. V-7 are
shown in Fig. V-9. The double density peaks ob-
served on these plots for t > 11.6 us are sug-
gestive of the m=2 distortion discussed

previously.

Ny (IO”s cm—s)

o.o L 1
o 4 8 12 16 20
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Figure V-8.
Time history of the plasma column peak density.
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Figure V-9.
Three-dimensional plots of the plasma column
density distribution.

. _Plaggpa Excluded Flux Megsurements. The
effective radius, rorp at which magnetic flux is
excluded from the plasma and the axial evolution
of rope have been determined from diamagnetic
loop-probe measurements. Seven loop-probe systems
are arranged along the discharge tube axis. With
z=0 defining one end of the 500-cm-long
theta-pinch coil, the loop-probes are located at z
= 17, 34, 51, 83, 117, 151, and 250 cm.

Figure V-10 presents the excluded flux
radius, Pogp VErsus time measured at each of the
seven axial positions, 2z, noted above, and
represents typical data. The excluded flux radius
varies smoothly in time at axial positions z > 83
cm. However, near the coil end significant
perturbations in the time evolution of r, e are
observed. Considering the data obtained at the
axial station nearest the coil end (z=17 cm),
three distinet "spikes” can be identified witi’l the
start of first spike at t = 4.9 3 0.4 us after
discharge initiation; the second and third spikes
begin at t = 8.0 + 0.4 ys and t = 10.6 + 0.3 us,
respectively. The first spike represents an

increase of 80 + 20% in the magnitude of Peff
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Figure V-10.
Typical time history of the plasma effective
radius obtained simu taneously by seven

diamagnetic loop-probe systems arrayed along the
discharge tube axis, and the main magnetic field
waveform. Z=0 defines the coil end.

measured immediately prior to the spike
initiation; the second and third ‘spikes are
generally smaller in magnitude than the first.
The inward propagation of the first spike ecan
usually be identified on the excluded flux data
taken at the z = 17-, 34-, and 51-cm positions,
while the second and third spikes are found to
decay beyond recognition at z > 34 em. The inward
velocity of the first spike, measured from the
time of arrival at each loop-probe location, is -~
1x 107 cm/sec, about a factor of 4 lower than any
characteristic plasma velocity. Although the
origin of these plasma perturbations is presently
unknown, it is of interest to note that the onset
time of the first spike at 2z=17 cm approximately
coincides with the observed onset time of the
wobble instability as determined from the streak
camera photographs.

The excluded flux radius measured at z = 250
cm is used in the plasma beta determination. From

Fig. V-10, at z=250 cm is seen to attain a

Peff
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value of about 0.6 cm for 2 us < t < 10 us. At
times greater than 10 us, the excluded flux radius
decays to the relatively low value of . 0.1 cm at
t=20 us.

5. Plasma Radjus and Beta Measuremepts. The
plasma column radius at an axial position 17 cm
from the theta-pinch coil midplane 1is measured
using a 20-channel side-on viewing luminosity
apparatus. The plasma radius data are combined
with the excluded flux data to yield the plasma
beta, assuming a Gaussian profile for the plasma
radial density distribution. Figure V-11 presents
the 1/e plasma radius and peak beta as a function
of time along with the plasma position, excluded
flux, and main field waveform. These data are
generated "on-line” and Fig. V-11 1is repre-
sentative of a typical plasma discharge. Although
the radius and beta data points display a large
degree of scatter, estimates of average values can
be made. The 1/e plasma radius attains an average
maximum value of about 1.2 cm at peak field and
then decays linearly to .~ 0.6 cm at t=20 us. The
average beta remains relatively constant at g
~ 0.7 for £t > 11 8, subsequently decaying to zero
at t = 19-20 us. The onset time of the plasma
wobble (m=1) and subsequent plasma oscillations
observed on the streak photographs are also

identifiable on the plasma position data.
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Figure V-11,
Plasma 1/e radius, centroid position, excluded
flux and main field, and beta determined from the
side-on 1luminosity apparatus and diamagnetic
loop-probe located 17 cm from the coil midplane.
Data for a typical plasma discharge.

74

6. Plasma Ion Temperature Measurements with
Neutron Djagnostics. In the Secylla IV-P experi-
ment, prompt measurements of the neutron emission
rate are normalized to total yield measurements to
provide an estimate of the ion temper‘ature,1 Ti'
The normalization for these measurements f{s
provided by time-integrated neutron yields
determined with silver-foil activation counters
constructed in the standard Los Alamos Scientific
Laboratory geometr‘y.2 Five counters are used, and
these are axially spaced 1 m apart with the first
counter placed 0.5 m from the coil end. The
counters have been calibrated in situ with a Pu-Be
neutron source placed on the discharge tube axis.
Observed yields are in excess of 108
neutrons/meter at the center of the theta pinch.

The prompt detectors, consisting of
lead-shielded scintillator-photomultiplier combi-
nations, are positioned at the same axial
locations as the silver counters. Yields derived
from prompt measurements have shown reasonable
agreement with silver counter yields at the same
locations., Extracting an ion temperature from the
prompt detector signals requires a knowledge of
the plasma radial density distribution and an
inversion of the expression for the volume emis-
sion rate as a function of Maxwellian temperature
Ti' The data analysis software currently in use
calculates the ion temperature, Ti' at each axial
position as a function of time based on the simple
approximation of a Gaussian radial density profile
with constant e-folding radius, a, and central
density, ny. An example of this "on-1line" data
reduction to T1 with a = 1.0 cm and n, = 1.6 x
10'® om=3 1s shown in Fig. V-12.

An alternative procedure is to rely upon the
reproducibility of the discharge and use the
radius and peak density obtained from end-on
interferograms. Plotted in Fig. V-13a are tem-
peratures calculated from the interferometric data
and the reaction rates measured at the times of
the interferogram exposures. These precedures
indicate a peak T1 Z 1.5 keV at about 3-4 us and a
decay to Ty = 1.0 keV at about 15 us, which agrees
well with the results obtained assuming a constant
density and radius. The fact that this method is

relatively insensitive to small errors in ny, and a
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Figure V-12,
Time history of main magnetic field and ion tem-
peratures obtained from on-line computer analysis
of prompt neutron detector array data. Each plot
shows the axial position, Z, of the detector,
where Z:=0 defines the coil end, and the total
yield measured by silver counters.
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Figure V-13,
Ion temperature time history based on; a) prompt
neutron detector data using plasma radius and
central density obtained from end-on interfero-
grams, b) pressure balance using beta determined
from interferograms and excluded flux data.

results since Ty is approximately inversely

proportional to /Ja n,. T

An independent estimate of the ion tempera-
ture is based on pressure balance in the plasma
column. The peak plasma beta, 3A (not necessarily
on the discharge tube axis), is calculated from a
direct measurement of the plasma effective radius,
L) and the plasma radius, a, determined from
the end-on interferometric data. Measurement of
the magnetic field outside of the plasma column,
B, 1is used with BA to compute the peak plasma
energy density, BABz/Svr, which by pressure balance
nAk(Te"'Ti)'
Interferometric data for the central density n, is

is the peak thermal energy,
used with Morse’s model3 for thermal electron
conduction to the theta-pinch ends to determine
the energy partitioning between electrons and
ions, and thus extract an ion temperature. The
time history of the ion temperature calculated by
this method is shown in Fig. V-13b.

A comparison of the pressure-balance tempera-
ture with that determined from the neutron diag-
nosties indicates very good agreement at early
times near peak magnetic field, but a large
discrepancy exists between these results at later
times. . Several possible causes for this
discrepancy are being 1investigated. It is
possible that the proximity of the prompt
detectors to the paraffin neutron moderators of
the silver counters results in a high background
gamma fluence from neutron-gamma interactions in
the moderator material during the discharge. This
possibility is amenable to experimental solution.
It is also possible that the electron and ion
energies are not partitioned according to Morse’'s
model at late times. However, even if all the
energy resided with the ions, there would still be
a large discrepancy in the two results. It is
also possible that the discrepancy results from
uncertainty in using the end-on interferometric
data to estimate plasma density and radius at the
center of the pinch. As noted earlier, the
neutron temperature 1is very nearly inversely
to m and ‘/_ .

pressure balance temperature 1is approximately

proportional However, the
inversely proportional to ny and a2, especially at
late times when BA is small. Thus the pressure
balance temperature is four times more sensitive
to errors in the radius than the neuvtron tempera-

ture, and twice as sensitive to errors in central
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density. Either a partial stagnation of plasma at
the ends of the coil, or ionization of impurities
in the end regions can lead to an axial and radial
electron distribution which tends to overestimate
the central density and radius at the pinch center

at late times.

D. PLASMA END LOSS STUDIES

With primary experimental efforts directed
toward the generation, containment and
stabilization of high—energy plasma in non linear
configurations, the fundamental 1limitation on
plasma containment in 1linear devices, namely
plasma end loss, has received little experimental
investigation. However, with the renewed interest
in 1linear theta pinches as possible reactor
systems, the problem of end effects must again be
recognized as the major and 1limiting factor
encountered in linear theta—pinch devices. The
detailed processes governing the end-loss event
have not been determined either experimentallyu'5
or theor'etically.6 Further, the applicability of
continuum MHD or collisionless particle theories
to the description and analysis of the plasma
end-loss process and the appropriate end-loss
scaling laws have not been clearly established. A
principle objective of the Scylla IV-P experiment
is to carry out more detailed studies of the
end-loss phenomena than have previously been
attempted, thus leading to a better understanding
of the end-loss physics and providing a base on
which analytical models can be developed.

1. _ _Interf tric Studies of Particle End
Loss. The particle end-loss time in linear theta
pinches has classically been obtained using end-on
interferometric techniques. An area integration
over the interferogram fringe shift profile yields
the total number of electrons within the path of
the interferometer laser beam at the time during
the discharge that the interferogram was taken.
If the plasma expands radially after flowing out
the ends of the device thus leaving the field of
view of the interferometer, as 1is generally
assumed, then the measured decay rate of the
electron inventory determines the particle loss
rate from the confines of the theta—pineh coil.
However, end effects such as wall ablation at the

ends of the discharge tube and the behavior of the
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plasma in the end regions can significantly
confuse the interpretation of the interferograms
assumed to be representative of only the confined
plasma within the coil region. An attempt to
identify the plasma behavior in the end regions
has been carried out on the Scylla IV-P theta
pinch and will be discussed below.

The total electron inventory obtained from
the interferograms, Fig. V-7, 1is plotted as a
function of time, after primary bank initiation,
in Fig. V-14, The crosshatching has been
introduced as a visual aid. The data were
obtained during the early stages of the Seylla
IV-P operation with plasma and therefore were not
taken under optimum conditions of discharge tube
cleanliness. A more precise 1interferometric
determination of the electron inventory time
history, with the theta pinch in a completely
“eclean” discharge condition, 1is presently in
progress. The data of Fig. V-14 do represent the
basic phenomenology of the Scylla IV-P particle
end-loss process. The general characteristies of
the inventory time history of Fig. V-14 are
identical to those observed on the 5-m linear

Scyllac device.5 Specifically, the total particle
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Figure V-14,
Time history of electron inventory determined from
end-on interferograms. The straight 1line is a
least square fit to data taken at times subsequent
to 6 us.



inventory 1s seen to remain relatively constant
for an initial period of approximately 6- to 8-us
duration before an exponential decay is observed.
The cause of this initial inventory plateau has
not been previously understood. For the data
subsequent to 6 us, a least squares fit yields an
inventory e-folding time of - 25 ws. This is
greater than expected from simple scaling with
previous experiments and can probably be
attributed to the large data scatter and the
initially unfavorable conditions of the discharge
tube.

2. Framping and Streak Capmera Studies in the
End-Bubble Region. Studies of the gas flow from
the plasma column into the vacuum vessels at the
theta-pinch ends have been carried out using both
short time exposure photography and a streak
camera. A Beckman-Whitley framing camera,
operating with a 10-ns exposure time, records the
plasma self-luminosity and the luminosity produced
from the plasma-wall contact at various times
during the plasma flow event. A TRW streak
camera, viewing the same end bubble as the framing
camera, records the spatial and temporal
development of the end region light for a period
of approximately 10 us after initiation of the
main discharge. The field of view of both cameras
encompassed the entire 45-cm length of the 20-cm
i.d. end vacuum vessel.

Figure V-15 presents a typical streak

photograph and several framing camera photographs

of the plasma flow into the end-bubble region.‘

Considering the streak photograph, two plasma
light fronts are observed to enter the end region
approximately 0.5 us after discharge initiation.
An initial vfast” front propagates through the
entire length of the end bubble attaining a final
velocity of about 0.9 x 107 cm/s; the initial
velocity (of - 0.8 us duration) is about 1.7 x 107
cm/sec. This fast 1luminous phenomena 1is also
identified on the framing camera photographs at t
= 1.1 and 1.6 us and appears as a diffuse
parabolie light front. The grainy light structure
appearing on the early time framing camera
photograph (t=1.1 us) 1is not plasma 1light but
"bleed-thru” on the image converter tube resulting
from the intense radiation generated by the plasma

wall contact at late stages of the end flow
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Figure V-15.
Streak and framing camera photographs of the
plasma flow in the end bubble region.

process. The initial fast front is believed to be
the result of an axially outward propagating
"shock” initialized during the plasma implosion
phase; the diverging magnetic field lines at the
theta-pinch ends generate a radial magnetic field

component, B which can interact with jo in the

’
imploding cu:;ent sheath resulting in a jOBr force
which accelerates particles into the end-bubble
region.

The second "slow"™ front appearing on the
streak photograph propagates into the vacuum
vessel with an initial velocity of about 0.7 x 107
cm/sec. This front rapidly decelerates and

stagnates at about 3 ws at a position
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approximately 20 cm from the theta-pinch coil end.
From the framing camera photographs, this second
front can be identified as a luminous ring
resulting from the plasma-wall interaction. The
temporal evolution of the end-bubble wall 1light
can be observed on the framing camera photographs.
The narrow band of light formed . 10 cm from the
coil end shortly after discharge 1initiation
propagates axially and continually broadens,
nearly filling the entire vacuum vessel for t > 13
us.

It should be noted that in dynamic plasma
events, such as the end flow process, the observed
light does not necessarily identify the mass dis-
tribution.? In addition, no conclusions concerning
the magnetic field distribution can be made from
observation of the plasma light. Experiments
designed to determine the transient plasma mass
and magnetic field distributions in the end
regions are discussed below.

3. Total Magnetic Flux Measurements in the
End-Bybble Region. The effect of plasma flow in
the end-bubble region on the magnetic flux
structure was determined using individual wire
loops which encircle an end vacuum vessel. Nine
loops were positioned 5 cm apart with the first
loop 5 cm from the coil end (Fig. V-15). The
axial distribution of magnetic flux, by in the
absence of plasma flow was measured on discharges
without gas (vacuum shots). The perturbed flux

distribution, ¢ resulting from the plasma-field

’
interaction wiihin the end-bubble region was
measured on plasma discharges with an initial
10-mTorr gas fill pressure.

Figure V-16 presents typical data for ¢p/¢v,
the ratio of total measured magnetic flux with
plasma flow to that obtained under vacuum
coﬁditions, versus axial position z within the end
bubble where z=0 defines the theta-pinch coil end
and -z values indicate positions external to the
coil. Values of ¢p/¢v < 1 indicate exclusion of
the magnetic fields by the plasma. For ¢p = ey
the axial distribution of magnetic flux 1is
identical for both plasma and vacuum discharges.
It should be noted that the condition ¢p = o, does
not imply that the internal magnetic field

structure is the same for both vacuum and plasma

discharges but is rather a measure of the total
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Figure V-16.
Evolution of ¢ /¢v, the ratio of total flux in the
end-bubble reéﬁon with plasma to that measured

under vacuum condition, ys axial position. 2=0
defines the coil end.

magnetic flux contained within the area defined by
the loop. Values of ¢p/¢v > 1 are obtained when,
at a given axial 1location, the plasma-field
interaction results in an 1increase in ‘total
magnetie flux over the value measured in the
vacuum case. This condition can exist in the flow
of a highly conductive plasma, where the magnetic
fields inside the plasma are "frozen in” and are
convected axially with the flowing plasma.

From inspection of Fig. V-16 it can be seen
that during the initial stages of the plasma end
flow event significant magnetic field exclusion
occurs in the end-bubble region. At early times,
t = 1.0 us, partial exclusion of magnetic flux is
observed at all axial positions |z|> 5 em.
Referring to Fig. V-15, a luminous band of 1light
is observed at }z| -~ 5 cm on the framing camera
photograph obtained at ¢ = 1.1 us. This luminous
band results from the interaction of plasma with
the end of the theta-pinch discharge tube which
extends - 45 cm from the coil end. It thus
appears that the plasma-wall interaction produces
a ring of plasma of sufficient conductivity to
partially prevent, at t = 1.0 ns8, the penetration
of magnetic flux into the end vacuum chamber. At
t = 2.0 us, Fig. V-16, partial flux exclusion is
obtained only at axial positions lzl > 15 cm.
Again referring to the framing camera photographs,
Fig. V-15, an intense luminous band, resulting

from the plasma wall interaction, is observed at



[zl = 15 to 20 cm and t = 2.6 us. The
conductivity of this luminous band of plasma could
again result in the exclusion of plasma at greater
axial positions (larger |z[). Accordingly, as the
region of intense plasma-wall interaction advances
along the end vacuum vessel the quantity of
magnetic flux excluded from the end vessel
decreases. The plasma-wall interaction region
stagnates at |z| ~ 20 cm and t ~ 3 us. However,
the magnitude of excluded flux continuously
decreases after this time with ¢p/¢v exceeding
unity for t > 5.5 us which indicates convection of
the magnetic fields ¥“frozen" into the axial
flowing plasma. For t > 5.5 us, ¢pﬁwv remains
greater than unity at axial positions between 15
and 40 cm. The experimental observation time is
presently limited to 20 us. The observed values
of ¢p/¢v at [z| = 40 and 45 cm are irreproducible
from discharge to discharge, probably a result of
the plasma interaction with the metal vacuum tee
located 50 em from the coil end, Fig. V-15.

4, Plasma End Flow Pressure Measurements.

In order to sense local plasma momentum flux,
diagnostics must be placed in direct contact with
the plasma. Piezoelectric pressure probes, which
are optimum for this measurement, have been
successfully employed 4in the investigation of
pulsed plasma discharges.®'7+8 In the Scylia Iv-p
experiment a small diameter pressure sensor was
used to determine the plasma momentum flux at
locations within the plasma near the coil ends.

A schematic of the piezoelectric pressure
probe is shown in Fig. V-17a. The probe consists
of a thin piezoelectric erystal sandwiched between
two 0.2-cm-diam quartz acoustical delay lines 52-
and 15-cm long. The longer quartz rod delays the
arrival of the plasma pressure signal at the high
electrical impedance (- 6MQ) piezoelectric crystal
by ~ 91 us, thus allowing the plasma discharge
noise transients to decay to an acceptable level
before the pressure signal is recorded. The
acoustically matched 15-cm~long quartz backing rod
at the rear face of the piezoelectric crystal
delays the arrival of the reflected (from the end
of the 15-cm-long rod) pressure pulse approx-
imately 54 us and thus defines the probe experi-
mental observation time. The crystal-delay line

assembly is mounted within a copper tube which is
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Figure V-17.
Pressure probe system and calibration waveform;
a) pressure probe schematic, b) probe amplifier
schematic, c¢) probe signature generated by a
reflected shock wave in the end wall of a shock
tube.

enclosed within a protective alumina sheath. The
signal from the piezoelectric crystal is carried
to a triax fitting at the probe end by a twisted
wire pair. The probe output signal is then fed
into an active capacitor unit which effectively
eliminates the crystal signal amplitude reduction
resulting from the capacitance of the crystal,
twisted wire pair and signal cables. A line
driver unit, shown schematically in Fig. V-17b, is
used to drive the . 45 m of 50-ohm cable between
the active capacitor unit and the recording
oscilloscope.

The pressure probe system, including the
probe unit itself and all associated electronic
components and cabling, was calibrated and its
response studied by using the constant pressure
increment generated by a reflected shock wave in a
simple gas dynamic shock tube. The pressure probe
system calibration factor is V/Ap = 0.11 + 0.006
volts/megadyne/cmz. The system response to the
reflected shock pressure jump 1is shown in
Fig. V-17e. The probe risetime is approximately
1.5 us, which is more than an order of magnitude
shorter than the time scale of the measured plasma
pressure signal, but too long to resolve the
detailed structure of fast transient phenomena.
The probe RC decay time is determined by the
parallel RC circuit in the amplifier unit and is
about 1600 us.
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The pressure probe was inserted axially into
the end-bubble region through a plate at the end
of the theta-pinch vacuum tee. Data were recorded
at axial positions z = -1, -6, -11, -16, and -26
cm, where z = 0 defines the end of the theta-pinch
coil and -z values again indicate positions
external to the coil. Radial measurements are
made by rotating the probe about an axis located
91 cm from the coil end and R=0 defines the
discharge tube center line. Figure V-18 shows the
probe response under various discharge conditions.
In the vacuum shot data record of Fig. V-18a, the
oscilloscope trace was triggered at main bank
time. The arrow labeled t, indicates the acoustic
delay time in the delay line between the plasma
and the piezoelectric crystal, again this is the
time required for a pressure pulse to be sensed by

the crystal. All electrical noise transients have

0 fo
us [

P Vacuum, No
(0.2 v/div) time delay
P
Va
(02 v/div cuum
P Plasma, Paobe
tip cappe
(02 vAdiv) P capp
i . Plasma
(0.2 vAdiv)

Z=~icm, R=0 cm

Figure V-18.
Pressure probe response within the end-bubble
region under various discharge conditions.
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decayed by time t . Figure V-18b shows a vacuum
shot pressure probe signature where the
oscilloscope trace is delayed 75 us from the time
of the main bank discharge initiation and the
sweep rate is 5 us/cm, which are the recording
conditions under which the plasma pressure data
are collected. From examination of thece data
trace, it can be seen that extraneous effects that
are not a result of local plasma pressure, such as
magnetic loading of the piezoelectric crystal and
discharge noise, are not present on the pressure
probe electrical response. An additional
perturbation to the pressure probe response can
result from plasma impact on the probe protective
alumina sheath; since the quartz delay line does
contact the O.4-cm-o0.d. alumina sheath at a
limited number of places, pressure impact loading
of the sheath can ©be transmitted to the
piezoelectric crystal. Figure V-18¢c shows the
pressure probe response to a plasma discharge when
direct contact between the plasma and the probe
pressure sensing tip is broken by a 2-cm-long,
0.6-cm-0.d. alumina cap friction fitted over the
probe tip. The small sinewave-like signal results
from pressure impact loading of the protective
alumina sheath and is easily subtracted from the
recorded plasma pressure data. A typical pressure
probe data record taken with 45-kV main bank
voltage and 10-mTorr fill pressure at z = - 11 cm
and R=0 cm is shown in Fig. V-18d. The "foot”

seen on the data trace preceding the first large

pressure spike results from impact loading of the
probe sheath and should be neglected.

Radial surveys of the end flow plasma
pressure distribution, recorded at z = - 6 cm, are
shown in Fig. V-19., The pressure profile measured
at any given axial and radial position is
characterized by either a single-pressure pulse of
10 ps or less duration as illustrated in
Fig. V-19a or a double-pressure pulse with a total
duration of > 20 us as shown in Fig. V-19b. The
amplitude and duration of the first pulse is
approximately the same in both cases. The
irreproducibility of the second pressure pulse is
believed to result from the off-axis displacement
of the plasma column due to the onset of the
wobble instability. Accordingly, the m=1

displacement not only affects the plasma column
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Figure V-19.
Radial pressure surveys at an axial position 6 cm
from the theta-pinch coil ends; a) typical single

pressure pulse data records, b) typical double
pulse data records.

position within the confines of the theta pinch
but also the distribution of axially flowing
plasma in the end regions external to the coil.
The pressure measured by the probe is
approximately equal to n[k(Te+Ti) + mivz] where n
is the local particle density, m; is the ion mass,
and v 1is the particle axial flow velocity.
Assuming that the sum of the particle thermal and
kinetic energies remains reasonably constant
during the axial flow process, then the measured
pressure 1is directly proportional to the 1local
particle density and the pressure profiles can be
interpreted as representing density profiles.
Considering the pressure records of Fig. V-19, the
significant decrease in measured pressure at
radial positions > 2 cm indicates that the plasma
flowing into the end vacuum chamber does not
immediately expand to the wall, as is usually

assumed, but rather remains highly columnated.
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Figure V-20,
Plasma end flow pressure profiles at a) t = 2.0 us
and b) t = 5 us.

This behavior is illustrated in Fig. V-20 where
the pressure profiles are plotted for the entire
flow field between z = - 1 and z = - 26 cm at two
different times. Again, owing to the risetime
limitation of the pressure probe, the detailed
structure of highly transient behavior cannot be
resolved and the profiles of Fig. V-20 therefore
represent the large-scale phenomenology of the end
flow event. Figure V-20 presents the pressure
data obtained during the early stages of the flow
into the end-bubble region. The broad radial
pressure profile recorded at z = - 16 cm 1is
associated with the axial driven "shock™ initiated
during the implosion phase and observed on the
streak and framing photographs of Fig. V-15 and
therefore does not represent mass flow from the
main plasma column. At axial positions closer to

the coil end, the plasma flowing from the plasma
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column does not exhibit a rapid radial expansion.
At later times, Fig. V-20, when the end flow is
fully developed and the initial shock front has
traversed the entire length of the end-bubble
region, a highly columnated plasma flow is
observed. The maximum 1/e plasma radius at z = -
26 cm, estimated from the pressure profiles of
Fig. V-20, is about a factor of two smaller than
the discharge tube radius and the 1/e radius at z
= - 6 cm is only about 50% greater than the plasma
column radius measured at the coil midplane.
These measurements clearly indicate that the
outflowing plasma does not expand immediately to
the vacuum vessel wall after leaving the confines
of the theta-pinech coil. In fact, 1little radial
expansion is observed within the 1limits of the
measured flow field.

As previously discussed, the time history of
the plasma electron inventory determined from
end-on interferograms (Fig. V-14) displayed an
initial period of relatively constant inventory
before an exponential decay was observed. This
initial plateau effect can now be understood from
the results of the end-flow plasma pressure
measurements. The interferometer responds to all
the electrons within the laser beam path. Since
the plasma flowing from the theta-pinch ends
remains columnated and therefore within the
interferometer field of view, no decrease in
electron inventory will be observed. The axially
flowing plasma is believed to expand radially in
the viecinity of the flux excluding metal vacuum
tees which support the end-bubble chambers
(Fig. V-15). Accordingly, the interferometrically
observed electron inventory remains constant until
plasma flowing from the main column interacts with
the metal vacuum tees and expands out of the
interferometer field of view.

The non-Gaussian nature of the pressure
profile measured at z = - 1 cm, Fig. V-20, for
times t > 4.0 us is not understood. Such behavior
could result from the off-axis plasma column
motion initiated by the m=1 wobble instability.
An alternative explanation is presented in the
analytical results of Wessons MHD end-flow
theor'y.9 Wessons model predicts that the speed at
which particles axially flow from the plasma
column is proportional to Cs(1-3)1/2 where Cs is
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the sound speed and B8 is the local value of the
plasma beta. Accordingly, particles would be
expected to be lost at a faster rate at off-axis
radial positions where the local § is smaller than
on axis. This "onion skin” effect has been

observed in collisional plasma end-loss experi-

ments.1°
5. Interpal Magnetic Field Probing in the
End-Flow Region. The evolution of the magnetic

field distribution in the end-bubble region was
determined using the magnetic field probe array
shown in Fig. V-21., The array consists of five
6.5-mm-o0.d. alumina-jacketed probes radially
spaced at 2.5-cm intervals. Each probe consists
of two pickup coils, one of which is oriented to
be sensitive to Bz and has an area {(NA) of about
0.5 cm2, and the other sensitive to the orthogonal
component (By or B,) and has an NA of about 0.75
cm2. The inductive risetime of each probe is less
than 10 ns.

Figure V-22 presents the vresults of a
preliminary analysis of the magnetic field probe
data where the B, field time histories have been
averaged over several plasma discharges. The
coordinate system is the same as that used to
display the pressure probe data. The solid lines
represent results obtained with plasma and the
dashed lines represent vacuum field data. Near

the coil end, z = - 6 cm, R=0, field exclusion is

Figure v-21.

Internal magnetic field probe array.
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Figure V-22.
B, magnetic field time histories within the end
bubble region.

observed but the characteristic structure of the
magnetic field 1is not significantly altered,
although a definite delay in the field arrival
time 1is observable in the plasma case. Further
down stream at z = - 16 and -26 cm, R=0, the
measured magnetic field with plasma greatly
exceeds the vacuum field value. This behavior not
only indicates that the field structure is changed
in the presence of plasma but also that magnetic
field is "frozen™ into the plasma and is convected
axjally with the gas flow.

The characteristics of the interaction
between the axially flowing plasma and the
magnetic field, neglecting the effect of magnetic
forces on the motion, can be described by the

vector magnetic diffusion equation given by,

B

t:nV2F+Vx(VXB'),

Q

where n 1is the magnetic diffusivity and V is the
plasma velocity, Considering the limiting
condition in the above equation where the plasma
is stationary, ; — 0, the evaluation of the
magnetic field can be seen to result from
diffusion into the conducting plasma which is
characterized by the magnetic diffusivity, n =
cz/u Mg, where ¢ is the plasma conductivity.
Conversely, in the flow of a perfectly conducting
fluid, o — o, no relative motion between the
magnetic field and the plasma exists. In this

event, magnetic fields outside the plasma will not

penetrate the gas and magnetic fields inside the
plasma are "frozen” in and convected with the
flow. The relative importance of the convective
process compared to the diffusive process is
indicated by the magnitude of the magnetic

Reynolds number which can be expressed as

where L is the characteristic system dimension and
V is the axial plasma flow velocity. When Rm >>
1, the magnetic fields external to the plasma will
not diffuse into the gas but any trapped field
will flow downstream with the plasma. For Ry, < 1,
the magnetic field structure will be unaffected by
the plasma motion. Considering the plasma end
flow from Scylla IV-P and taking as characteristic
flow parameters V - 107 cm/sec, L - 1 em and Te ~
100 eV, the magnetic Reynolds number is
approximately 103. Accordingly, the significant
field convection observed experimentally 1is
predicted analytically. Although this effect can
be derived analytically, it has not previously
been recognized in the treatment of the

theta-pinch end-loss problem.

E. INITIAL EXPERIMENTAL RESULTS WITH SOLID END
PLUGS

The loss of energy and particles from the
ends of 1linear theta pinches ©presents a
fundamental limitation in reactor applications for
these devices as well as for all open-ended
machines. Solid end plugs have been suggested as
one means of inhibiting the particle loss from
open-ended devices.11 In addition, recent
numerical calculations!? indicate that solid end
plugs may also enhance the plasma energy
containment time. A preliminary investigation of
this approach to end stoppering has been carried
out on the Seylla IV-P theta pinch and the results
are discussed below.

1. Experimental Apparatus. A photograph of
the solid end-plug apparatus 1is shown in
Fig. V-23. The plugs were cylindrically shaped
quartz, 5 cm in diameter and 3.8 cm thick. Each

plug was mounted on a quartz rod, and the entire
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Figure V=23,
Photograph of end-plug apparatus.

assembly could be retracted out of or advanced
into the discharge tube. For the results
presented below, the front face of the plugs was
inserted = 5 cm inside the theta-pinch coil ends.
2. End-Region Flow Studies. The phenom-
enology of the plasma flow in the regions exterior
to the theta-pinch coil ends was studied photo-
graphically and with the total magnetic flux
loops. Figure V-24 shows two time-integrated

photographs of the end bubble taken with and

WITHOUT PLUG

WITH PLUG

Figure V.24,
Time integrated photographs of 1light 1in the
end-bubble region with and without the end plugs
inserted. The camera aperture setting is the same
for each exposure.
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without plugs inserted. No light was observed in
the end vessel with the plugs inserted, indicating
the absence of plasma flow out of the ends of the
discharge tube. Additional evidence of ‘the
absence of plasma in the end vessel was provided
by the total magnetic flux loops that encircle the
end vessel and are arrayed along its length. The
data obtained from these loops on primary bank
discharges with no initial D2 fill were
essentially identical to the data obtained from
plasma discharges with plugs inserted.
Conversely, plasma discharges taken with the plugs
retracted yielded data that showed clear evidence
of plasma flow (Fig. V-16).

. Plasma umn Stability C ris .
Stereo-streak camera photographs (viewing from the
top and side simultaneously), taken at the coil
midplane with and without the plugs inserted, are
shown in Fig. V-25. In the streak photograph
obtained without plugs, Fig. V-25b, the plasma
column wobble instability sets in about 5 us after
initiation of primary discharge. The instability
saturates at an amplitude of approximately two
plasma diameters and then begins to damp. The
streak photograph obtained with the plugs inserted
shows the wobble onset. In this case, however,
the instability saturates at about one plasma

diameter and damps out more rapidly, resulting in

SHOT 1523
WITH PLUGS

SHOT 1525
WITHOUT PLUGS

e 38s —

Figure V-25.
Steroscopic streak photographs with and without
plugs inserted. The lower 1image in each

photograph corresponds to a top view of the plasma
column and the upper image corresponds to a side
view of the plasma.




a highly stable column. This effect suggests that
the plasma wobble may be stabilized by line-tying
at the plugs. The wobble onset time is ~ 1 us
earlier with the plugs inserted than without
plugs, as determined from streak photographs taken
at a faster sweep rate and the side-on luminosity
apparatus. Further, the plasma light intensity in
the streak photograph obtained with the plugs
inserted persists 20-30% longer than that obtained
without plugs.

4, Axjal Variation of the Plasma Effective
Radius. The plasma effective radius, Popp Was

obtained as a function of position and time by
measuring the magnetic flux excluded by the plasma
with the seven diamagnetic 1loop-probe systems
arrayed along the coil axis, z. Figure V-26
presents a comparison of roff at four axial
positions, with and without plugs inserted. As
can be seen, Pepp Was either the same or
maintained a higher value for a longer time with
the plugs inserted. This behavior was observed at

all axial positions, except that closest to the

plug (Az = 12 ecm) where the data were
irreproducible.
. Axi igti tron Y .

Figure V-27 presents a comparison of total neutron
yvield as a function of axial position, with and

without plugs inserted. In general, the presence
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Plasma effective radius as a function of time at
four axial positions obtained with and without the
plugs. The data are averaged over 15 plasma
darecharges.
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Total neutron yield along the theta-pinch coil
axis determined from silver foil activation
counters. Arrows indicate detector positions
(L=coil length). The data are averaged over 23
discharges.

of the plugs has little effect on the yield; there
is some observed increase in yield at the ends of
the coil. Neutrons produced in the beam-target
interaction of plasma deuterons impinging on
deuterium molecules adsorbed on the plug could be
a possible explanation for the increase in yield
near the ends. However, a crude estimate of
beam-target neutron yield gives = 107 neutrons per
shot, which is insufficient to account for the
observed yield increase.
Ti Evglua £ the Plasma E

Dengity. The plasma energy per unit length at the
coil midplane, lazﬁABz/Sl, was determined from the
diamagnetic loop measurements and estimates of the
plasma radius obtained from the side-on luminosity
apparatus. The time history of the central energy
line density obtained with and without the plugs
inserted is shown in Fig. V-28. The energy line
density maintains a higher value for a longer time
Further, the

instantaneous decay rate (slope of the curve) is

when the plugs are inserted.

less when the plugs are inserted. This 1is
especially evident at late times.

. P a Plu ction. The plugs
showed very little visible damage after 29 plasma
discharges; the surface being slightly glazed with
small pit marks barely visible to the naked eye.
Assuming that all the plasma energy deposited on
the surface of the plugs goes only into ablating
the plug material, then the depth § to which each
plug should be eroded per discharge is given by,
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Plasma energy per unit length (= a2 By BZZ/Sm
where a 1is the plasma radius determined from
side-on luminosity measurements) as a function of
time, at the coil midplane. Data averaged over 15
discharges.

5o 3 Ny k(Te+Ti)L
=2 - -,
4 n EAB

he)

where n, and np are the plasma particle density

and the plug molecular density respectively, Te +

Ti is the central plasma total temperature, L is
the plasma column length and EAB is the plug
material ablation energy per molecule. Taking ny,
= 2.7 x 1022 cn™3 and Epg = 10 eV/molecule, then §
Z 0.5 em for the Scylla IV-P plasma parameters.
Since the erosion observed after 29 discharges is
drastically less than that indicated above for one
discharge, energy absorption or loss mechanisms
other than ablation dominate the plasma-plug
interaction. The ionization of ablated plug
material and energy-loss mechanisms such as
radiation, cross field diffusion, and charge
exchange could significantly reduce the energy
deposition at the plug surface.

A theoretical effort has recently begun in
Group CTR-6 to analyze the phenomena resulting
from the plasma-plug interaction. A one-
dimensional Lagrangian hydrodynamic and heat flow
code has been developed which permits the study of
the evaluation of ablated plug material and its
thermal interaction with the theta-pineh plasma

11

column. Basically, the code results show that

the ablated plug material forms a thermal barrier
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between the plasma and the cold plug by virtue of
the reduced thermal conductivity in the higher Z
material. An upper limit on the end-plug Z number
is obtained from qualitative considerations of
radiation losses. This energy loss mechanism is
not presently incorporated into the hydrodynamic
code. However, preliminary theoretical indica-
tions are that end plugs can significantly
increase the theta-pinch energy containment time
by eliminating particle loss and by forming a
layer of lower conductivity material at the ends
of the plasma columns.

8. _Summary of Solid End-Plug Experjments.
Some preliminary observations can be made from the
results of the initial end-plugging experiments.
In the presence of the plugs: (1) the flow of
plasma out of the device ends is stopped; (2)
plasma stability is enhanced; (3) the duration of
plasma luminosity increases 20-30%; (4) the plasma
effective radius increases and its decay rate
decreases; (5) the total neutron yield is not
appreciably affected; and (6) the plasma energy
line density at the coil midplane is increased in

magnitude and duration.
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VI. GUN INJECTION EXPERIMENT

J. E. Hammel, I. Henins, J. Marshall, A. R. Sherwood

A. INTRODUCTION

The Gun Injection Experiment was undertaken
as a part of the Secylla IV-P program, with the
purpose of developing the injection of plasma into
a linear 6 pinch. The kinetic energy of the gun
plasma would be converted into thermal and pv
energy during injection resulting in a cylinder of
plasma with a temperature, hopefully, of several
hundred eV and a density in the 1015 range. This
would take the place of the similar plasma
generated 1in the wusual 6 pinch by implosion
heating. Injection would have an advantage over
implosion heating in that It would not require
high-voltage insulation inside the blanket of a
reactor. The injected plasma would have to be
high 8, i.e., it should nearly completely exclude
the field. 1In principle this can be achieved by
virtue of 1its high conductivity, the magnetic
field being pushed aside by plasma pressure. In
order for high-f injection to take place, the stag-
nation pressure of the gun plasma (pv2) must be at
least as large as the magnetic field pressure
(B2/87) and the injection conditions should be
such as to produce a reasonably thin sheath
separating plasma from magnetic field. Many
injection experiments in the past have produced
low=- B 1injected plasmas apparently because the
sheath thickness was larger than the plasma radius
so that the whole plasma was sheath. The
conditions leading to excessive sheath thickness
are not well understood, but apparently they can
be overcome to some extent. The investigation of
this problem is one of the main objectives of the
experiment.

The injection experiment was designed to mock
up the Seylla IV-P conditions reasonably well with
a 20-cm-diameter vacuum envelope surrounded by a
slow-pulsed solenoid capable of operating at
fields up to ~ 20 kG. The solenoid can be up to
4 m long so that propagation into the 5-m-long
Scylla IV-P machine can be approximated. Assuming
a density of 5 x 1015/cm3, a temperature
Te = Ty = 500 eV, with an injected plasma radius
of 5 em filling the entire 5-m length of the

88

6 pinch, and noting that the plasma stream has to
provide additional energy to open a cavity in the
magnetic field, one finds that about 60 kJ of
plasma energy will be required, assuming 100%
efficiency. In fact, some of the gun plasma will
probably be flowing in the wrong direction for
injection, some will be reflected, and some might
pass entirely through the 6 pinch and be lost on
the far side. All of this implies that the gun to
be used with Secylla IV-P will probably have to
provide a total plasma energy in excess of 200 kJ.

It was decided to use standard LASL O-pinch
technology for the gun energy storage bank, i.e.,
60-kV capacitors with a Scyllac-type spark gap on
each capacitor. The bank of 100 capacitors was
constructed giving a nominal energy storage of
300 kJ at 60 kV. Since normal operating voltage
for these systems is more often U5 kV than 60 kV,
the practical energy storage of the bank is really
about 200 kJ. Provision was made in the collector
plate for the connection of 100 additional
capacitors if that should appear to be desirable.
The gun was designed as a modest scale-up of the
gun used in the "Birdseed" series where guns
powered by explosive generators were flown in
high-altitude rockets to inject plasma into the
ionosphere. The present gun is 1.5 m long by
30 cm diameter, with a 10-cm-diameter center elec-
trode. The electrodes are made of copper and the
insulation is high alumina ceramic arranged in an
inverse pinch configuration. The gun valve is of
' which

has been employed on previous guns. A schematic

the compressed rod/exploding plug design

diagram of the apparatus is shown in Fig. VI-1.
The 1initial experiments are to study the
properties of the gun plasma and its injection
into the solenoidal guide field. Investigation of
the properties of the gun plasma itself is
necessary because the present gun is operating at
a higher voltage (45 kV) than has been used in
previous LASL deuterium guns (typically
10 kV).2 For these experiments a short "see-
through” coil was built with slots between turns

so that interferometric measurements of plasma
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Fig. VI-1.
Schematic diagram of gun experiment.

density could be carried out in the injection
region. During the period covered by this report,
experiments have been carried out only with the
see-through coil.

The results are described below organized

according to the diagnostic employed.

B. EXPERIMENTAL RESULTS

The following diagnostics have been employed
on the experiment: gun current and voltage,
3.39-um He-Ne coupled cavity interferometry,
0.63-um He-Ne dual beam fractional interferometry,
calorimetry, fast image-converter photography,
single and double frame holographic interferom-
etry, diamagnetic flux exclusion measurements,
magnetic field probing, and neutron detection.

1. Gun Cuprent and Voltage Measurements. The
gun has been operated in two different modes,
determined by the firing delay after gas injection
into the electrode space. The fast mode cor-
responds to a delay of 300 us and the slow mode to
360 us, both with a plenum filling pressure of 14
bar. The fast mode current trace is characterized
by a peak of 800 kA and a longer period, while the
slow mode has a peak current of 1.3 MA as shown in
Fig. VI-2. The different behavior is controlled
by the gas distribution when the voltage is
applied to the electrodes. The longer delay
allows more gas to get to the breech and appar-
ently allows the current to start closer to the

breech (insulator). This would, of course, have a
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Gun current, voltage, and energy input. Gun
firing delay: (4) 360 us, (B) 300 us after valve
opening.

lower inductance and therefore higher current
discharge.

2. Single Beam Interferometry. The infrared
coupled-cavity interferometer was unable to follow
the density fluctuations in the plasma stream even
at the 6-MHz modulation frequency, but it in-
dicated that plasma was flowing from the gun for
as long as 35 us.

The fractional fringe interferometer showed
that the plasma density fluctuations come in
pulses as short as 100 ns. The average line
density along the interferometer beam transverse
to the plasma flow was as high as 8 x 1016 cm"2
These very rapid variations might be caused by
very short plasmoids or by a narrow plasma stream
moving sideways across the interferometer beam. A
two-beam interferometer was installed in an effort
to measure plasma velocities by identifying
features of the plasma stream and following them
as they proceeded from one beam to the next. The
plasma front velocity was measured to be about
2 x107 cm/s, but the density features were too ir-
regular to give precise velocity measurements.

3, Fast Framing Photography. The Imacon im-
age converter framing camera was placed to give a

side view of the plasma emerging from the gun.
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The field of view was from the gun muzzle to about
40 em downstream, and the framing rate was 1 MHz.
These photographs showed a 1light plume emerging
from the gun about 5 us after the current starts.
This increases in intensity and then disappears in
another 5 us. Thus the light does not correlate
with plasma density as measured by the interferom-
eter, which peaks in 15-20 us and lasts about 40
us.

4 olographi terferometry.

a, Single Frame. At first, a single frame,
double-pass interferometer was constructed using a
ruby laser at 0.69 um., The field of view was
approximately 25 cm in diameter and was placed to
observe the plasma entering the first 10 cm of the
B, guide coil.
gun muzzle. Typical interferograms for the slow
mode (400-us delay in this case) and the fast mode
(300 ms) with Bz = 10 kG are shown in Fig. VI-3.

The coil face was 22 cm from the

The holograms are taken about 2 us after the

Gun Muzzle

Fig. vI-3.
Holographic interferograms of gun plasma taken 12

us after gun is triggered. Firing delay: (A) 400
us, (B) 300 us after valve ogening. B, = 10 kG.
Sensitivity is 1.6 x 1017 per fringe.
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plasma first emerges from the gun. Each fringe
shift is equivalent to a 1.6 x 1017 on=2 change in
area density. In the longer delay case the plasma
forms a dense small diameter rod on the axis that
persists throughout the discharge, whereas, in the
short delay case the plasma remains diffuse with
irregular pinching in random positions. Qual-
itatively this is also observed in integrated
light photographs. Later the interferograms show
a large density build-up on the walls of the coil.
The interferograms, in general, are very irregular
and therefore no inversion to obtain actual
densities has been attempted.

b, Double Frame. In order to make plasma
velocity measurements from interferograms, two
successive closely spaced Iinterferograms are
needed on the same plasma shot. Therefore a
double-pulse, single-pass holographic inter-
ferometer3 was assembled with the help of CTR-8.
With this technique two holograms of the same
scene can be taken with a time separation as short
as 100 ns. The field of view was increased to
about 35 cm. The velocity measurements again are
not precise because plasma features are diffuse
and exact positions in each interferogram are
difficult to determine. The best estimate of the
plasma velocity from these measurements is
(1.5 to 2.5) x 107 ca/s.

During these measurements the gun was placed
at 22 cm and at 40 cm from the Bz field coil. The
plasma behavior was similar in the two cases
except there is less plasma stagnation visible
against the magnetic field in front of the coil
for the Y0-cm case. With gun operation in the
slow mode (360 us delay) the plasma condenses in a
stream about 2 cm in diameter with densities of
several times 1017 em~3 on the axis as shown (at
12 us) in Fig. VI-4, and at later times large
densities are observed at the coil walls. In the
fast mode of operation (300-us delay) the plasma
is more diffuse and can be kept away from the coil
walls by increasing Bz to over 13 kG.

Magnetic Field ux Measgureme .

a. Excluded Flux. If the B of the injected
plasma is known, then the plasma area can be ob-
tained by the usual method of excluded flux mea-
surement.

To make this measurement, a compensated

flux loop was placed on the outside of a



Fig. vI-4.
Double frame holographic interferograms of gun
plasma taken 12 us after gun is triggered. Firing
delay is 360 ns after valve opening. (B) is taken
300 us after (A). Sensitivity is 3 x 10V ™2
per fringe.

20-cm-diameter quartz tube which was then placed
inside the Bz field coil. The compensation keeps
the output signal balanced during the risetime of
the Bz field. The magnetic field pickup was a
narrow loop that completely surrounded the plasma,
thus minimizing errors caused by the plasma being
off center. A check for electrostatic noise
pickup was made with a single wire antenna
alongside the loop, and it was found to be
negligible. Figure VI-5 shows an example of the
plasma diamagnetic signal in the slow gun firing
mode with background Bz = 10 kG and the guide
field coil 40 cm from the gun muzzle. The peak
diamagnetic signal 1is equivalent to a 9.0-cm-
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Typical excluded flux from gun plasma with

B, = 10 kG. Gun delay: (A4) 360 us, (B) 300 us
after valve opening.

diameter B =1 plasma, and the equivalent peak
transverse plasma energy then is 3.2 kJ/m. The
interferograms taken at the time of the peak
diamagnetic signal show a plasma density on the
axis of the field coil of about 6 x 10'® cm™3 with
a diameter of about 8 cm. Using this density with
the above transverse plasma energy gives a
transverse ion temperature of 45 eV, if all the
energy is assigned to the ions.

The diamagnetic signal lasts for about 5 us,
then has a break where the signal abruptly
decreases and reverses, The reversal of the
diamagnetic signal implies an increase of magnetic
flux inside the diamagnetic 1loop, even though
probe measurements show that flux is being
excluded from a substantial area by the plasma.
The most 1likely explanation for this "para-
magnetic” effect is that the inside of the fused
quartz liner is being heavily bombarded, and a
secondary plasma is formed there., This plasma,
with its pressure contained on the outside by the
quartz tube, expands away from the tube toward the
axis, entraining magnetic flux and compressing
field so as to produce a net increase of flux
inside the loop. This picture is supported by the
following evidence: 1) Image converter pictures
show the quartz liner becoming very bright at the
time of the break in the diamagnetic signal; also
holographic interferometry shows a dense plasma
near the wall at this time and after. 2) It
appears that charge exchange on neutral gas
beyond the gun muzzle is a principal cause of the
liner bombardment. Fast ion gauge measurements of
the gas distribution show an ample amount of gas
at the 360-us gun-firing time to account for a
large interaction with the gun plasma. 3) The
diamagnetic loop, with the short (300 us) delay,
shows a much smaller paramagnetic signal. This is
consistent with the smaller neutral gas density
beyond the gun muzzle when the gun is fired with
the short delay. 4) At magnetic field strengths
above 10 kG, and with the short delay, the
paramagnetic signal is entirely eliminated, This
implies that at least a portion of the wall bom-
bardment is due to direct gun plasma interaction.
Interferograms also detect no wall plasma when the

magnetic field is above 10 kG.
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Field Pr . Two movable mag-
netic probes were inserted from the rear of the
vacuum tank. Each of these probes, designed to
measure changes in the Bz guide field, consisted
of two coils 10 em apart in the axial direction.
Originally a 9-mm-diameter quartz envelope sur-
rounded the coils, but when that could not survive
the plasma bombardment it was replaced by a
{-cm-diameter alumina tube. These probes could be
be moved both radially and axially. On axis they
show complete flux exclusion lasting for about
10 us. Flux exclusion was observed out to a
radius of about 5 cm, which is in agreement with a
8 = 1 plasma radius calculated from the excluded
measurements. The velocity of the first magnetic
disturbance measured by these probes was
2.5 x 107 cars.

6. Neutron Measyrements. Neutron measure-
ments were made with calibrated detectors, a
silver activation Geiger counter system for
time-integrated yield, and a time-resolved scin-
tillation detector. Very few neutrons are pro-
duced in the long gun delay mode. In the short
delay mode there is a small signal, originating
near the breech, shortly after gun current starts,
but the bulk of the neutrons originate beyond the
gun muzzle following the emergence of plasma. The
total neutron yield has been as high as 8 x108,
with a typical number about half of that. The
yield is quite variable, and increases somewhat
with increasing guide-field strength.

ime . A large, 50-cm-diameter and
90-cm-long, calorimeter with a 30-cm-diameter
entrance hole was constructed so it could be
placed either behind the guide field coil, or,
with the coil removed, directly in front of the
gun. With the calorimeter 30 cm in front of the
gun muzzle the collected energy was 150 kJ in the
360-us gun delay case and 165 kJ with the 300-us
gun delay. The total energy of the plasma passing
through the 50-cm-long guide field coil (placed
40 cm from the gun muzzle) was measured by placing
the calorimeter about 10 cm behind the coil. 1In
the longer gun delay case the collected energy was
about 85 kJ and no significant difference was
observed between B, = 10 kG and B, = 0. 1In the

short delay case, the energy decreased from 50 kJ
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at B, = 0 to 35 kJ at Bz = 10 kG and to 20 kJ at
Bz = 17 kG.

C. SUMMARY AND PLANS FOR FURTHER INVESTIGATION

The experiments so far do not amount to a
satisfactory demonstration of gun injection to
provide a 6-pinch preplasma. Several things have
interfered. One 1is that the present physical
arrangement is not ideal, The gun is of larger
diameter than the entrance to the guide field.
This results in a substantial fraction of the gun
plasma being directed at the end of the coil or
outside of it. This plasma is not available for
injection, and under some conditions can appar-
ently bombard the coil or the quartz liner and
interfere with measurements. Another shortcoming,
which contributes to the bombardment problem, is
the design of the see-through coil which is wound
as a simple solenoid with no increase of turn
density at the end. Thus about half of the flux
through the center of the coil passes out through
the winding before reaching the entrance end. The
result is a reduced blanket of magnetic flux
between the plasma and the end of the coil, which
is inadequate to protect it from fast plasma ions.
These difficulties could be alleviated by the use
of a larger diameter solenoid at the entrance to
the guide field, and by providing a larger number
of turns per unit length near the end.

The large amount of gas found beyond the gun
muzzle was a surprise. It indicates a highly
supersonic gas streaming velocity from gas inlet
to coil entrance. This is probably associated
with the 1large amount of high-pressure gas
admitted by the valve, higher in this scaled-up
gun than in smaller guns because of the larger
energy. The charge exchange and wall bombardment
interfered seriously with diagnostics of the
plasma entry phenomena. The short see-through
coil intended for the study of plasma entry
phenomena was not long enough to study propagation
along the guide field, or to remove diamagnetic
loops far enough from the entrance so that wall
bombardment effects would cease to interfere.

Another problem has been the limited diameter
of the field of view of the holographic interfer-

ometer, which was not really large enough to cover

all of the gun plasma. Thus there was no clean



region outside of the plasma for establishing zero
fringe displacement. It would be difficult to
remedy this problem because of limited window size
in the vacuum chamber, and because of problems in
obtaining straight fringes in very large fields.

It may be possible to use single beam
time-resolved interferometry far from the gun muz-
zle when a long guide field coil is installed.
This will aid considerably in interpretation.

It would be desirable in the future to
install the full 4 meters of guide field original-
ly planned, and to enlarge the diameter of the
entry section. This can be arranged to have a
gradually increasing field strength, so as to
allow plasma compression by conversion of trans-
lational kinetic energy into adiabatie
compressional energy, as has been demonstrated at

the Kurchatov Institute.

Problems of charge exchange and wide range of
plasma velocities, typical of guns of the type
used here, can probably be reduced by going to
deflagration guns as developed by Cheng.u It is
not plain how Cheng guns scale up to high ener-
gies, but there is some thought of trying to do

this with the present installation.

REFERENCES

1. I. Henins and J. Marshall, Rev. Sci.
Instrum. 40, 875 (1969).

2. J. Marshall and I. Henins,
Plasma Physics and Controlled _Nuclear Fusion
Research, Vol. II, International Atomic
Energy Agency, Vienna, 1966, pp. U4l49-U461.

3. W. T. Armstrong, P. R. Forman, Appl. Opt.
16, 229 (1977).

4, D. Y. Cheng, Nucl. Fusion 10, 335 (1970).

93



VII. SCYLLA I-C, LASER-PLASMA INTERACTION STUDIES
W. T. Armstrong, E. M. Little, K. F. McKenna, and E. L. Zimmermann

A, INTRODUCTION
The Scylla I-C meter-long theta pinch has
1017 cm'3), independently

produced, target plasma column in a laser-plasma

provided a dense (ne -

interaction experiment incorporating a CO,, cold
cathode, gain switched laser., Over the last year,
this experiment has studied ©both classical
(heating, refraction) and non classical (stimu-
lated backscatter) interaction effects.'’? The
goal of this study has been to provide basic ex-
perimental information on an alternate method of
plasma heating.

Machine characteristics of the theta pinch
002 laser have been previously r'epor'ted.3'q The
002 laser has reliably produced > 150-J pulses
with . 50% of this energy in the first 60-ns FWHM
spike. The beam is focused to a 2-mm diameter (F
= 3m) at - 10 cm into the theta-pinch coil.
Refraction of the axially directed 002 laser beam
out of the plasma was observed when the plasma
column had an on-axis density maximum. A forward
bias field of . 1.8 kg was applied and the resul-
ting on-axis density minimum (diameter -~ 4 mm)
provided adequate refractive containment of the
beam.

A variety of diagnostic systems were
developed and employed to investigate the
independent plasma and beam parameters as well as
to study the beam-plasma interaction. A schematic
layout of the experimental and diagnostic arrange-
ment is shown in Fig. VII-1. The laser parameters
were monitored as follows: 1) calorimeter -
incident energy; 2) photon drag detector -
incident pulse shape; and 3) monochromator with
pyroelectric vidicon detector - incident spectrum.
The plasma parameters were studied with: 1) ruby
holographic interferometer - electron density; and
2) double monochromator for plasma spectroscopy -
electron temperature. 1In addition to these plasma
diagnostics, additional equipment was used to
study the interaction: 1) calorimeter - transmit-
ted beam energy; and 2) monochromator with photo-
voltaic detectors - backscattered beam spectrum.

Further, less important diagnostic studies
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Figure VII-1,
The schematic layout of the Scylla I-C
laser-plasma interaction experiment.

ineluded: 1) exit beam burn patterns; 2) streak
photography; 3) excluded flux measurement; and U4)
reflected beam energy calorimetry.

The laser-plasma interaction experiment was
concluded in October 1976 in order that a
reverse-field experiment be initiated on the theta
pinch.5 Basic data analysis and interpretation is
presented in this progress report with a more

complete report projected in the near future.

B. INTERFEROMETRY

Single-pass holographic 1eterferograms were
initially taken of the forward-biased plasma
column over the range of 100-500 mTorr fill pres-
sure. The 002 laser focusing mirror was removed
allowing a full 3.6-cm-i.d. discharge tube, field
of view. The desired on-axis density minimum (for
002 laser refractive trapping) was observed over
the above range of fill pressures. A decrease in
longevity of the density minimum at higher fill
pressures restricted the 002 laser timing to a
nominal 1.2 us after main field initiation. Rep-
resentative interferograms at this time are
displayed in Fig. VII-2. High fringe density and
refractive shadowing generally made data reduction
difficult.
which showed clear fringes and from which peak and

Typically one chord was available

on-axis densities could be measured. On-axis
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Figure VII-2.
End-on interferograms of plasma column with bias
field at 1.2 us. Field of view is the inside
diameter (3.6 cm) of the discharge tube.
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Figure VII-3,
Plasma density and temperature as measured from
interferometry and plasma spectroscopy.

density values are shown in the parameter plot of
Fig. VII-3.

The 002 laser focusing mirror restricted the
ruby interferometry beam to an elliptical field of
view with a 2-cm major axis. Interferograms with

this field of view were taken at 100, 250, and 400

mTorr fill pressures (standard fill pressures used
throughout the experiment). Study of these inter-
ferograms as late as 3.5-us delay time, with and
without 002 laser firing, showed no 002 laser
effect discernible above the shot-to-shot varia-
tions.

In order to improve interferogram analysis at
the higher fill pressures, some additional
interferometry methods were employed. The first
these utilized a unique double pulse technique6 in
which differential interferograms were produced
with a pulse separatfon of 0.5 us. Late time
interferograms demonstrating this technique are
shown in Fig. VII-4., Although differential inter-
ferograms proved effective in reducing the fringe
density at higher fill pressures, strong refrac-
tive aberrations restricted any improvement in
observation of 002 laser~plasma interaction.
Incorporation of a Nicol prism7 enabled this
double pulse technique to be extended to a double
frame mode of operation. An example of two inter-
ferograms taken on the same plasma shot using this

technique are displayed in Fig. VII-5.

I -2.6p1,1223.2m
1j=2.6us , 12=3.2us

Figure VII-4.
Conventional interferograms at 2.6 s and 3.2 us
with the differential interferogram corresponding
to these two times. Vertical field of view is 2.0
em. (Ppyjy; = 100 mTorr).
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Figure VII-5,
Double pulse interferograms of single plasma
discharge at 1.6 us and 2.2 us with Ppi1 = 100
mTorr. (Square image is reference beam. Scene
beam represents - 2.0 cm field of view.)

A second method pursued in order to decrease
the strong refractive aberration was doubling in
frequency of the ruby laser. The limiting factor
in the performance of this system was found to be
the absorption by the achromatic lenses at 3472 3.
The best recording product was found to be Kodak
type 131-02. In Fig. VII-6 a comparison is made
of 100-mTorr interferograms using 69“3-3 radiation
and 3472-f radiation. Although the principle of
reduction in plasma refractivity is proven at 100
mTorr, the poor beam uniformity limited the use of

this technique at higher fill pressures as well.

C. PLASMA SPECTROSCOPY

Efforts in spectroscopic temperature analysis
of the plasma centered on relative line intensity
measurements and ionization rate measurements of
impurity ions. A double monochromator observation
system was employed. In order to avoid the rather
low, fluctuating, naturally occurring impurity
level, a small amount (0.5 %) of CHy or N, was
introduced during the D2, static filling of the
discharge tube. The set of lines studied were C;p
(6580.5 K), Cpp (267.1 R), Cpyp (4069.0 &), Cry
(5801.3 &), Cry (4658.3 &), Nypp (4641.3 R), Nyrp
(4379.1 8), Npy (4057.8 R), Ny (4603.7 &), and Ny
(4944,6 K). These lines were studied for 100-,
250-, and 400-mTorr fill pressures and at 14 cm and
42 cem into the coil.

Carbon 1line intensity

2

6943 %

3472 X

Figure VII-6.
A comparison of interferograms taken with the

fundamental  (6943-8) and doubled  (3472-R)
frequencies of the ruby laser beam. Discharges
were taken at 1.2 us with 100-mTorr fill pressure.
(Masking and enlargement have been performed for
comparison purposes. Horizontal field of view is
2.0 cm.)

histories, both with and without 002 laser firing,
are displayed in Fig. VII-7 for 250 mTorr fill

pressure. The effect of the 002 laser is seen as
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Figure VII-T7.
Crysy Cr17y and C line intensity traces for
ng-mTorr fill pressure without and with CO, laser
firing. Time-of-arrival (TOA) of the subsequent
stages, as used in the ionization rate code, are
indicated.



the ion stages are burned through with a resulting
decrease in line intensity.

The use of 1line emission ratios from
subsequent stages for Te measurement was hampered
by the lack of equilibrium of ground state
populations and by radial temperature variations
The most convenient 1line
ratio is the Cpy (5801.3 )/Cpyy (4069.0 &) ratio

since the excitations of these lines are both

after 1laser firing.

dependent on the CIv ground state population.
This measurement leads to ~ 7.6 eV (250 mTorr) and
5.4 eV (400 mTorr) at 1.2-us delay time (time of
laser firing). Estimates of Te through the use of
an 1ionization rate code (time-of-arrival of
subsequent stages, carbon data, E.C.I.P. rate
coefficients) gave . 20 eV (100 mTorr), - 13 eV
(250 mTorr), and ~ 7 eV (400 mTorr) at 1.2 us, and
are shown in the parameter summary of Fig. VII-3.
The time-of-arrival (TOA) of the subsequent carbon
stages at 250 mTorr are indicated in Fig. VII-T.
This analysis has proven to be the more acceptable
and these temperatures are used in subsequent
calculations. This rate code is presently being
modified to also accept nitrogen data and should
then be capable of Te estimates after laser

firing.

D. CALORIMETRY

Seventy cm from the coil exit end, a ~ 17-cm
diameter wire screen was placed to reflect part of
the transmitted CO, laser radiation into a calori-
meter. The transmitted energy measurement results
for 100-400 mTorr fill pressure are shown in
Fig. VII-8 for an incident energy of 150 J. These
values indicate a transmittivity of 27% to 5% over
the above pressure range. Backscattered energy
measurements give . 0.6 J which can be attributed
to stray machine reflection. The stimulated back-
scatter energy was found to be only a small
fraction of this amount.

An absorption length,[ can be inferred

’
from the exit energy iZiorimetry for an
exponential attenuation, I = Ioexp(-x/ﬁgbs) of the
002 laser beam in the plasma. This observed
absorption length is compared in Fig. VII-9 with
the classical, inverse bremsstrahlung absorption
length calculated, according to Dawson’'s r'esults,8

with the measured density and temperature values.
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Figure VII-8.
Transmitted energy calorimetry measurements for an
incident laser energy of 150 J.
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Figure VII-9.
Absorption length as inferred from density and
temperature measurements and as inferred from
transmitted energy calorimetry measurements.

A discrepancy is observed at high and low fill
pressures. Sidescatter out of the plasma column
is believed responsible for the low calorimetry
absorption length at low fill pressures.
Sidescatter can be interpreted as a failure of the

shallow on-axis density minimum to completely
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refractively trap the laser beam as it re-expands
after having passed its focal point. At higher
fill pressures the majority of the absorption
takes place before the beam re-expands.
Accordingly, one would expect that sidescatter
losses would be reduced and that non linear
absorption or bleaching along the column would
result for such rapid absorption. This bleaching
effect may be responsible for the observed large
calorimetry absorption length at the higher fill

pressure.

E.  BACKSCATTER SPECTROSCOPY

Infrared backscatter measurements were
directed towards studying stimulated brillouin
scatter.9 The diagnostic system used a HgGeTe
photovoltaic detector (PV1) situated at the exit
slit of a 0.5-m dispersing monochromator. The
monochromator used a 1507l/mm grating to give an
instrument resolution of 10-2 HWHM with a 200-w
entrance slit. The viewed backscatter was
collected by the annulus of the 002 laser focusing
mirror (0.3°- 2.49). A second HgGeTe photovoltaic
detector (PV2) was used, in addition, to monitor
the integrated backscattered signal. The para-
metric backscatter signal was characterized by
it’'s appearance at the expected shifted frequency
(P-20 + Wigr €8 10.5915 u» + 50 2) and by a time
profile suggestive of material-threshold
attainment. In particular the parametric back-
scatter signal had a single, strong pulse
occurring within + 15 ns of the incident beam’s
peak power. This compares with only the short
focal length experiments of others. 10 In
Fig. VII-10, typical related data are displayed on
two succesive shots (250 mTorr) in which stimu-
lated backscatter occurred on the second but not
the first shot. The incident power (photon drag
detector) is shown on the bottom trace of each
display, while the top trace is (in order) Ez,
spectrally integrated backscatter signal (PV2) and
spectrally resolved backscatter signal (PV1, + 514
g). The two shots demonstrate the main difficulty
in the backscatter study; an intermittent shifted

backscatter signal. It should be noted that the

incident power, -~ 10'0 w/em®, is above the
calculated power threshold, -~ 109 w/cmz, for this
parametric scattering. In addition, the
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Figure VII-10,
Time profiles of incident CO, laser pulse (photon
drag detector), By, spectrally integrated back-
scatter signal and spectrally resolved backscatter
signal. A discharge without and with stimulated
backscatter is shown.

instability, for the plasma parameters at 250
nTorr fill pressure, is in the convective regime
with a gain length of - 7 cm. The probable causes
for intermittency, which are being examined,
include: 1) power variation due to a limited
focusing region (lfocus ~ 10 em); 2) threshold
variation owing to laser heating; and 3) couplipg
variation due to axial phase mixing of the
incident and backscattered radiation from Faraday
rotation ([far Z 5 em for 450 rotation).

With the 002 laser operated at its peak
output of . 200 J, the shifted backscatter signal
occurred on an optimum 80% of the shots. In this
operating regime a normalized, spectral scan of
the shifted backscatter radiation was made at 250~
mTorr fill pressure with scanning steps of - 5.2
X. The results are shown in Fig. VII-11. The
peak in the scan falls at ~ + 51 A with respect to
the incident P-20 wavelength, while the - 10-2
HWHM compares with the instrument resolution of -
10 X. The shift in frequency compares favorably
with the corresponding ion acoustic frequency if,
in fact, an expected local laser heating of the
electrons of -~ 40 eV occurs. The implied signal
width of 10 K is considerably less than that
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Figure VII-11,
Scanned wavelength profile of stimulated backscat-
ter signal,

10 and is indicative of an

reported elsewhere
expected lower damping rate of the scattering
process at these plasma densities.

An attempt to measure a power threshold for
the shifted backscatter was also made with a fill
pressure of 400 mTorr. A large shot-to-shot
variation was found in the ratio of backscatter
It is felt that this

variation is a manifestation of the already

power to incident power.

observed intermittency in backscatter occurrence.
These data are being further analyzed to determine
if the evident lower cutoff of backscatter is due
to the expected power threshold or to detector
limitations.

F. SUMMARY

Due to the time constraints placed on
completion of data collection, only preliminary
data analysis has been performed. Full analysis
of all data is presently in progress and is
expected to appear in a report in the near future.
The general tentative, results of the experiment
can be given as: 1) simple inverse bremsstrahlung
absorption does not alone account for the observed

energy transmission; rather refractive effects and

nonlinear absorbtion must be inferred; and 2)
stimulated Brillouin scatter has been observed but
with different characteristics than are observed

in similar experiments elsewhere; these

differences are probably due to the different

plasma conditions in this experiment.
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VIII. FIELD REVERSAL THETA PINCH

R. K. Linford, W. H. Borkenhagen, D. A. Platts,
E. G. Sherwood, and K. S. Thomas

A. INTRODUCTION

Numerous investigators of the theta pinch
have studied the plasma produced with a reversed
or negative bias field but until the results of

Eberhagen and Grossmann'

and Kurtmullaev and
co-workers,2 the reversed field has been destroyed
within a few microseconds of the implosion. These
fairly recent results not only show much greater
stability than earlier experiments, but also
greater stability than predicted by MHD theor'y.3
The Eberhagen and Grossmann results are typified
by a dense (Vv 1017 cm‘3) warm (v 50 eV) plasma
that was eventually destroyed by a rotational m =
2 1instability about 25 us after the implosion.
The lower density ("'1015 cm'3) Kurtmullaev plasma
is warmer (Ti ~ 80 eV, Te ~ 1 keV) and displays no
instabilities during its 50 us lifetime which is
limited by the crowbar decay. This result could
have an important impact on the end-plugging of
mirror machines and theta pinches.

The major problem with trying to extrapolate
these results to larger more "interesting" systems
is that the cause of these unique results is not
understood either theoretically or experimentally.
The "stable” configuratfon is formed by the bias
and implosion field lines connecting near the ends
of the theta-pinch coil. (See Fig. VIII-1.) The
resulting closed field lines and confined plasma
have the same topology as a toroidal Z pinch with
an elongated cross section and with no stabilizing
toroidal field. Careful studies of previous ex-
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periments do not yield any requirements for

8-FIELD

PLASMA

Fig. VIII-1.
FRTP plasma configuration.
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the stability of this configuration. In some
cases the results are in conflict. In other cases
the measurements are not sufficient to understand
the results. More work is clearly needed in this
area.

The Field Reversal Theta-Pinch (FRTP) program
at LASL was begun to further investigate the
apparently conflicting results and to determine
the applicability of the reversed field con-
figuration to the end-plugging of mirror machines
and theta pinches. Two facilities are being
converted to aid in the study. The RHX (see Sec.
IITI in this report) was converted into FRTP-4
which most closely resembled the Kurtmullaev ex-
periment. The Scylla I-C facility (see Sec. VII
in this report) is being converted into FRTP-B
which will be used to study the higher pressure
regime of Eberhagen and Grossmann.

The initial effort is to attempt a duplica-
tion and an understanding of the Kurtmullaev re-
sults with the FRTP-A. There is an indication
that Kurtmullaev operated his experiment in two
different modes namely: (1) statijc-bias system,
which consists of a nearly dc bias field, plus a
ringing theta-pinch or Z-pineh preionization,
followed by the implosion field which 1is
crowbarred on the first half-cycle, and (2)
second half-cycle system, where the bias and pre-
ionization functions are both provided by the
first half-cycle of the main (and only) bank. The
implosion is provided by the second half-cycle
which is also crowbarred.

The FRTP-A is designed to use the static-bias
system because it allows greater flexibility in
the plasma parameters. The system is also easily
converted to the second half-cycle operation.

If the stable operation reported by
Kurtmullaev can be reproduced in FRTP-A, then the
dependence of the stability and plasma confinement
on various parameters will be studied. Hopefully,
this study will be extended to higher temperatures
and densities in the FRTP-B system.



B. DESCRIPTION

1, FRIP-A. The modification of RHX to
FRTP-A began in mid-July. The modification was
made in three main stages. The description given
here is of the final result which was ready for
checkout at the end of December.

The RHX implosion coil was modified to con-
tain a single feedslot and enlarged to 25-cm i.d.
The length is still 90 cm but 22-cm-i.d. mirror
coils are inserted in the ends to produce a 10%
mirror field on axis. The same 20-cm-i.d. quartz
discharge tube is used.

The plasma is produced by a static-bias
system shown in Fig. VIII-2(a). The typical be-
havior of the magnetic field is shown in Fig.
VIII-2(b), including the bias, preionization, and
the crowbarred main bank field. The crowbar
system consists of six PFN switches mounted in one

of the RHX feed plates and the PFN capacitors are
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Fig. VIII-2.
FRTP-A circuit and typical magnetic field waveform.

replaced with shorts (the same method used in the
resonant heating mode of the RHX). The feed
plates are attached to the load coil by the
VIII-3.

This added inductance assures the required current
6

isolation inductance as shown in Fig.
uniformity” in the load coil in spite of the
nonuniform feedplate currents caused by the
crowbar gaps. The main bank, constructed out of
RHX maxi-Marx parts, is attached to the back of
the feedplates by a parallel plate transmission
line (see Fig. VIII-3.) The bias bank and the
theta-pinch preionizatfon bank are both connected
to the feedplates by cables. The bias bank
contains three high-density 180-uF, 10-kV capaci-
tors and a size-D ignition switch,

The preionization bank consists of two
0.4-uF, 125-kV capacitors dc-charged to typically
60 kV and switched by the modified Seyllac start
switches used in the RHX. To improve the pre-
ionization of the low-pressure D2 in the presence
of the bias field, an rf preionizer was developed
which induces axial rf electrical fields near the
ends of the load coil. The specifications for
FRTP-A are given in Table VIII-I.

2, FRTP-B. FRTP-B is a higher
machine than FRTP-A, but it employs a similar size
FRTP-B uses

energy

load coil and discharge ‘tube.

standard Seyllac technology for its banks,
supplies, and controls.
CASLES TO
BIAS BANK
o~ e ]
=
1 [ i [
PARALLEL PLATE
LINE
coiL ISOLATING
INDUCTANCE
MAIN BANK '_L
GAP r—
MAIN BANK X
CAPACITORS

Fig. VIII-3.
FRTP-A construction details.
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TABLE VIII-I

FRTP-A
Bias Bank P.I, Bank Main Bank
Capacitance 550 uF 0.8 uF 21 uF
Voltage 10 kv 80 kv 40 kV
Energy 27.5 kJ 2.6 kJ 16.8 kJd
Risetime (T/4) 35 us 0.6 us Jus
Peak Magnetic 1.3 kG 1.5 kG 3 kG
Field
Crowbar L/R time 200 us
FRTP-B
Bias Bank P nk Main Bank
Capacitance 480 uF 0.7 wF 37.8 uF
Voltage 10 kv 75 kV 75 kV
Energy 24 kJ 2 kd 106 kJ
Risetime (T/r) 40 us 0.5 us 2 us
Peak Magnetic 2 kG 1 kG 12 kG
Field
Crowbar L/R time 150 us

FRTP-B uses a 1-m-long coil with 25-cm i.d.
A 10% mirror field is provided by 22-cm-i.d.
sections at the ends of the coil. A series of
slots are designed into the coil for side-on
streak photography. The discharge tube 1is
20-cm-1.d. quartz held between vacuum crosses
which contain pumpout and diagnostic ports.

The main bank consists of 54 0.7-wF, T75-kV
capacitors each topped by a Scyllac combination
start and crowbar gap. Each capacitor is
connected to the feed plates by six pieces of
RG-19/14 Scyllac load cable. The feed plates are
connected to the load coil as shown in Fig.
VIII-4.

CABLE HEAOERS CABLES TO BANKS

PARALLEL PLATE COMPRESSION
LINE CoiL
ICOLLECTOR PLATES)

Fig. VIII-4.
FRTP-B collector plate and front end.
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One 0.7-uF, 75-kV capacitor with a Scyllac
start gap is used for the preionization (PI) bank.
It is connected to the rear of the feed plates by
12 pieces of RG-17/14. The PI is aided by a rf
tickler of the same design as the one on FRTP-A.

The bias bank uses eight 60-uF, 10-kV capaci-
tors switched by six ignitrons. The bias bank is
connected to the machine by six pieces of RG-17.
The specifications of the banks are given in Table
VIII-I.

C. ENGINEERING

Initial modifications to the RHX to convert
it to FRTP-A included the design of a new main
bank and a bias bank. As shown in Fig. VIII-3,
each of the three parallel sections of the main
bank consists of two 20-kV, 14-uF capacitors
charged to opposite polarities. The cases of
these capacitors are connected to either side of
the parallel plate feed line. The bank is fired
by connecting the center terminal of the three
sets of capacitors together with field distortion
spark gaps. So, in effect, the main bank is 21 WF
at 40 kV. This gives a risetime on the order of 2
us with no plasma and no isolation inductance.
Later with the isolation inductance added, the
risetime was about 3 us.

The bias bank uses three 183-WF, 10-kV
high-density capacitors connected in parallel,
The bank is switched by a size D ignitron and
connected into the feed plates by RG-19 cables.
The function of the bias bank is to provide a slow
(35-us rise) reverse bias. A stainless steel rod
is used to add inductance (= 800-nH total in
circuit) to achieve this slow risetime. At the
same time the resistance of the stainless steel
dampens the ringing of the bank to keep from
overstressing the capacitors.

The modified PI system was designed to
provide more repeatable preionization and faster
damping of the PI currents. This allows the
machine to be fired sooner thus giving less time
for the PI plasma to decay and diffuse out the
ends. The amplitude of the PI current was
increased slightly and its frequency was doubled.
By doubling the frequency the desired higher
damping rate was achieved. The new circuit uses

two 0.4-yF capacitors in parallel with modified



Scyllac gaps feeding the collector plates through
six pieces of low-inductance RG 17/14 cable. The
frequency was raised because both the inductance
and capacitance of the new circuit are lower than
the old RHX components. To minimize the prefiring
of the main bank, the PI cables were moved from
the rear of the feedplates to the load coil side
of the 1solation inductance. This helps to
isolate the main bank from the PI and removes some
of the inductance between the PI and the load
coil, thus further increasing the PI current and
frequency. As shown in Fig. VIII-3 the PI feed
cables span the isolation inductance which avoids
insulation problems.

The rf tickler which helps the PI is powered
by a 0.25-uF capacitor switched by a trigatron
gap. This capacitor feeds the primaries of two
ferrite transformers. This circuit oscillates
with a period of about 3 us. Every time the
ferrite changes the direction in which it 1is
saturated, a pulse of voltage appears on the
secondaries of the transformers. The secondary
circuit is tuned to resonate at about 8 MHz by
adding capacitance in parallel with the antenna
capacitance. The antennas are insulated copper
strips wrapped around the discharge tube about 10
cm outside of each end of the load coil. They are
fed out of phase and capacitively couple some
longitudinal electric fields into the tube to
produce a small initial ionization. In the
present system about 20 kV peak of rf voltage is
applied to the antennas.

To make the STP PFN gaps from the RHX act as
crowbars, a number of modifications were needed.
The crowbar gap spacing was reduced by a factor of
2 since the FRTP operates at lower voltage than
the STP for which these gaps were originally
designed. The molybdenum trigger electrode was
replaced infiltrated
copper-tungsten (30%-70%) electrode. The trigger

by a more rugged

system uses two 0.2 uF capacitors charged to 75 kV
with each capacitor triggering three crowbars. A
Scyllac gap is used to discharge each 0.2-uF ca-
pacitor into six pieces of RG-19 cable. At each
gap two pieces of RG-19 are connected in series
and isolated by ferrite in order to double the
trigger voltage. Five parallel strings of five

2.5-nF doorknob capacitors in series are connected
across the RG-19 cable to provide local energy
storage. This arrangement is connected to the
crowbar trigger electrode through a PFN-style
peaking gap. Of the many modifications tried,this
one was the only one which produced reliable

crowbar operation.

D. DIAGNOSTICS

FRTP-A retained the diagnostiecs from the RHX.
The fractional fringe interferometer remained so
density vs time could be taken axially down the
system at any radial position. The holographic
interferometer takes an end-on snapshot of the
density at one time, External and internal mag-
netic field probes were retained. The internal
probe was cantilevered into the center of the
system from one end, but space limitations made it
impossible for more than just the tip of the probe
to be radially centered. The holographic inter-
ferometer showed dense plasma buildup and non-
symmetrical plasma profiles around the noncentered
part of the internal field probe so it was
removed. In the future it is planned to insert an
internal field probe which can be positioned
entirely on axis.

The side-on streak camera was the major new
diagnostie. This camera views the plasma on its
horizontal centerline through 17 equally spaced
slots in the load coil. The axial position and
extent of the plasma are given by this diagnostic.
A set of radial magnetic field sensing coils was
also installed around the discharge tube.
However, electrical noise, and difficulty in
interpreting the results have prevented their use.

Plans call for the installation of an end-on
framing camera and Thomson scattering in addition
to the internal magnetic field probe already
mentioned. The end-on framing camera will
basically replace the use of the holographic
interferometer, The holographic interferometer
has limited sensitivity, and the interpretation is
complicated by cold plasma at the ends of the
machine. Since the side-on streak pictures give
good information on the plasma position, it is
expected that the end-on framing camera can do the

sSame.
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E. EXPERIMENTAL PROGRAM AND PLASMA RESULTS

FRTP A was reworked according to the plasma
results at each stage of the experimental program.
The first step was to add a main bank and a bias
bank., The RHX crowbar system and the uniform coil
were retained while one of the two sets of RHX
collector plates was replaced by a bar. This bar
had holes machined in it for side-on streak
photography. At this stage the longest that
plasma density remained was 15 us. The plasma was
not repeatable and not symmetrical. The side-on
streaks showed that the plasma often went out one
end of the coil or the other. The plasma also
showed a longitudinal nonuniformity which appeared
to be related to the position of the crowbar gaps
in the collector plate. At this point the machine
was shut down for modification.

To help stabilize the plasma from going out
the ends of the machine, a new coil was installed
with a 10% mirror field at each end. The lon-
gitudinal nonuniformity in the plasma was thought
to be due to nonuniformity of the current around
the load coil caused by the placement of the crow-
bar gaps in the collector plate. To allow the
current to spread out uniformly over the 1load
coil, an 1isolation inductance consisting of a
rectangular opening of the feed plates was
installed between the coil and the collector
plates. This arrangement is described in the
engineering section and shown in Fig. VIII-3.
This inductance will also help increase the crow-
bar L/R time and reduce the initial modulation.
The problem of nonrepeatability was often cured on
the RHX by cleaning the tube. A brown deposit
thought to be cracked backstreaming products from
the pump was found baked to the inside of the dis-
charge tube., This deposit was removed and a
refrigerated cold trap was installed in the high
vacuum line.

With this set of modifications completed the
system was again tested. The plasma was now
symmetrical, and did not exit out the ends. The
confinement time was about the same and
shot-to-shot repeatability was still poor. In
taking holograms it was noted that there was
considerable cold PI plasma at the ends which made

the holograms difficult to interpret.
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Machine modifications were started again at
this point. To try to improve the repeatability a
new PI system was installed. As described in the
engineering séction, this system has a higher
initial amplitude, a higher frequency, and a
faster damping rate. Thus it was hoped to produce
a higher percentage preionization and have the PI
circuit ringing die out faster so the machine
could be fired sooner giving the PI plasma less
chance to decay away and diffuse out the ends.
The crowbar system was also modified at this time.
Current monitors on the crowbar gaps showed
erratic firing with typically only half of the six
gaps firing on a given shot. Thus modifications
to the gaps themselves and the trigger system were
made. At the end of the year these modifications
were being completed and the system was being

readied for testing.

F. CONCLUSION

FRTP-A has been built and has undergone
several stages of testing and modification.
Machine reliability and plasma repeatability have
both been improved. It appears that reversed-
field configurations have been achieved and work
can now proceed on understanding the physics of
the configuration and increasing its lifetime.

FRTP B construction is proceeding. Lessons
learned from FRTP-A are being incorporated 4n
FRTP-B. The machine 1is being engineered for
reliability and ease of data acquisition. Both
machines should be able to contribute to our
understanding o{_the reversed-field configuration

in the next year.
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IX. IMPLOSION HEATING EXPERIMENT (IHX)

I. Henins, T. R. Jarboe, A, R. Sherwood

A. INTRODUCTION AND SUMMARY

The Implosion Heating Experiment, IHX, is a
40-cm-diameter, i-m-long, high-voltage linear
theta pinch designed to study the implosion phase
of conventional theta-pinch heating. The im-
plosion coil is fed at four places by
low-impedance pulse~forming networks (PFN’s)
designed to produce a flat-topped current pulse.
The effective impedance of the four PFN's is
approximately equal to that of the imploding
plasma, thus coupling the plasma dynamics strongly
into the external circuit. The PFN circuits and
other details of the apparatus have been described
pr'eviously.1'2

Aside from occasional electrical faults the
experiment has been operating reliably, and no
major modifications to the apparatus have been
required during the year. Thus we have been
concerned mostly with obtaining data for different
sets of experimental conditions and with improving
the diagnostics. Extensive measurements of
density and magnetic field as a function of radius
and time have been obtained for a variety of
experimental conditions. These measurements have
been found to agree remarkably well with numerical
simulations performed at LasL3 and elsewher‘e.u At
the end of the year plans were being formulated to
obtain electron temperature measurements to
supplement these data. Most of the diagnostic
development was concerned with the measurement of
the magnetic field, namely with improving the
magnetic probes and the Faraday rotation

measurement.

B. EXPERIMENTAL RESULTS

The gross dynamical features of the implosion
in the IHX were described Iin the last annual
report.2 Briefly, a density peak forms near the
outer wall and moves inward. As it does so it
develops a fast and a slow component. The slow
component moves at the velocity of the magnetic
sheath and overlaps it spatially. The faster peak
moves ahead of the magnetic sheath at a velocity

somewhat less than twice the sheath velocity.

106

When the imploding magnetic sheath has reached a
radius of 8-12 cm it is stopped by an outward
moving component of the plasma. The plasma then
reexpands pushing the magnetic sheath back towards
the wall, but a crowbar arc typically strikes at
the wall before all of the maghetic flux can leave
the tube. The reexpanding plasma 1is usually
stopped before it gets to the wall by the flux
compressed between it and the crowbar arc.

During the present year measurements of
B(r,t) and nd(r,t) were obtained during this
process for a variety of conditions. These con-
ditions correspond to PFN voltages of 80-125 kv,
gas filling densities fn the range 2.4-5.8
x 10t cm'3, preionization levels of 40-75%,
driving magnetic fields of 4.5-7.0 T, and
azimuthal electric fields in the range 1.0-1.5
kV/cm. So far the initial conditions have usually
been chosen such that the driving magnetic field
remains essentially constant during the implosion
process (i.e., is flat-topped). Because of the
strong coupling between the plasma dynamies and
the driving circuits, this requirement limits the
available parameter ranges for the experiment.

The plasma diagnostics employed for these
measurements are a four-beam HeNe laser
Mach-Zehnder interferometer, a Faraday rotation
measuring apparatus, magnetic probes, and
time-resolved neutron detectors. Typical results
for nd(r,t) obtained from the interferometer are
shown in Fig. 1IX-1. Typical magnetic field data
are shown in Fig. IX-2. Approximately 106
neutrons are produced in a 200-ns wide pulse near
the time of peak compression.

As was mentioned above, remarkable agreement
exists between the IHX data and results from
somewhat sophisticated numerical simulations. 1In
some respects, however, the simple bounce model
(i.e, the model which assumes a thin inward-moving
current sheath reflects ions by an elastic bounce
process, causing the ions to move ahead of the
sheath at twice its speed) 1is sufficient to
explain the data. For example, the bounce model

predicts two velocities, namely the velocity of
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Fig. IX-1.
Density as a function of time and radius in IHX.
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Fig. IX-2.
Magnetic field as a function of time and radius as
deduced from Faraday rotation measurements and
magnetic probe data.

the current sheath (Vs = B/4J/7p) and the velocity
‘of the bounce ions (Vb =2 Vs)‘ The velocity of
the sheath can be obtained from the density data
or from the magnetic field data; it is here taken
to be the speed at which the sudden drop in
density moves inward during the implosion. The
circles in Fig. 1IX-3 show this measured velocity
compared to B/U4JTp (the "predicted velocity"). 1In
the density data particles can be seen well ahead
of the sheath and some features appear to have
velocities of near 2 Vs' However, ion velocities
can also be inferred from the neutron data in the
following manner. A value for <ov> can be deduced
from the peak of the neutron production rate and
the value of n2d(vol) at the time of this peak.
Assuming a single-speed, two-dimensional isotropic
velocity distribution, one can deduce a value for
Vb from <ov>. The squares in Fig. IX-3 show this
Vb/2 compared to the predicted sheath velocity.
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Fig. IX-3.
Sheath velocity and half the bounce velocity as a

function of B/4Vip . The bounce velocity is
deduced from neutron data.

Each pair of points in the figure corresponds to a
whole set of data for a particular choice of
initial conditions. These results are considered
to demonstrate agreement between velocities
inferred from the measurements and the predictions
of the bounce model.

Of course, this simple model does not predict
the width of the current sheath. To calculate
this, more detailed theories which include
ionization processes and anomalous resistivity are
necessary. Some models which ineclude anomalous
resistivity predict that the current sheath width
In changing the initial fill

pressure from 8.2 um to 3.6 um the scale length

scales as c/wpi.

for the density change in the sheath region
increases by a factor of 1.5-2.0. This is in the
direction that is predicted.

C. DIAGNOSTIC IMPROVEMENTS

Most of the diagnostic effort was directed
toward the improvement of the magnetic field
measurements. Magnetic probes having 2-mm-o.d.
quartz Jjackets were constructed for comparison
with the old 10-mm-o.d. probes. The smaller
probes showed a more rapid rise in the magnetic

field (i.e., a thinner current sheath) than the
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old probes, but both types still show disagreement
with the total flux measurement. Furthermore both
types of probes are unreliable at later times
during the plasma reexpansion phase. The probes
indicate a large amount of field plasma inter-
mixing during this phase, whereas the Faraday
rotation measurement indicates that this mixing
does not take place. In general, the magnetic
probes seem to be reliable during the implosion in
the regions of low plasma density (e.g., at the
outer radii at early times, and behind the current
sheath) and unreliable elsewhere.

During the year considerable effort was
expended on increasing the accuracy of the Faraday
rotation measurement. In the case of a magnetized
plasma the Faraday rotation of the plane of
polarization obeys the relation

A6 ~ fBndl.
Since an independent measurement of J/ndl is
obtained from the laser Mach-Zehnder inter-
ferometer, an average B can be deduced. The main
difficulty with this measurement is that
refraction of the beam by density gradients can
cause movement of the detected light across the
surface of the detector. In general, the response
of the detector is not spatially uniform, and this
movement can cause signal variations which obscure
the rotation signal. Both the amount of
refraction and the amount of rotation are
proportional to Az, so the problem cannot be
solved by a correct choice of wavelength.
Considering the time scale for the measurement,
the size of the magnetic fields, and the scale
length of the density gradients, the IHX is a
fairly difficult device upon which to accurately
measure Faraday rotation. However, reasonably
good data were taken on IHX by following three
principles to minimize errors caused by re-
fraction. They are: 1) proper optics must be
used so that refraction of the beam by the plasma
causes a minimum of movement of the focal spot on
the detector, 2) the detector used should be as
uniform as possible so that movement gives as

small a signal as possible, and 3) AP should be
P

108

maximized where Ap is the power change due to
Faraday rotation and p is the power hitting the
detector.

The apparatus designed with these principles
in mind has been described pr‘eviously.2 The
accuracy of the measurement has been improved
considerably by making the following changes in
the apparatus: a) The copper-doped germanium
detector was replaced by a lead-tin-telluride
detector which is more uniform and more sensitive.
b) The single plate germanium polarizer was
upgraded by two germanium wedges giving a U40-fold
improvement in the extinction ratio. e) The 002
laser was replaced by one that is more stable and
more powerful. d) The HeNe interferometer beam
was made to go through essentially the same plasma
volume as the 002 beam. With these improvements
Faraday rotations of (0.001 radians can be
resolved.

The primary limitation in getting B from the
rotation is that where the density is low the
error bars on both the rotation and density
measurements become about the same as the signal,
and B cannot be computed. It turns out that a
combination of Faraday rotation and probe data
gives the best picture of Bz(r,t) during the
implosion. When the density is low we use the B
measured by the probes. Late in time the probe
shows higher values for B than Faraday rotation
shows. In this case, where the density is high,
we use the value of B from rotation. From B(t)'s
such as this, B(r,t) surfaces (Fig. IX-2) are
constructed using the same type of interpolation
that is used for the density data. An important
contribution from the Faraday rotation measurement
is the correct picture of the expansion. We now
see a well-defined current sheath during the
expansion. The shape of the current sheath during
the expansion is not that much different from its
shape during the implosion. The probes, in-
correctly, show that the field between 10 and 17
em is more or less uniform and decreasing with

time. They show no well-defined front moving out.
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X. EXPERIMENTAL PLASMA PHYSICS

H. Dreicer, M. E. Banton, J. C. Ingraham
R. S. Massey, F. E. Wittman, B. L. Wright

A.  SUMMARY

During the past year members of the Experi-
mental Plasma Physics Group continued their stud-
ies 1into the physics of the AC Electrical
Resistivity and the Thermal Conductivity of a
plasma along magnetic field lines. Significant
progress can be reported on several fronts. The
weak-field resistivity of a plasma, in ~ which
controlled 1levels of plasma wave turbulence are
maintained, has been measured with our new dual
mode microwave resonator technique. Evidence now
exists that the weak-field resistivity becomes
anomalously large whenever parametric decay of the
weak electromagnetic field can be stimulated by
the turbulent large amplitude wave spectrum that
is independently maintained in the plasma. In
another set of experiments we have observed the
actual growth in time of the parametric instabili-
ties. During this growth phase, the transition
from classical to anomalous microwave absorption
is measured, and the concurrent evolution of the
hot nonthermal electron tail is monitored in great
detail. Qur observations indicate a very large
build-up of plasma wave energy prior to the
production of the hot electrons with a
bump-in-the-tail veloecity distribution. These
observations are not yet properly understood even
though a considerable body of theoretical know-
ledge on this subject is now available.

In a third set of experiments we sought to
understand the influence of a parametrically
unstable plasma upon the de electrical
resistivity. This work has not yet reached the
stage where it should be reported, but a
by-product of these labors, the observation of
Negative Inverse Bremsstrahlung Absorption near
Wpe s does represent a significant advance. This
observation was made, in the quiescent state below
the threshold for parametric instabilities, by
inducing a large enough steady drift of the plasma
electrons relative to the ions. If possible, the
measurement should be repeated in the turbulent
state above the parametric instability threshold

where great simflarity would exist with conditions
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1 for their

envisioned by Lin, Kaw, and Dawson
proposed Plasma Wave Laser.

The thermal conduction studies have become
very interesting, because we now have reason to
believe that a sensible experimental course exists
for studying the phenomena that produce deviations
from classical collision-dominated heat flow.
Such deviations are believed due to large
localized temperature gradient32 and are also
expected to be produced by plasma waves and
turbulence. We find that these subjects form a
natural extension of our long experimental experi-
ence with microwave heating and electrical
resistivity near the plasma frequency and of our
more recent forays into experimental studies that
require dc electrical current flows. Under
classical collision-dominated conditions our
observations of the thermal conductivity are in
good agreement with the theoretical value.3 Work
is under way to understand the phenomena that
produce deviations from this value.

A new experiment for the purpose of studying
nonlinear interactions between plasma and a
traveling electromagnetic wave has been con-

structed and is presently under test.

B. ELECTROMAGNETIC WAVE ABSORPTION, PLASMA HEAT-
ING AND ENERGY TRANSPORT IN THE Q-MACHINE

Studies of electromagnetic wave absorption
and the associated plasma heating and energy
transport have been continued and extended in our
single-ended Q-machine. This device provides a
fully ionized magnetized potassium plasma column
(Tg v Ty ~2250°%, n~1-5x 10'0 en™3, diameter
~ 2.5 cm, BV 5 kG, length "~ 200 cm) on which to
study these effects by using high Q microwave
resonators and moveable high frequency Langmuir
probes. This setup 1is shown schematically in
Fig. X-1.

1.___Observation of Negative Inverse Brems-
strahlung Absorption. During the last quarter of

1976 members of the group again devoted some time

to the measurement of the inverse bremsstrahlung

absorption coefficient. In the past, our
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Schematic layout of Q-Machine experiment.
Moveable probes (P) are located at various
positions along the column.

technique, a time decay measurement of the Q of a
high-quality (Q, = 20,000) wmicrowave resonator
that surrounds a fully ionized potassium plasma
column, was used to measure the weak-field (ratio
of oscillatory velocity to thermal velocity,
5 The

expressible in terms of an

vg/ve € 1) absorption by a quiescent plasma.
measurement,
electron-ion collision rate, \ik, agreed well with
theor'y.5 We have also measured the stronger field
(0 5 VE/VT £ 1) absorption which becomes important
when the microwave field, E, oscillates the
electrons to an amplitude eE/mu? that 1is large
enough (~ Debye length) to modify the Rutherford

i

cross section. This measurement,”’ expressed in

terms of an electron-ion collision rate

Vei(Vg/vp) = alvg/vpIvdy ,

showed that the coefficient u(vE/vT) had the
property 0 < O £ 1,

Our recent efforts have been devoted to a
weak-field (vE/vT < 1) absorption measurement when
the plasma electrons possess a considerable dc
drift veloecity, vps relative to the ions. In this
case, the absorption involves an electron-ion

collision rate that can be expressed as

Veilvp/vr) = B(vp/vpivey .

We were motivated in this measurement by the
considerable past theoretical work and contro-
versy6'1° that centered around the possibility
that B might be negative. In the case of the
drifting Maxwellian electron distribution, for
which

3/2
o,> m 2 2
F = (0 __ - =
(L)
2kT z D ’

Musha and Yoshida,1° using a Boltzmann-Fokker-
Planck approach, showed that B < 0 for suffi-
ciently large vp/vy. Our own recent calculation,
based upon the Dawson-Oberman formalism,5 and
including the effect of a strong magnetic field,
is shown in Fig. X-2. It illustrates that B < 0
for VD/VT 0.9. Moreover, it shows that B+ O

for vD/vT > o, because the Rutherford
cross section decreases as the total energy,
dominated by the directed energy, (1/2)m v%,
increases. Although it is difficult to understand
the detailed stimulated bremsstrahlung emission
pr'ocess,8 it seems clear from the collisional
absorption standpoint,1° that B becomes negative
when the Vzi(v) X 8F°/8vz > 0 portion of the
electrical conductivity integral contributes
enough to overcome the v%i(v) x 8F°/8vz <0
portion.

Our observations of B were made by suddenly
pulsing the otherwise negatively biased cold end
collector, or cold plate, in our Q-machine (see
Fig. X-1) to positive potential, and thus
accelerating the electrons. Probes located on

both sides of the resonator, used to monitor the
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QSOO | 3

VD/VT
Fig. X-2.

Theoretically predicted normalized ac resistivity,
B, versus ratio of slectron drift velocity to
thermal velocity for wh = 0.35.
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appearance of the accelerating potential pulse,
indicate, as shown in Fig. X-3, that an
electron-accelerating space charge pulse travels
the length of the plasma column almost
instantaneously. This result is also supported by
the nearly simultaneous change in the rate at
which the microwave energy decays, upon ap-
plication of the current pulse, as shown in the
upper portion of Fig. X-4. A small radially
moveable current collecting probe indicates that
the current profiles and the separately measured
density profile agree, and that, therefore, the
electron drift speed vp is independent of radius.
The electron drift speed is obtained from the
electrical current and plasma density measure-
ments. The electron temperature prior to applica-
tion of the accelerating pulse is assumed equal to
the measured hot plate temperature of 2250 K. The
validity of this assumption is confirmed by the
good agreement between our measured value of v21'
using the resonator technique, with theory.

To achieve vD/vT > 1, in the face of
temperature-limited {constant electron current)
operation of the Q-machine hot plate, it was
necessary to lower the electron density, n, and
perform observations in the range
0.35 ¥ wlo/u? ¥ 0.5. This has the advantage of
reduced ohmic heating due to the dc pulse, but it

also reduces the sensitivity of the Q-measuring

PROBE SIGNALS

25c¢cm FROM
COLLECTOR

75cm FROM
COLLECTOR

COLLECTOR
CURRENT

0.2 us/ DIV

Fig. X-3.
Relative time behavior of current signal at
collector, and probe signals at two different
positions in plasma column.
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technique, because A(1/Q), the plasma contribution
to the absorption, is proportional to n2. Another
way to avoid ohmic heating is to utilize a short
(~ 0.4 us) "de” pulse length and to measure Q
during this short time interval. This also
insures that the Buneman 1nstability11 cannot grow
sufficiently to influence the electron drift speed
and the microwave absorption measurement. The
price paid for gaining these advantages is the
increased difficulty of accurately measuring the
slope of the microwave decay (i.e., Q) during such
a short time interval.

The 1lower portion of Fig. X-4 shows the
microwave decay with and without the short de
pulse. While it is evident that this pulse causes
the microwave decay rate to decrease, it requires
considerable analysis to show that the sign of B
is also changed. Figures X-5 and X-6 show the
present status of this analysis. In Fig. X-5 we
show the result of obtaining the absorption from
23 slope measurements made every 0.05 us during a
single decay and utilizing a O.1-ps duration for
the purpose of defining a slope. This approach
gives the time-resolved absorption, but also
introduces a considerable spread into the
absorption deduced simply because less averaging
of the noise in the microwave decay data is

possible. The result clearly shows the sudden

MICROWAVE
ENERGY DECAY

COLLECTOR
CURRENT

MICROWAVE
ENERGY DECAY

0.2us / DIV

Fig. X-U.
Upper: Relative time behavior of current signal at
collector and microwave energy decay. Lower:
Microwave energy decay with and without applica-
tion of current pulse. Upper and lower cases
correspond to different plasma conditions.
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decrease in the absorption when the accelerating
pulse is applied, but comparison with the
absorption due to the losses in the resonator
walls leaves uncertainty that B actually became
negative. A more convincing demonstration that 8
is actually negative becomes possible if we
sacrifice time resolution and simply measure the
slope of the decay curve before the application of
the accelerating pulse, and throughout the entire
time available during the application of the
pulse. In this case, there is less error in
determining the slope and we obtain the result
shown in Fig. X-6. (Each error bar in Fig. X-6 is
determined from the RMS scatter of slope measure-
ments for 10 to 20 cases.) The losses, described
in Fig. X-6 by the label "resonator walls.,”
include a correction that arises from the
influence of the plasma dielectric constant upon
the distribution of the microwave fields within
the resonator. Unfortunately, this correction
also reduces the wall losses compared to what they
would be for an empty resonator. Nevertheless,
though the remaining effect is not large, we can
now observe a definite reversal in the sign of
8.12 The provisional situation is summarized in
Fig. X-7 where we show the theoretical B curve and
two data points that we have analyzed which give
negative absorption. (Not shown on the figure are
cases at smaller drift velocities in which B is

positive and approaches unity as vp approaches
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Analysis of slope of microwave energy decay using
0.3- to 0.4-ys time interval. (w2/w? = 0.35 for
this case.) P
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Summary of results and comparison with theory for
two drift velocities at mpﬂn = 0.35.

Zero.) Considerable uncertainty remains in the
precise location of these points along the vp/vp
axis, because, according to our computations, the
0.4 ys pulse length was still 1long enough to
double the electron temperature as a result of
ohmic heating. This temperature rise will be
measured in the near future, and we also hope to

refine the measurement of B further.
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2, Plasma Heatipng and Heat Flow. During
the past year serious studies, both experimental
and computational, were initiated on electron heat
flow along the magnetized Q-machine plasma column.
Our work was based on the microwave techniques
developed in the course of our ac electrical
resistivity studies. These techniques enable us
to rapidly heat the plasma electrons locally, and
to obtain the electron temperature from a rapid
measurement of the mmicrowave absorption. By
locating several microwave resonators along the
plasma column for these purposes we can determine
the electron temperature as a function of source
strength, space, and time. Figure X-1 shows this
set-up for the case of the two resonators used so
far in our work. By driving the resonator, marked
Single Mode Resonator on Fig. X-1, with a short
microwave power pulse, we are able to heat the
plasma locally over about a 10-cm- long axial
source region. Sometime after the heating pulse
is turned off, we measure the Q of this heater
resonator and determine the temperature in the
source region. The Q of the second resonator,
marked Dual Mode Resonator on Fig. X-1, 1is
monitored continuously to determine the time
history of the electron temperature 50 cm away
from the source. An example of the microwave
signals observed is shown in Fig. X-8.

The interpretation of the measurements 1is
carried out with the help of a heat flow and
microwave heating computer code, originally due to
J. H. Brownell (TD Division) and recently
completely revised by J. Thomas (visiting staff
member from N.M.S.U.). This code numerically
solves the one-dimensional, nonlinear, partial

differential equation for the collision-dominated,

}:S:ROFRGKNON'NME OF HEAT-WAVE FRONT

HEATING Pt
HEA —| [—nsec

(o) {b)
Fig. X-8.

Effect of heat pulse on microwave resonator
signal.
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time-dependent heat flow with a microwave ohmic
heating source term. To correspond to the
experimental situation, an insulating boundary
condition describes the negatively biased cold end
collector, while a constant temperature is imposed
at the hot plate end of the plasma column. The
axial thermal conductivity, K“, is given by

where Kgp 1is the parallel thermal conductivity
derived by Spitzer,3 and ¢ is a parameter that we
introduce into the computation to obtain the best
possible agreement with the experimental observa-
tions.

For modest heating levels, designed to
satisfy as closely as possible the requirements of
the classical collision-dominated heat flow
theory, we find good agreement between theory and
experiment with o = 1, and these results are
described below. Our main interest is, therefore,
to extend these measurements into several areas
that are less well understood. These include the
effect of plasma instability and turbulence, large
temperature gradients, magnetic mirrors, particle
end loss, and electrostatic trapping potentials.

To obtain turbulence, we have begun to
conduct de currents through the plasma column. In
this case, dc ohmic heating has been observed and
is aﬁ unavoidable by-product of producing turbu-
lence. Numerical code modifications, not yet com-
pleted, will be required to describe the heat flow
for the dc¢ current case. With heat flow ignored,
Fig. X-9 shows the maximum temperature increase
that can be expected as a function of time from
¢lassical dc ohmic heating alone.13

The case of large local temperature
gradients, studied by Ivanov et al.,2 is
interesting because it introduces the possibility
that strong local heating could force the local
electron mean free path to exceed the temperature
gradient scale length. In this case, the free
flow of hot collisionless electrons into the
adjacent cooler plasma is restricted by space
charge forces, and the subsequent exchange of hot

and cold electrons may involve instabilities. Our
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Temperature normalized to T plotted versus T for
a drifting Maxwellian hav1ng% drift veloclty A
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search for this effect 1is hampered by two
difficulties. If we operate the heating resonator
field pelow the threshold for ac parametric
instabilities, we utilize classical ohmic heating
due to electron-ion encounters. In this case,
heating 1is 1limited by the reduction in the
electron-fon collision rate when the ac drift
speed, eE/mw, becomes comparable to or larger than
the electron thermal speed.u This effect illus-
trated in Fig. X-10 limits classical ohmic heating
to Tg/Ty 2.9. The need to generate larger
values of Te/To has also forced us to operate
above the ac parametric instability threshold,
where we have observed appreciable anomalous
heating of the body of the electron distribution
functions but an energetic tail of hot electrons
is also produced.1u In this case our approach has
been to delay temperature measurements in the
source for several microseconds after the heating

pulse is turned off in order, among other reasons,

| 1 i 1 1
o - 200 400 600 800 1000
E (V/cm)

Fig. X-10.

Computed T /T, vs E-field for microwave heating by
classical means alone. Note that for the case
considered (column length = 180 cm, density
= 4.5 x 10'0 en=3, T, = 2250 K, heater length = 16
cm, and microwave frequency = 3 GHz) T e/To reaches
a maximum value of 2.9 due to the reduction of the
electron-ion collision rate at large E-fields.

to allow the body to relax to a Maxwellian
distribution and the hot tail to disappear from
the plasma column. Such a time delay has not been
applied for the temperature measurements at the
sensing resonator and, therefore, leads to some
uncertainty in the early time interpretation of
the heat flow, although no increases of
temperature at the sensing resonator are observed
because of the hot electrons alone.

The results of our observations are shown in
Figs. X-11,. X-12, X-13, and X-14, together with
solid and dashed curves that describe computa-
tional results. Figures X-11 and X-12 give the
temperature measured by the sensing resonator as a
function of time after microwave power is applied
to the heating resonator. In this case, body
heating was accomplished above the threshold for
the parametric instabilitf{es where a theoretical
model for the anomalous heating source term is
lacking. To make up for this, we fit the
theoretical temperature curves to the actual
temperature measured in the source shortly after
the anomalous heating pulse is turned off. This

procedure is illustrated in Fig. X-13, where time
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Fig. X-11.

Temperature vs time at the position of the dual
mode resonator for the case of strong heating.
Time is measured from the turn on of the heater.
The solid and dashed lines are calculated from the
heat flow code using source functions obtained
from fits to the data in Fig. X-13.
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Fig. X-12.

Temperature vs time at the position of the dual
mode resonator for the case of strong heating.
Time is measured from the turn gpn of the heater.
The solid and dashed lines are calculated from the
heat flow code using source functions obtained
from fits to the data in Fig. X-13.

is measured from the instant when the microwave
power incident on the heating resonator is turned
off. The earliest available time for a source
temperature measurement is determined by the time
required for the resonator field to decay below
the 1level where it influences the electron-ion
collision rate.! After the effective source

strength has been determined in this way, we use
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Temperature vs time at the position of the heater.
Time is measured from the turn off of the heater.
The magnitude of the electric field in the resona-
tor is adjusted to obtain the solid and dashed
lines calculated by the heat flow code.
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Fig. X-14.,
Temperature vs time at the position of the dual
mode resonator for the case of weak heating. Time
is measured from the turn on of the heater.

it to compute the temperature as a function of
time at the sensing resonator. The resulting
comparison with the data shown in Figs. X-11 and
X-12 indicates the possibility that we have begun
to see an interesting effect. Note that the curve
for o =1 fits the very early time data
(t < 4 ys), but that later in time the data are
better fitted by o = 0.5. We see, also, that the




peak temperature reached at the sensing resonator
more closely agrees with the a = 0.5 prediction.
However, if we look a*t later times (Fig. X-12), we
see that again the o = 1 curve clearly fits the
observations better than the o = 0.5 curve. This
apparent change from the full Spitzer thermal con-
ductivity to approximately half this value, and
then back again, may be due to the passage of the
temperature front through the sensing resonator
with a large enough gradient to introduce new
phenomena. That an appreciable gradient exists at
early times is shown in Fig. X-15. Here we show
the calculated temperature profile along the
column at the times indicated. These times cor-
respond directly to the times on Figs. X-11 and
X-12. Of course, at later times (Fig. X-16) we
see that the gradient becomes appreciably 1less.
At some time shortly after 12 us (Fig. X-16), the
character of the solution to the heat flow equa-
tion changes to that of a nearly constant shape
solution. It is interesting that this change in
character occurs when we again observe agreement
of our measurements with the full Spitzer thermal
conductivity solution.

We have also made measurements for a lower
level of heating when the ac parametric instabil-
ity threshold is not exceeded. The result shown
in Fig. X-14 is compared with curves calculated

for o = 0.5, 1,and 1.5. The full Spitzer thermal

]
8

TEMPERATURE (K)
3

»
2000 E/ Hol Plole Deteclor Sourcs Cold

\ | mm.~_a-__

1 1 1 1 1 1 1 1 ]

20 40 60 80 |00 120 140 160 180
DISTANCE |em)

Fig. X-15.
Temperature vs position along the plasma column at
the times indicated. Time is measured from the
turn on of the heater. All calculations are the
source in Fig. X-13 wusing the full Spitzer
conductivity (o = 1.0).
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Fig. X-16.
Temperature vs position along the plasma column at
the times indicated. Time is measured from the
turn on of the heater. All calculations are for
the source in Fig. X-13 using the full Spitzer
conductivity (o = 1.0).

conductivity (i.e. @ = 1) appears to fit the data
adequately for all times and certainly better than
either the @ = 0.5 or« = 1.5 curve. Our thermal
conduction experiments will have to be pursued for
some time before some of the uncertainties
described here can be resolved and before we have
extended our measurements into the other areas of

physical interest mentioned above.

. Studies of the T ient Growth Pha
Parametric Instabilities. As part of our continu-

ing program to understand in detail the
interaction between electromagnetic waves and
turbulent plasmas, we initiated a study this past
year of the early transient growth phase of the
oscillating-two-stream (O-T-S)15 and parametric
decay (P-D)16 instabilities observed in our
Q-machine exper'iments.17

A high Q resonator mode (TM010 mode with Ej
parallel to the dc Magnetic field) is driven to a
high power level by a short pulse (0.2 us) of
microwave power tuned to the resonator frequency.
The resonator mode then acts as a pump for excita-
tion of the instabilities. The peak pump power
level in the resonator can be varied from below to
far above (13 dB) the instability threshold.
Following termination of the excitation pulse, the
energy in the pump decays at a rate determined by
the rate of transfer of energy to the plasma and

to the resonator walls. When the pump power
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exceeds the instability thresholds by a sufficient
amount, we observe a sudden strong increase in the
pump decay rate. The onset of this enhanced decay
rate occurs earlier in time as the peak pump power
is raised. Shortly after this strong pump

absorption, or pump depletion, a burst of hot

electrons is detected on probes located in the

plasma column outside the resonator. Figure X-17

shows these effects for a case where the pump

power reached a maximum of about 10 dB above

threshold and where wg/m2 = 0.90. The decay of

the microwave pump in the first 300 ns after the

power reaches its maximum is determined by losses

due to classical electron-ion collisions in the

plasma and to skin-depth losses in the resonator
walls. Following this period, the dramatic

increase of the pump energy loss rate is observed,

and about 200 ns later a burst of hot electrons is

detected on a probe located 21.8 em from the

resonator center.

We have analyzed the longitudinal velocity
distribution of the hot electron pulse using
retarding potential probes. These velocity
distributions have been corrected for electron
time of flight from the resonator center, so that
the electron velocity distribution in the center
of the resonator was deduced as a function of
time. The result is shown in Fig. X-18. We find
the following characteristics for the hot elec-
trons for the case of mgﬂnz ~ 0,90: the density
of hot electrons is a small fraction (less than
one per cent) of the total electron density; for

the cases with higher microwave powers, the total

*ROT ELECTRON PULSE
“AT COLLECTOR
2iBcm FROM ~ 7 )
RESONATOR CENTER

e

0.1 us/DIV

r

Fig. X-17.
Evolutfion of microwave power showing onset of
strong enhanced absorption after the pulse
excitation of the resonator. Note the appearance
of the hot electrons after the strong absorption
has occurred.
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Fig. x-18.
Hot electron velocity distribution inside the
resonator for different times (labelled in us)
during the hot electron production.

energy in these hot electrons accounts for all the
microwave energy absorbed through the enhanced
absorption process; and a pronounced bump in the
tail of the -electron velocity distribution
develops as a result of the hot electrons. We
have reported1u similar results for the hot
electrons produced during the nonlinear saturated
steady state of the parametric instabilities.
Another feature common to both the transient and
steady-state observations is that the bump in the
tail occurs at an electron velocity that {s
comparable to the phase velocity of the
theoretically predicted most wunstable electron
wave. However, a bump-in-tail velocity distribu-
tion can also be cr'eated18 if strong localizations
of the unstable wave fields (spikons)19 form in
the plasma. Further work is required to determine
the dominant mechanism producing the hot
electrons.

The rate of hot electron power production can
be computed as a function of time from the
This hot

electron power, along with the enhanced, or

velocity distributions in Fig. X-18.

anomalous, microwave power absorption is shown in
Fig. X-19. The delay between the enhanced
microwave absorption and the hot electron power
production indicates that the microwave power does
not go directly into hot electron production, but
rather generates large amplitude plasma waves
through the parametric process, which in turn
evolve to a state in which they can rapidly

deliver their energy to the electrons.
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Hot electron power and enhanced (or anomalous)
microwave absorption as a function of time.

The absence of significant hot electron power
production during the earlier times of enhanced
microwave absorption, and the observation that
plasma waves do not leak out of the resonator,
suggests the following model for analysis of the
period of time up to and during the enhanced
microwave absorption: all microwave pump energy
that is 1lost through the enhanced absorption
process goes 9Qply into plasma wave energy
localized in the resonator. (Energy in the ion
waves that are also excited can be neglected
because their frequency is much lower than that of
the electron plasma wave.)

We have used this model to analyze the
.enhanced pump absorption from which we obtain
growth rates and absolute amplitudes of the plasma
waves. The plasma wave energy density is
described by a single variable, Eﬁ In the case
where only a single plasma wave mode is excited,
E; 1s the electric field of that wave. In general
E% is an integral of the spectral energy density
of the excited waves over all frequencies and wave
vectors. The unstable waves are assumed to occupy
a cylindrical volume within the plasma column of
about 1-cm diameter (equal to the measured
diameter over which the hot electron pulse
appears) and of 1length equal to the resonator
length. The pump field, Eo, fills the whole
volume of the resonator. Two equations, the first
describing the decay of energy in the pump mode
(due to heating of the resonator walls, plasma

heating through classical electron-ion collisions,

and the growth of the plasma waves), the second
equation describing the growth of the plasma
waves, are used to analyze the measured pump
decay. Figure X-20 shows the results of this
analysis for a typical set of parameters. We
observe that the deduced energy density in the
plasma waves normalized %to the energy density in
the pump at threshold, Ei/E%T, grows at late times
to a value many times larger than the
corresponding ratio for the pump energy density,
Eg/EgT, as well as being far above unity. Though
at later times the instantaneous plasma wave
energy density often exceeds the pump energy
density by several factors of ten, we find after
accounting for the large difference in volumes
occupied by the two, that the total energy in the
plasma waves 1is generally less than the total
energy stored in the pump mode.

In spite of these very large wave energy
densities, the rate of transfer of energy from the
pump into these waves seems to be fairly well
described by the linear parametric growth rate of
the most unstable plasma wave. This is also shown
in Fig. X-20 by the comparison between the
measuéed wave energy growth rate and that computed
from theor‘y20 for the O0-T-S instability. In
general, we find that the measured growth rates of

the plasma wave energy are scattered about the
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Fig. X-20.

Pump power ratio, unstable wave energy density,
and growth rate as a function of time. Note that
digitized data points of the pump power ratio have
been replaced by a smooth curve for claritv.
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computed linear growth rates for the O-T-S insta-
bility, and the P-D instability. The computed P-D
growth rate is about 60 per cent of 0-T-S growth
rate, and the two instabilities have very nearly
the same threshold for the conditions of our
experiment. A summary of all measured growth
rates and comparison with theory is given 1in
Fig. X-21. In this figure the measured growth
rates for values of Eﬁ/Engi 5.0 are plotted
versus the instantaneous pump power ratio
P/PT = E%/EgT. The explicit time dependence of
growth rates is suppressed by the presentation in
Fig. X-21, since the growth rates are plotted
versus pump power. However, this time dependence
generally follows the trend shown in
Fig. X-20: the growth rate at early times may be
slightly greater than the 0-T-S growth rate, and
is less at later times.

Using this model, it 1is also possible to
predict the time at which the enhanced pump
absorption first becomes detectable, relative to

the time at which the pump power first crosses
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Fig. X-21.
Measured instability growth rates compared to
computed growth rates for 0-T-S and P-D insta-
bilities.
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threshold. This is done by assuming that the
computed growth rate for the most unstable plasma
wave evaluated at the instantaneous pump power
applies at each time. It is then straightforward,
having assumed an initial amplitude for Ea at the
time the pump crosses threshold, to numerically
integrate the two equations for pump and plasma
wave energy density. When the plasma wave energy
density becomes large enough, the rate at which
energ& flows from the pump into these waves
becomes comparable to the flow of pump energy into
the resonator walls and into classical plasma
heating, and thus becomes observable. In
Fig. X-22 this type of analysis is shown for four
different cases spanning a range of peak pump
power ratios, P/Py, from 4.4 to 14. The results
of the model computations are shown as solid lines
only after the time where enhanced absorption has
become detectable. For the cases shown, the 0-T-8
growth rate was used in the computation, and two
different initial amplitudes for E% differing by a
factor of two were chosen, corresponding to the
two solid lines of the model for each case. It is
important to note that the same two 4nitial
amplitudes were used for each of the four cases.
It is seen that for the lowest of the four peak
pump powers, no measurable enhanced absorption is
predicted, consistent with observation. As the

peak pump power 1is increased, the predicted time
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Pump power ratio (P/PT) as a function of time for
four different cases showing predictions of model
for time of onset and subsequent evolution of the
enhanced pump absorption.



at which enhanced pump absorption is first
detectable moves to earlier values, and reasonable
quantitative agreement is seen here with the
experimental results as well. However, the
initial plasma wave energy density required to
obtain this agreement with experiment is con-
siderably larger than would be available from the
naturally occurring thermal fluctuations of the
electron plasma waves. This indicates that the
initial amplitude of the plasma wave energy
density is determined instead by the beating
between the pump and the naturally occurring
fluctuations of the ions.21

1f the same integrations are carried out
using instead the computed P-D growth rates, the
required initial plasma wave energy densities are
of the order of 500 times larger. This would
indicate that the O0-T-S instability dominates the
early time behavior of enhanced absorption and hot
electron production. However, in the nonlinear
steady~- state regime of the parametric instabil-
ities, our spectral wave measurements17 have shown
that both instabilities are present.

Further study is planned in order to answer
the questions about the transient growth phase of
the parametric instabilities that have been raised
by our results: we would like to understand ¢the
mechanism by which wave energy is transferred so
efficiently to a bump in the tail of the electron
velocity distribution. We would like to verify
our notion that the O0-T-S instability dominates
the early time behavior. Further information is
also required to determine whether or not the
beating between the pump and the ion fluctuations
controls the plasma wave amplitude at threshold.
Finally, we need to understand the physical
mechanism whereby the plasma wave energy densities

can grow to the exceedingly large values deduced

by us.
4 Absorption of a Weak Micro Signa
Controlled Levels of Plasma Turbulence. The

geometry of the dual-mode resonator we used
(Fig. X-1) permits simultaneous application of two
microwave fields near 2000 MHz to a common region
of the plasma column. The two modes have E
parallel to the external magnetic field, and their
frequency separation in all work performed to date

is roughly 15 MHz, which may be compared to the

ion plasma frequency of 7.7 MHz or less in our
experiment. This system has mostly been used for
studies of the turbulent plasma state that is
generated by parametric instabilities. In such
studies, one mode {(called the driver mode) is
pulsed at field strengths above the threshold for
parametric instability, causing a rapid growth of
plasma fluctuations that leads to a saturated
steady state. Simultaneously, the second mode
(called the test mode) can be applied at very low
power with a frequency 15 MHz above or below that
of the driver field. By switching off the
microwave sources at suitable times, we measure
and compare the absorption rates of ©both
fields: the absorption of the driver field is
determined by nonlinear parametric effects, while
the absorption of the test field is independent of
test power but 1is influenced by the plasma
fluctuations that are present.

Figure X-23 summarizes the general behavior
seen during the saturated state after the driver
field has been applied for a few microseconds.
The quantity plotted is a measure of the total
rate of microwave absorption by the plasma column.
It is shown as a function of the driver power

[Q" E2) as measured in the saturated state and

normalized to the threshold 1level required to

drive parametric instabilities. For

PDRIVER < PTHRESHOLD the measured absorption rate
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Fig. X-23.
Steady-state absorption rates as a function of the
driver mode power with w</w* equal to (a) 0.91,
(b) 0.76, and (c) 0.67.
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of either the driver or test mode 1is due to
classical electron-ion collisions, and is pro-
portional to the square of the plasma density. A
gradual decrease of absorption with increasing
power in the driver pulse can be attributed to
unavoidable electron heating that reduces V,j.
For Ppprver > PTHRESHOLD Fig. X-23 shows three
types of behavior:

(a) Near the critical density (w%/mz = 0.91)
the threshold for instability is 1low, and the
driver field absorption (triangles) 1is strongly
enhanced by parametric instabilities. Absorption
of the weak test field shows a comparable
enhancement but at higher driver power. A test
field 15 MHz below the driver frequency (circles)
{8 clearly affected more strongly than one 15 MHz
above the driver (squares). Indeed, our measure-
ments indicate that the decreased absorption shown
for the latter case s Jjust collisional (with
heated electrons) and that anomalous behavior does

not occur until PDRIVER ,t 3PTHRESH0LD‘
(b) At somewhat lower

densities
(mgﬂnz = 0.76) the enhancement of driver field
absorption (dots and dashes) ocecurs more
gradually. The test field absorption (broken
line) likewise shows milder behavior that does not
depend upon whether it is above or below driver
field in frequency.

() At still lower densities (52 = 0.67)
the threshold for parametric instabilities 1is
relatively high, and the driver field absorption
shows no abrupt increase as that power level is
exceeded. The gradual enhancement that is
observed is essentially the same as for the test
field (either above or below the driver frequency)
and their common absorption rate is indicated by
the solid line in the figure.

Our more recent work with the dual-mode
resonator system has concentrated on transient
phenomena during the 4initial period of rapid
growth of plasma fluctuations when a destabilizing
pump field is suddenly applied. The method used
here is the same as that used in the transient
studies of fluctuation growth rate and hot
electron production described in Sec. B.3. It
takes advantage of the time delay that occurs
between the application of a strong microwave pump

field to our plasma, and the growth of
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instabilities to the point where enhanced
absorption of this pump field is observed. If the
external source is switched off just after a
strong microwave field 1s established in the
resonator, the energy in that field can decay
freely throughout the entire time that plasma
waves grow to a level large enough to cause
enhanced absorption. By analyzing the decay rate
as was described in Sec. B.3, we establish a
continuous record of the time dependence of the
anomalous absorption in the pump field. 1In the
context of the dual-mode system, the driver mode
is used as the pump field described above while
the test mode is simultaneously freely decaying at
much lower power.

Figure X-24 illustrates the time histories of
both test and driver fields in such an experiment.
Again we plot measured power (P E2) normalized
to the instability threshold (PT). The test field
is applied first, and at (1) it is freely decaying
at a power level well below threshold. The
external source for the driver field is switched
off at (2), and even though it has been well above
the threshold for some time, its initial decay is

at the slow collisional rate. Eventually, at (3),
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Fig. X-24.
Driver and test mode power vs time in_a transient
measurement of absorption rates. mp/m = 0.85 and

frest = fdriver + 15 MHz.



excited plasma waves have reached a level
sufficient to promote enhanced absorption and a
marked increase in the driver field decay rate.
We note that the test field also exhibits enhanced
absorption during this interval. Figure X-25
shows a comparison of the driver and test
absorption rates obtained for this particular
case. Here, as in the data discussed below, we
have mg/m2 = 0.85, and the test field frequency is
15 MHz above that of the driver field.

In the course of our work we have varied the
test field power level, P, from 0.001 to 0.55
times the threshold level, Pp, while keeping the
driver strength substantially constant. Aside
from shot-to-shot variations in the timing of
these pulses, we see no significant change in the
test field absorption over this range. We
therefore conclude that (for P < PT) the test
field absorption rate is independent of test field
strength.

On the other hand, as one would expect, the
transient absorption rates are quite sensitive to
changes in strength of the driver field that
generates unstable fluctuations. Figure X-26
shows four different driver histories with dif-
ferent average amplitudes. The corresponding

absorption rates are shown in Fig. X-27. We see
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A comparison of driver and test mode absorption
rates based on the same data as the previous
figure.
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Illustrating four different time histories of the
driver pulse.

ASSORPTION RATE

Fig. X-2v.
A comparison of driver mode (solid line) and test
mode (dashed line) absorption rates for the four
different driver powers 1illustrated in the
previous figure. mp/m = 0.85 and frest = fdriver
+ 15 MHz,

that the enhancement of test field absorption is
generally comparable to that of the driver, but
its development is not the same. As the driver
strength 1is increased, onset of the enhanced
driver absorption tends to occur at a somewhat
later time than that of the test field. This
behavior is consistent with the notion that the
level of plasma fluctuations required to affect
the test field absorption is fixed, whereas the
level required to affect the driver field
absorption increases with driver power.

The experimental results discussed above show
some differences between transient and steady-
state phenomena, but it is felt that the under-
lying physical mechanisms are the same. A plausi-

ble model suggests that the enhanced test field
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absorption results from an interaction of that
field with the driven electron wave spectrum at
frequencies in the vicinity of the test mode fre-
quency. The 4interaction 1is one of induced
parametric decay, but because the fluctuations are
maintained by the driver, the absorption rate is
independent of test field amplitude. If this view
is correct, then our measurements of test field
absorption in the steady state suggest a fluc-
tuation spectrum centered somewhat below the
driver frequency that broadens with increasing
driver power, which is in agreement with our
measured spectra of the parametrically excited
electron plasma waves.17 Interpretation of our
transient results would require similar strong
broadening of the spectrum during the period of
growth-~possibly as a consequence of the large
natural line width associated with a large growth

rate, as described in Sec. B.3.

C. PROGRESS ON AN EXPERIMENT FOR STUDYING NON-
LINEAR INTERACTIONS BETWEEN PLASMA AND
TRAVELLING ELECTROMAGNETIC WAVES

In addition to the research on the Q-machine
plasma, work is in progress on another plasma
source. This is a permanent magnet multipole
confined argon plasma device of the type developed
by MacKenzie and coworker522 at UCLA. Experiments
planned for this machine include an investigation
of the "2u, instability”®3 in which a photon
undergoes parametric decay into two plasmons, and
also a study of heating a plasma using two
electromagnetic waves whose beat fr'equency2u is
adjusted to correspond to a natural plasma res-
onance. Major distinctions between these ex-
periments and those on the Q-machine are that
these experiments are expected to involve travel-
ling waves in a cylindrical waveguide, which is
perforated to allow the plasma to penetrate, and
that the plasma is essentially unmagnetized.

Detailed measurements of the microwave char-
acteristics of the empty perforated 0.9-meter-long
cylindrical waveguide have been made to allow
comparison with the same characteristics when it
is filled with plasma. We find that the guide,
though constructed of copper mesh, still adequate-
ly confines microwaves. The proof of this is that

with reflecting ends on the waveguide so that a
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cavity is formed, the measured Q is 2200. This
means, of course, that only 4.5 x 10-% of the
stored energy is lost per cycle--an acceptable
loss rate.

Since the experiments to be done with the
waveguide involve travelling waves, the standing
wave ratio (SWR) inside the waveguide should be as
low as possible. It was found that the voltage
SWR is tolerable (1.1-1.3) over a reasonably broad
range of frequencies, and can be brought below
1.05 at a particular frequency with an external
tuner.

The phase shift and attenuation dependencies
on frequency have also been extensively documented
and understood in the framework of theory. When
plasma is present these relationships are expected
to change and these changes can be accurately
measured to provide information about the plasma
density.

The plasma source (Fig. X-28) 1is a steady
discharge in argon maintained by 18 thermionic
tungsten filaments. The filaments are biased from
-30 V to -80 V to provide an ionizing electron
current. Confinement of these primary electrons
and of the plasma is provided by a series of
permanent magnetic line cusps around the cylinder

periphery and at the ends. The perforated

Fig. Xx-28.
View of the filament and magnet support cage with
the 90-cm-long perforated waveguide in place.



waveguide is centered on the axis of the system
where the magnetic field due to the multipole
configuration is substantially lower (Vv a few
gauss), thus allowing the microwave-plasma inter-
actions to take place in an essentially magnetic-
field-free plasma.

A systematic program is under way to under-
stand this plasma source. Langmuir probe
measurements of electron temperature T, and
density ne have been made with and without the
confining magnets. To date the waveguide has not
been installed. Some results of the measurements
obtained are shown in Fig. X-29, where electron
density is plotted as a function of discharge
current at an argon pressure of 10'3 torr., Data
is shown for cases both with and without the con-
fining magnets. Clearly, as reported elsewhere,22
the magnets greatly enhance the plasma density for
a glven discharge current, although we have not
determined which mechanism(s) (primary confine-
ment, plasma confinement, electrostatic confine-
ment) is responsible. Much smaller discharge cur-
rents have so far been used when the magnets were
installed, because the filaments used were not
thoriated as they were for the earlier studies
when the magnets were absent. Thoriated tungsten
filaments will again be used when the waveguide is
installed.

Electron temperatures were also taken from
the Langmuir traces, and generally it was found

that there were two electron energy components to
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Fig. X-29.

Plot of electron density vs discharge current for
1077 torr argon.

the distribution function. The main body of
electrons had a temperature around 2 eV (with
magnets), with a tail whose temperature was around
4 ev. At the higher densities the tail component
took on the same temperature as the main body of
electrons, usually between 1-2 eV.

Further, such studies will soon be carried out
with the perforated waveguide in place, and
following these studies we plan to begin investi-

gation of the microwave plasma interaction.

D. Q-MACHINE HOT PLATE DEVELOPMENT

Our present large, programmable hot plate
structure, though it is working well, requires a
long turn-around time for replacement. In order
to reduce this turn-around time we have developed a
simpler and smaller hot plate design, which is
currently under test. The new design utilizes a
smaller diameter filament structure patterned
after our present conical design, but eliminates
the intermediate hot plate, as well as the
acceleration ring used to program the temperature
profile of the main hot plate. Also, we used
thoriated tungsten wires in the new design instead
of a filament of tungsten foil. The support for
the new 5-cm-diameter hot plate utilizes pointed
tungsten rods, and is similar to tha* used in one
of the designs at the Princeton Plasma Physics
Laboratory. In order to reduce the accelerating
voltage required on the filaments, a grounded
acceleration structure is supported in the center
of the conical filament structure. At a voltage
of 2.9 kV and a current of 2.4 A the hot plate
operates at 2400 K. After 200 hours of operation
the hot plate was disassembled, and no
deterioration of insulating or metal parts was
noted.

Future studies of the hot plate structure
will involve directing a beam of potassium atoms
onto the hot plate surface in order to ascertain

the quality of the plasma column thus produced.
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XI. PLASMA DIAGNOSTICS

R. E. Siemon, EK. Kristal, K. B. Freese, P. R. Forman,
F. C. Jahoda, G. I. Chandler, M. D. Pausman, D. A. Platts

A. INTRODUCTION

The spatially resolved Thomson scattering
experiment, incorporating a special design
polychromator capable of extremely high rejection
of stray laser light integrated with a digital
camera under dedicated minicomputer contr‘ol1'2 has
obtained data on the Scylla IV-P device. A
description of the total system is given (Section
B).

High frequency gas laser heterodyne inter-
ferometry2 has been extended to the 2.39-u infra-
red He-he laser wavelength, using the same lead
molybdate acousto-optic cell as in the visible to
produce the 100 MHz frequency difference between
scene and reference beams. A new system under
development is described that will utilize the
high time resolution thus available for repeated
spatial scanning of plasmas whose temporal changes
occur on a microsecond time scale. A single scan
would yield the same information as side-on HF
holographic interferometry, but in an automated
operation, and amenable also to discrete apertures
as in a Z-pinch coil, where holography is
inapplicable because of lack of fringe continuity.
Repeated scans would approach the time resolution
capability of a multi channel gas laser inter-
ferometry system with considerably less hardware
and better spatial resolution. The initial system
aims for 30 resolution spots in a 6-cm field of
view within a total of 0.25 us forfnedlg 1016
em™2 (Section c).

A computerized plasma beta measurement system
similar to the type used on Scyllac was developed
for use on Scylla IV-P. This system incorporates
the new luminosity profile measurement apparatus
with zoom lens optiecs and improved photomultiplier
detector as first described during its design
phase.2 Also, the numerical method used to fit the
data was improved (Section D).

The last section of this chapter briefly
summarizes various other diagnostics development
activity: a) analog video recording of streak
camera output for subsequent digitization, b) CO2

holographic interferometer, c¢) three-pulse ruby

laser, and d) far infrared diagnostics (Section
E).

A substantial fraction of the Diagnostics
Group effort centers on the use of minicomputers
both for data acouisition and device control.

This activity is reported in Section XIV.

B.  SPATIALLY RESOLVED THCMSON SCATTERING

1. Basic Approach. This project is designed
to detect spectrally dispersed plasma-scattered
ruby laser 1light simultaneously from a large
number of scattering volumes. In principle, this
could be done with a two-dimensional array of very
many photomultipliers, but a much better way is to
use a television detector on which the data are
arranged in a two-dimensional pattern, as orig-
inally proposed by Dimock and Eretz.3

The method for collecting the scattered light
from an array of scattering volumes and resolving
it into multiple wavelength channels is bacsed on
the .fact that a grating polychrometer can be
stigmatic. By stigmatic is meant that illumina-
tion of a single point on the entrance slit with
white light gives a line at the output along which
the various wavelengths are located. Each point
on the entrance slit then corresponds to a
different point in the plasma.

We apply this 4didea to a theta pinch by
arranging for the scattering volume to be as
narrow a band as possible perpendicular to the
axis of the discharge tube. The incident laser
beam goes through the discharge tube walls and
through the plasma in the radial direction. The
scattered light is collected with a lens that
forms an image of the scattering volume onto the
entrance slit of a stimatic polychrometer with
high rejection ratio for stray light at the laser
wavelength. At the output of the polychrometer
there results a two-dimensional intensity pattern
in which one direction represents wavelength and
the other direction represents plasma radial

position.
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The pattern is recorded on the cathode of a
television detector, gated on only while the laser
is pulsing. The light intensity is thus converted
to an array of electric charge. This charge array
is then measured by a special digital television
system on a slow time scale after the event and
the data are transferred in the process directly
to a minicomputer. The minicomputer is basically
a high-speed data buffer and programmable control
device which subsequently transfers the data to a
larger computer for analysis.

2. Optical Design of Polychrometer. When
the incident laser beam goes through the walls of
the quartz discharge tube it generates a high
level of stray light or background light. Since
the stray light is monochromatic and the scattered
light spectrum is broad, the stray light can be
eliminated by the wuse of a 3-grating poly-
chr'ometer'.u

Figure XI-1 shows the optical arrangement of
our speclally designed polychrometer. The first
two plane gratings from a prefilter that selects
the portion of the spectrum to be detected and
rejects the unwanted monochromatic stray laser

light. The prefilter uses f/5 collimation lenses,

which are readily available

commercially.

COLLIMATING LENS
HOLOGRAPHIC GRATING

FIELD LENSES

S1 7T TUBE

OPTICAL DATA DIGITIZER:

50 cm '

Figure XI-1
Three-grating polychrometer wused for digital
television system. Solid lines for 1light rays
indicate a mixture of wavelengths, and dotted
lines indicate a single wavelength. The SIT tube
is shown without the additional gated image
intensifier.
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COLLIMATING LENS

TABLE XI-I summarizes the parameters of these
first two stages. The gratings, selected by the
manufacturer to have low stray light and to be
free of ghosts, are also readily available
components.

The third stage grating is a custom
holographic grating from J-Y Optical. Its purpose
is to put as much intensity per unit area as
possible onto the television detector. This
implies using the maximum possible angle of illu-
mination. As seen by the characteristics listed
in TABLE XI-II, the holographic grating
illuminates the cathode with an aperture of f/2
and forms an image well matched to the 25-mm-
diameter television detector. The nominal values
in the table are in good agreement with those

obtained in practice although there are

TABLE XI-I
CHARACTERISTICS OF POLYCHRCMETER T®O0-STAGED
PREFILTER
Entrance slit 2 mm x 40 mm
Collimating lenses f/4.8
focal length 31.7
diameter 66 mm
Plane gratings 600 groves/mm
size 64 x 64 mm
Linear dispersion 50 A/mm
Resolution (2-mm slit) 100 A
Spectral band pass 4600-6800 & (2200 &)
Transmission of spectrum - 0.5
Transmission of 6943 A < 10-7
TABLE XI-II

CHARACTERISTICS OF HOLOGRAPHIC GRATING STAGE
Entrance slit (@ f/4.8)

Image on detector

2 mm x 40 mm

Aperture f/2.0

Linear dispersion 150 Z/mm

Width of spectrum 14.6 mm

Demagnified slit size 0.8 mm x 16 mm
Resolution 120 §
Transmission of spectrum ~ 0.2

Stray light due to 6943 & < 10-3



significant optical distortions as explained below
in the section on system calibration.

3. Television Detector. As originally de-
signed, the RAC 4826 SIT camera tube was also to
perform the shutter function. It was, however,
found inadequate for this because the shutter
ratio, - 10"3, (signal in response to light when
gated off compared to signal when gated on) was
not small enough. To improve the shutter ratio
and insure enough detector gain, a first stage ITT
microchannel plate image intensifier as shown in
Fig. XI-2 was added. The combined system has
acceptable characteristiecs in all respects as
listed in TABLE XI-III.

The internal operation begins with
photoelectron emission due to light incident from
the right in Fig. XI-2. When the intensifier is

gated on, the photoelectrons are transmitted and

SIT CAMERA TUBE GATED INTENSIFIER
(RCA 4826) n
1 1

r ] 1
LOW VELOGITY HIGH YELOCITY PHOTOELECTRON

SCANNING BEAN BEAN INAGED O TARGET INAGE FOCUS  P-20 PHOSPHOR
CATHODE SILICON TARGET RIS NICROCHANNEL
L\ 5 PLATE MULTIPLIER
=R = o
yam EXTENDED RED
CONTROL  ACCELERATING FIELD MESH  \-ANODE PAOTUCATHODE
tRi0 GRID IGRID NO.21 /  IGRID NO. ) FIBER OPTICS QUTPUT
IGRID KO, I
GUN FOCUSING FIBER OPTICS INPUT
GRID IGRID KO, 3)
1 DL L | LSIT PHOTOCATHODE
T . —

ELECTRON GUN  SCANNING SECTION  IMAGE SECTION

Figure XI-2
Combined RCA television camera tube and ITT
microchannel plate intensifier.

TABLE XI-III
DETECTOR CHARACTERISTICS

Spectral response S-20
Detector diameter 25 mm
Pixel size (minimum 150 ym

spot resolvable)
Sensitivity Quantum limited
Gain Variable over wide range
Gate duration 50 ns or more

Shutter ratio 10-6

amplified 10 to 1000 times by the microchannel
plate. They are then accelerated to the P-20
phosphor of the intensifier, which emits light,
coupled by fiber optics, to the S-20 cathode of
the SIT (Silicon-Intensified-Target) camera tube.
Photoelectrons from the SIT tube are accelerated
by a high potential and are electrostatically
imaged on a silicon target. The impact of an
energetic electron (U4-10 keV) gives rise to many
electron-hole pairs resulting in a further
amplification of 10-1000.

The final pattern of charge, representing the
incident <{ntensity pattern on the cathode,
persists until it decays due to dark current.
Since the camera operates at room temperature, the
image decays in a few seconds. The spatial
resolution of the electronic detector system is
limited by the properties of the low-velocity
electron beam used to read out the stored charge
pattern. The electron gun and sScanning section of
the camera tube shown on the left in Fig. XI-2 are
operated by the electronic system described in the
next section. Although many variables are

involved in characterizing the read-out
properties, a typical spot size for the electron
beam on the silicon ‘target is 100 ym - -
corresponding to 150 um on the cathode because of
a slight demagnification in the electrostatic
image section. The pixel size or minimum-sized
picture element is thus listed in TABLE XI-1lI1 as
150 us.

than the limitation imposed by the channel plate

The electron beam limitation is worse

structure (-~ 70 um) or the finite diode structure
of the silicon target (- 20 um). The final system
spatial resolution is actually limited by
aberraticns in the holographic grating to be about
400 ym so the detector resclution is more than
adequate for the application.

Y4, Electronic System. The read-out of
charge from the silicon target is performed by a
commercial instrument known as an optical data
digitizer (ODD) made by EMR Fhotoelectric. The
mode of operation, unlike conventional television,
is one in which an arbitrary location on the
screen is sampled with a short duration pulse of
the low-velocity electron beam. The resulting
pulse of video signal is amplified and digitized
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before proceeding to another point on the screen.
The procedure is executed under computer control,
giving a great deal of flexibility in the manner
by which data are acquired. A 12-bit X-address is
transferred by a load X-pulse and a 12-bit
Y-address is transferred by a load Y-pulse. As
the current in the deflection yokes is changing, a
"not ready" flag 1is raised. Small steps in
position settle in a few microseconds but changing
from one side of the silicon target to the other
can take 50 microseconds. After the deflection
yokes settle, a sample command can be issued,
which causes the ODD to turn on the read beam for
1 microsecond and then to digitize the video
pulse. The 8-bit intensity appears on the output
lines in a few microseconds and is signaled as
ready on a "ready” 1line from the analog-
to-digitial converter.

If the ODD were the only limitation, a point
could be sampled (for small deflections) every
7 #s. The sample times are important because they
determine the fraction of the screen that can be
read before dark current destroys the signal. We
will return to this point in the section on future
improvements.

Some limitations in the system result from
the ODD pulsed mode of operation. The details of
how the electron beam lands on the silicon target
and generates the video signal are not fully
understood. While it is well established that the
charge on the target 1is proportional to the
incident 1light 1intensity, the peak of video
current sensed during the ODD sample pulse 1Is,
unfortunately, not perfectly proportional to the
stored charge. There results a non linearity in
the observed signal vg light level that must be
removed by calibration. Furthermore, the cali-
bration varies from one point on the screen to
another. These effects lead to corrections as
large as 25%. However, the combination of
computer control and the convenient fact that dark
current generates a signal that increases linearly
with time can be used to calibrate the system
automatically. Experience shows that the
calibration is good to 5% or better and is stable
for many months if the various parameters such as
focus current and grid voltages are left

unchanged.
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In addition to the ODD there have been
several important electronic developments required
for the system. The SIT tube requires up to 10 kV
for operation and the intensifier requires 5 kV.
The SIT cathode and intensifier phosphor are
connected by fiber opties that can tolerate no
voltage differential so that a 15-kV supply is
required for the combined detector. Furthermore,
gating pulses must be capacitively coupled to the
high-voltage electrodes in the detector. The
complicated divider chain required for this
application must be designed with the additional
constraint that there be no excessive voltage
transients on various of the sensitive elements in
the intensifier during turn-on and turn-off. The
main gating pulse is a fast-rising 200-volt pulse
of 100-ns duration.

5. Computer Configuration. For the ODD
control computer, a Prime Model 100 is used with
the following hardware options: 1) 16K memory,
2) terminal control board, 3) general-purpose
input-output board for control of the ODD, U4) a
dual floppy disk drive and controller, and 5) a
CAMAC controller. The system represents a small
but very powerful stand-alone disk-based system.
One of the two floppy disks is devoted to system
software consisting of: 1) a disk operating
system (DOS), 2) an assembly language assembler,
3) an editor, 4) a FORTRAN compiler, and 5) the
usual assortment of LOADER, file management
utilities, FORTRAN library, etc. The other floppy
disk is interchanged often and is used for ODD
software development and data storage.

Figure XI-3 shows the hardware arrangement as
it is used in the Scylla IV-P experiment. The
Scylla IV-P control computer is a Prime Model 300,
which will soon be linked to the CTR Division
PDP-10. The bulk of the data analysis will be
performed on the PDP-10.

The system is interfaced to the Prime 300
through CAMAC, which means the system can be
easily transported to another experiment if that
becomes desirable. The CAMAC crate also permits
the use of stepping motor controllers for a
position and wavelength variable calibration light
source. It also provides a versatile 1link for

future modifications.
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Figure XI-3
Computer hardware configuration for digitial
television operation.

The ODD interface and long-line driver
connect the general-purpose I/0 board of the
Prime 100 to the ODD, which is located at the end
of long cables in the vicinity of the experiment.
The ODD interface was designed and built before a
control computer was obtained and also permits
limited operation of the ODD independent of the
Prime 100. This has proven to be an invaluable

-maintenance tool.

. em O io d bration. The
system is presently operated and synchronized to
Scylla IV-P as follows: Three seconds before a
plasma discharge, a signal from the Prime 300
control computer is delivered to the ODD interface
where it 1s detected as a flag to begin the
control program. An erase mode is initiated for
the ODD whereby the low velocity electron beam is
swept over the silicon target, bringing it to a
uniform potential. This erase continues until
5 milliseconds before the plasma discharge at
which time a pulse from the Winston pulser sets a
second flag in the ODD interface, causing the
program to stop the erase and pause while the ODD
relays settle and the plasma event occurs. During
the plasma discharge the ruby laser is pulsed and,
with suitable delays, the detector is gated in

synchronization with the scattered light. After a
programmed delay of 10 milliseconds (5 milli-
seconos after the plasma event), when the
electrical transients from the bank discharge have
disappeared, the ODD operation begins. In the
operation to date, 600 pixels, representing
30 spatial positions and 20 wavelength channels,
are sampled.

There are two types of calibration required
for the instrument. The first (intensity calibra-
tion) involves making quantitative determination
of the incident light intensity given the digital
signal on a particular pixel. The second (spatial
-wavelength calibration) involves determining the
wavelength and plasma position to associate with
each pixel.

The 1intensity calibration is conveniently
subdivided into a linearity curve and a relative
response number. Experiments have shown that for
a particular setting of ODD controls, each pixel
can be calibrated with a curve of output
signal vs stored charge. The charge is introduced
with dark current and varied by the duration of
time ©between erase and read. The response
relative to other pixels for a particular setting
of amplification on the intensifier and SIT is
obtained using a light source uniform in space and
with known spectral composition. The relative
sensitivity is affected by the intensifier
uniformity, the SIT cathode uniformity, and the
read-beam process. The intensifier gain setting
is often varied and displays some small drifts, so
it is necessary to determine the relative
sensitivity calibration frequently (ideally after
every plasma discharge). The linearity curve and
spatial-wavelength calibration need to be
determined much less frequently.

The spatial-wavelength calibration is
obtained by varying in turn the wavelength and
position of a small monochromatic light source and
observing what area on the screen responds. We
are working on an automatic process to perform
this calibration using computer controlled
stepping motors to vary the wavelength and
position of the source, but to date the calibra-

tion has been obtained manually.
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Figure XI-4
wavelength calibration in terms of the 4096 IX and
Each

shows a typiecal spatial-
IY address coordinates used by the ODD.

vertical curved 1line represents a particular
wavelength channel with red on the left and green
on the right. The width of each 1line is the
full-width half-max distribution of intensity for
monochromatic illumination. The horizontal lines
represent the response to white light at parti-
cular points along the entrance slit. Again,
their width is proportional to the width of the
distribution on the screen. The curvatures and

complicated distributions of light on the screen

are primarily due to distortions from the
holographic grating. Although complicated at
first glance, they are readily accounted for in
the analysis using the calibration data. The
spatial and wavelength resolutions are also
determined in this process. Spatial displacement
of about 1 mm along the entrance slit and
wavelength differences of about 150 A are
resolved. Since this instrument was designed for
plasmas with temperatures greater than about
200 eV, these are acceptable characteristics and
very nearly what was sought in the original
design.
4096 - T T |
- !
|
B 30721 ﬁ
IY 2048f .
1024}
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IX

Figure XI-4
Typical wavelength and position calibration of
system. Distortions are primarily optical effects
from the holographic grating.
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During the months of October and November, 1976,
the instrument was installed operated on
Scylla IV-P. After the wusual difficulties of

cabling

and

and interfacing between a complex
instrument and an experiment were overcome, Wwe
obtained the most needed result of the preliminary
experiment, the shielding was sufficient to permit
operation in the theta-pinch environment. Because
of the complex transistor and integrated circuit
electronics used by the O0DD, which necessarily
sits a few feet from the theta-pinch column, we
had been concerned that voltage transients might
damage the 1instrument despite

our efforts to

carefully shield the electronics. Fortunately,
that was not the case.

Data were obtained on a few main-bank
discharges, and a temperature profile is shown in
Fig. XI-5 for a spatial channel near the maximum
density. Data analysis was limited because the
link from the Prime 100 to the Prime 300 was not
active due to software problems at the time the
a simplified
and study of the data

obtained, show the main features of the results.

data were obtained. Nevertheless,

analysis of a few points,

The radial density profile was readily
discerned and is in general agreement with inter-
ferometry and luminosity profiles. The
temperatures measured are somewhat larger than
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Profile of scattered light intensity ys wavelength
near the center of the density profile on Seylla
IV-P. Solid curve is a least squares fit to a
theoretical profile corresponding to 600 eV.



expected from the Morse thermal conduction model,5
but the data are too preliminary for conclusions
to be drawn.

8, _ Future_ Improvements. The data 1illus-
trated in Fig. XI-5 show the general feature that
the signal-to-noise 1is rather poor. This 1is
explained as follows: The noise is a result of
photoelectron statisties. Whereas the total
number of photoelectrons on the target is about
105-106, each pixel samples an area of about 10'“
of the total area and thus only 10-100 p.e.’'s
contribute to the signal for a given pixel. At
the present time, we read 600 points located at
the intersections of 20 wavelength and 30 position
chapnels, a few of which are shown on Fig. XI-4.
In the original planning we had intended to
deliberately defocus the read beam to permit each
pixel to sample a larger fraction of the screen.
That turned out to be impractical because severe
variations arise in the screen uniformity and
intensity calibration when the beam is defocused
the desired amount.

Our first plan to improve the statisties will
be to read 10,000 points rather than 600. This
will permit averaging of approximately 16 points
to determine the intensity at any given wavelength
and position which should reduce the noise level
by a factor of 4,

Reading 10,000 points will, however, require
10u x 50 us or 0.5 seconds, which means dark
current will affect the signal. We will
compensate for dark current by reading in the same
pattern each time so that the dark current
contribution can be predicted and, therefore,
subtracted from the data. Secondly, we will make
use of the fact that some areas of the screen
respond with less sensitivity and can thus be read
last without the signal reaching full scale due to
dark current.

Other possibilities are to cool the detector
to reduce dark current or to reduce the reading
time per point from 50 us to the ODD limit of
T us.

Qur conclusions are that the system has
proven to be workable and continues to hold
promise as a most significant diagnostie. Some
improvements are called for, but the flexible

nature of the programmable control computer make

many modifications straightforward and easily
iterated. Significant work remains to be done in
the area of software development for data
analysis. Fortunately, the imminent link to the
PDP-10 computer will greatly facilitate this
portion of the work.

C. HETERODYNE INTERFEROMETRY

1. Basic Approach. A scanning heterodyne
interferometer is under development for obtaining
high-resolution, sequential density profiles of
pulsed fusion plasma during a single discharge.
The technique combines the periodic self-
calibrating feature of the heterodyne approach
with a high-speed spatial scanning device to
effectively convert temporal fringes to spatial
fringes. The system is designed for plasmas for
which (nel)max

scale of several microseconds.

> 10'® on=2 and which have a time

Spatial scanning is accomplished with a
turbine rotating mirror (10u rps), which is imaged
onto a Ge:Hg detector. The system is designed to
scan a 6-em field with 2-mm resolution in 0.25 us
using the 3.39-um line from a He-Ne laser. The
heterodyne signal is obtained from a 100 -MHz
frequency difference between scene and reference
beams generated by a lead molybdate acousto-optic
cell. To reduce spurious differential phase
shifts during the scan, and to improve signal-
to-noise ratio, both scene and reference beams are
swept by the same rotating mirror. Each of
several consecutive scans contains . 25 fringes
(10-ns period), which is compatible with the
spatial resolution. The expected phase resolution
in double-pass mode is 0.1 fringe.

The system has the advantage of requiring
only a single signal channel to get multiple
spatial profiles in contrast to multiple beam
systems. However, it also requires a bandwidth
(150 MHz in this case) much larger than the basie
plasma data rate.

A prototype has been assembled with only a
single facet high-speed mirror. A full scene beam
scan of 5.5 cm has been obtained with resolution
better than 2 mm at one-half the full design
scanning speed so far., Heterodyning at 100 MHz
has been accomplished so far only with stationary

scene and reference beams, but with adeyuate
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contrast and signal-to-noise ratio. Further
detail and design considerations are given in the
following sections.
2. IR Heterodvning Using Lead Molybdate.

The acousto-optic material used in the previous
work in the visible was lead molybdate (PbMoOu).
Since this material is transparent at 4 us, it was
decided to try using the cell at this wavelength.
The basic question was one of power level. For a
given 4interaction configuration and diffraction
efficiency, the required acoustic power, P, scales
as xz. A power level of - 50 w is therefore
required at 3.4 u. To avoid destroying the cell
by excessive heat deposition, it was decided to
pulse the system with a low (< 5%) duty cycle.
The test setup 1is shown in Fig. XI-6. The
incident IR beam is focused to < 1 mm inside the
cell. Because of the longer wavelength, both the

Bragg and diffraction angles are quite large;

separation between the zero and first orders

is - 6°. The two orders are recollimated and
combined on a beamsplitter, which is angularly
adjusted for good interference. A short focal
length lens focuses the resultant beam on the
rather small (0.02 mn?  active area) indium
arsenide detector. The detector is a Judson Model
J-12LD, which nominally has a 5-ns rise time.
Aside from a bias circuit, it connects directly to
the 7844 scope. The rf drive power for the cell
(at -~ 100 MHz) is pulsed by a rf switch controlled

by a pulse generator.

InAs TRIG PULSE
DETECTOR ( GEN
002 mm?
] SCOPE
cm
FL 17844) Rf AMP Rf Rf OSC.
—4 —=40 W [~ SWITCH []~100 MHz
LOWER UPPER
ISOMET
\ ~2cm 1206 CELL L‘
f J
BEAMSPLITTER 20 cm 30 cm
}“_ FL. EL.

l He-Ne LASER } 3
AT 339 pm CHOPPER !

Figure XI-6
Infrared heterodyne test setup.
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Results are shown in Fig. XI-7. Figure XI-Ta
shows the zero order (rf  off) chopped
mechanically. The modulation of the zero order by
the comparison to be . 40 us wide) is shown in
4 delay of
~ 1.5 us 1is evident between the rf and optical

the upper trace in Fig. XI-T7b.

pulses due to the acoustic transit time in the
cell. A corresponding photo of the first order is
shown in Fig. XI-7c. The lower amplitude is due
to the poor ©beamsplitter used. The signal
direction, of course, is opposite that of the zero
order, The interference signal with both beams
recombined on the detector is shown in Fig. XI-Te,
showing the beat at 107 MHz. The beat amplitude
is only about 40% of what it should be based on
the amplitudes of the individual beams. This is

most probably due to inadequate detector

Fig. 7c. Fig. 7d.
Fig. 7e.
Figure XI-7
7a. Zero order beam, mechanically chopped (no rf
on cell). 7b. Upper trace: RF pulse. Lower
trace: zero order (base 1line represents zero
signal). Te. Upper trace: RF pulse. Lower

trace: First order (base line represents zero
signal). 7d. Upper trace: RF pulse. Lower
trace: Heterodyne signal. T7e. Same as Fig. 7d
with expanded time base.



bandwidth. A much faster detector is used in the
system application discussed next.
3, Rapid Scan Heterodyne Interferometer

a S ni uirements. For applica-
tion to a theta- or Z-pinch the principal factor
determining the allowed scan time is MHD plasma
motion (rather than e.g., decay due to end loss).
The scan time must be such that negligible rlasma
motion occurs during the scan. Since typical
diameters (1/e point) for a theta pinch are
~ 2-3 em and typical velocities are - 0.5 cm/us,
then for the motion to be less than 10% of the
size requires a scan time < 0.4 us. Ariother
important factor in scanning is the resolution. &
resolution of 10% of the column diameter (- 2 mm)
would seem to be the minimum acceptable. Field
coverage 1s determined by the uncertainty in
plasma location within the discharge tube; a scan
field of at least 5 cm is needed based on previous
experience with HF laser interferometry on
Scyllac. These requirements may be restated in
terms of a scan rate--at least 60 spots/us, and a
field of at least 25 spots are required. These
are fairly severe restrictions, especially at 3.4
u where diffraction limited beam divergence is -~ 6
times greater than in the visible. After perusal
of various techniques (inecluding acousto-optiec,
electro-optic, and vibrational), the high-speed
turbine mirror seemed to be the best solution.
Turbine mirror technology is highly developed and
many devices are still in use in high-solution
streak photography. Use has been made of this
fact in acquiring a 10,000 rps beryllium mirror on
loan from Group M-3. The mirror has a usable
dimension in the scan direction of - 11 mm, which,
even with a deflection angle of 90°, allows
diffraction limited beam divergence (2 A/d) of
- 140 spots/us at this wavelength, or about double
the required rate. In particular, the field will
be chosen to be . 6 cm, the resolution aimed for
~ 1.8 mm, and total scan time (full field) will be
- 0.25 ps, giving - 130 spots/us. This further
reduction of the total scan time also helps keep
the number of fringes on the recording
oscilloscope down to a reasonable value. A Sscan
of - 25 fringes total is still compatible with the

spatial resolution requirement.

Scanning of the plasma column could be done
by scanning either the scene or reference beam or
both. However, scanning either beam alone would
probably introduce substantial differential phase
shifts just from the scanning mechanism, resulting
in a  highly distorted fringe pattern. In
addition, if only the reference beam were scanned,
the scene beam would have to cover the entire
field, which would seriously reduce the beat
signal strength. For these reasons, a geometry
has been chosen in which both scene and reference
beams are reflected off the high-speed turbine
mirror.

It is useful to note that this technique does
not require a clear view of the object for all
points in the scan field. For example, in
applying this technique to a toroidal Z-pinech,
where axial current flow in the coil prevents the
cutting of a continuous viewing slit, holes spaced
at the resolution interval may be used. In this
case, the scan rate would be adjusted so that at
least one entire fringe can be observed per
resolution element. The fringe pattern would then
be a square wave modulated sine wave, but the data
would. still be analyzed in the usual way. One
would only need to be satisfied that one or more
fringes were not accumulated in the space between
holes due to the plasma. In addition, discrete
electro-goptical beam switching could possibly
replace the mechanical scan.

b, System Description. An
schematic of the proposed system is shown in

optical

Fig. XI-8, and a plan view of various parts
appears in Fig., XI-9. The zero and first- order
beams out of the A-0 cell become the scene and
reference beams. They propagate parallel to each
other, but displace in a direction parallel to
the axis of rotation of the turbine mirror. The
mirror is 25 mm long and the beams are displaced
by - 15 mm, allowing for beam expansion. The
particular rotor in hand has only one mirror facet
so that multiple scans require splitting off part
of the beam for scanning at a somewhat different
time in the wmirror cycle. Typically, - 4 us
requires -~ 15° beam separation.

The angular beam scan imparted by the rotor
is converted to a linear scan by the scan lens.

The aperture stop (the largest dimension
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Figure XI-8
Simplified schematic of rapid scanning double-pass
infrared heterodyne interferometer.

INCIDENT BEAMS
FROM SCANNER.
SCENE

IV-REFERENCE SCENE BEAM

SCAN LENS PLASMA COLUMN END MIRROR

{

COMBINING BEAMSPUITTER
REF BEAM END MIRROR

REF BEAM
TURNING MIRROR

INTEFERENCE SECTION: EQUIVALENT PLAN VIEW

ZERO ORDER

: { ISCENE ) :ACOUSTIC CELL
FIRST ORDER
(REF)

COLLIMATING
LENS

ACOUSTIC CELL OUTPUT: PLAN VIEW

Figure XI-9
Interference section and acoustic cell output
section of the scanning double-pass infrared
heterodyne interferometer.

completely filled for all beam positions) 1is
placed at the front focal plane of the scan lens.
The beams then propagate in double pass fashion
through the scene and reference arms and are
recombined on a beamsplitter. The beamsplitter is
adjusted for high contrast (large fringe spacing
in the- spatial pattern) and the recombined,
scanning beams are focused onto the detector. The
combination of scan and focus lenses image the
aperture stop onto the detector. In this way,
even though the beams are scanning, there is no
spot motion across the detector. Since the
scanning beams are collimated on the turbine, the

scan lens brings them to a focus near its rear
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focal plane. The return mirror in each arm is
then placed at this point, which 1is also
physically close to the plasma. The spatial
resolution is then approximately the focused spot
size. With a 2-meter FL scan lens, the resolution
is then - 1.5-2 mm. The linear beam displacement
across the scan lens, FL x @ is then - 6 cm in
1/4 us.

In imaging the aperture stop on the detector,
considerable reduction must be used. This is
because fast, sensitive IR detectors only come in
small sizes. The detector used here 1is Ge:Hg,
with a risetime of - 1 ns. To condense the 7-mm
aperture stop on to the 1-mm detector requires a
lens of focal length < 29 ecm. The lens speed need
only be £/4.8.

¢, Phase Resolutjon Analysis. The ul-
timate limit on phase resolution is the
signal-to-noise ratio. For a sinusoidal signal, a
simple geometric analysis shows that the maximum
error in locating the peak or through of the

sinewave is:
1 ——
80 = = fVp/Vg

where V, and Vs are peak-to-peak noise and signal
voltages, respectively, and 40 1is in fractions of
a fringe. Since typical peak fringe shift on
Seyllac is 1 to 2 fringes, a 0.1 fringe resolution
would be desirable. To achieve this Vg /V, = 10 is
needed. The optical power available for the
entire measurement is 1.5 W (using the standard
homemade coupled cavity-type laser). Allowing for
equal distribution by the A-0 cell, a 50-50
recombining beamsplitter and three separate time
frames give 130 W in each beam. A 50% optical
efficiency 1leaves - 65 W per beam. When
heterodyning two beams, each of power P, the

resultant beat signal has the form

Vs « 2P cos Awt

so that the peak-to-peak signal corresponds to a

power of 4 P, or 260 uW in this case.



The only quantum detectors fast enough for
this application are of the doped germanium
variety. We are using Hg doped Ge, with a diam-
eter of 1 mm and responsivity of . 0.05 A/W at
3.4 4. The low responsivity is the price paid for
bandwidth. An  input power of 260 W should
therefore produce > 650-uvV signal (with R > 50 Q).
The dominant noise source is the load resistor and
input preamplifier. Together these should produce
- 75 uV peak-to-peak of noise (with bandwidth of
150 Mhz), depending on the exact load recsistance
required to shunt the front end capacitance. Thus
VS/Vn - 8, which is quite compatible with the
design objectives, provided that no serious loss
in fringe contrast results, Maintaining a high
level of contrast is the subject of the following
section.

d. Contrast. The great imponderable in
the entire system is contrast retention. Contrast
may be loosely defined as the 1level of the
heterodyne signal in relation to the incident
power level. Anything that distorts the scene and
reference beam wave fronts in different ways will
Further, the

contrast may vary within the scan, possibly

tend to reduce the contrast.

introducing severe distortion into the fringe
pattern. The infrared is somewhat forgiving in
this regard, but nevertheless, attention needs to
be paid to mirror and lens quality in the
individual beam arms. The biggest offender is the
discharge tube, and special corrector elements
have been designed (with the assistance of Group
M-5) to reduce the first-order refractive effects
of the discharge tube. However, residual effects
will remain, and these may require compensating
elements in the reference arm.

Currently unknown is how severe a contrast or
resolution reduction will be caused by the
scanning mechanism at full speed.

Construction of apparatus to explore these
effects and, hopefully, provide proof of principle

is well under way.

D.  ON-LINE BETA MEASUREMENT FOR SCYLLA IV-P

1. Luminosity Measurement With Zoom OQptics.
The new luminosity apparatus operates conceptually
on the same principles as previous devices used on

Scyllac. The image of the plasma is projected

onto the segmented fiber optics detector through
telecentric optics, i.e., making the object appear
to be at infinity. However, a zoom lens is used
to relay an intermediate image to the detector
array, thus providing a variable field of view
(1 cm to 6 cm) to the detector. A schematic
diagram of the device is given in Fig. XI-10. By
placing the beam splitter in front of the primary
lens, the plasma and the diffused strobe light
calibration source are simultaneously in focus.
In this manner, any image intensity aberrations,
e.g., vignetting, are included in the calibration.
The strobe 1light is flashed and automatically
recorded before every plasma discharge.

The two outside channels in the 22-element
fiber optic array can be back illuminated in order
to project an image into the quartz discharge tube
for alignment.

2. Photomultipliier Detector Design. The
light at the final image plane is carried by the
fiber optic bundles to a bank of 20 photomulti-
pliers. A new photomultiplier tube was used in
this design, the EMI 9798B. replacing the RCA 9314
used previously. The 9798B has an end-on
photocathode geometry, permitting a more compact
in-line design. It also has a broader spectral
response (S-20) and a higher gain, 11 stage dynode
structure. Although the risetime of the "box and
grid® structure EMI 9798B for a step pulse
(< 50 ns) is appreciably slower than either the
12 ns quoted by the manufacturer (valid for delta

function input) or the risetime of the "squirrel

O
PHOTOMULTIPLIERS

STROBE.
TRIGGER

Figure XI-10
Schematic diagram of luminosity device.
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cage” 931A, it 1is adequate for following the
postimplosion theta-pinch plasma.

Considerable effort went into the design of a
dynode biasing chain that could provide
high-pulsed anode currents at high gain, while
maintaining the fastest possible risetime and good
linearity. The highly nonlinear chain, shown in
Fig. XI-11, proved to be the solution. With this
chain, the tube can produce peak anode currents
linearly up to - 5 mA for ~ 100 us, The 1line
driver amplifier (Burr-Brown 3553) is capable of
driving a 502 load at + 10 V, with risetimes
< 5 ns., Hence, the anode signal is relayed faith-
fully to the screen room, where it is digitized
and recorded by Biomation or SEC transient
recorders for subsequent processing by the
computer.,

It was desired to combine the photomultiplier
tube and electronics into modular units that could
be easily exchanged in order to facilitate repairs
or modifications. Figure XI-12 shows the final
module design and the tube array. The tube,
surrounded by light-tight shielded canisters, is
plugged into a base unit containing all the dynode
chain and line driver electronies. The base is in
turn plugged into a mother board, which provides
the modules with necessary operating voltages and
receives the output anode signals. A double
shielded housing (not shown) contains the mother

board. The fiber-optic cables from the luminosity
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Figure XI-11
Monlinear optimized dynode chain for luminosity
measurement.
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Figure XI-12
Luminosity module design and photomultiplier tube
array.

device pass through the housing walls, enter the

shielding canisters, and reach to the photomulti-

- plier photocathodes.

3. Luminosity Profile Fitting apd Axis Beta
Calcylation Program. After the luminosity data
have been digitized, the Scylla IV-P control
computer (Prime 300) is used to analyze the data
immediately after the main bank discharge cycle is
complete. The relative radial density profile is
computed by fitting the data with a nonlinear

least squares method. The function used is

f(x) = A +Bx +C exp(-2(x-xo)2/a2) , (1)

where A and B are used to fit the background light
level, and C 1is the amplitude of an assumed
Gaussian profile centered at Xg and of charac-
teristic width a, respectively. This five-
parameter fit includes the linear term Bx not used
in previous 1luminosity fitting programs. The
inclusion of this term gives statistically better
fits to the data, according to the X2 test.



Excluded flux data -are obtained from a
balanced loop-probe pair and also digitized. They
are then used in combination with the radius data
to compute the axis beta as a function of time.
Typical output from this program is shown in
Fig. XI-13. The analysis results are used by
subsequent computer programs to compute energy
confinement times and ion temperature (see Section
V, this report).

E.  MISCELLANEOUS

1, _Analog Video Monitor of Streak-Camera
Qutput. A Secylla IV-P Imacon streak picture has
been successfully recorded on a SIT tube video
camera and displayed on a monitor, This
demonstration of a solution to 1light 1level,
electrical noise, and triggering problems in an
actual operational environment justifies
proceeding with digitization for eventual auto-
mated analysis. This work was done under contract
by EG & G with a GE TE36 camera coupled to an
Imacon with a f/1.2, 55-mm relay lens. The

monitor and tape recorder were located in the
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Figure XI-13
Results of beta calculation. Upper left: Plasma
radius. Upper right: plasma centroid position.
Lower left: beta value. All quantities vs time
in microseconds. Lower right: excluded flux
signal.

screen room and good quality recordings were
obtained with the relay lens stopped down to f/4.

2. CO5 Holographic Interferometer. A 1-J
pulsed CO, holographic double-pass holographic in-
terferometry system with 18 cm diameter scene
beam, complete with CW 002 alignment laser, was
constructed for the CTR-5 plasma gun project (Sec-
tion VI). Because of the unexpected high-
density, small-dimension plasma observed with ruby
laser interferometry, this higher sensitivity, but
more complicated system, has been temporarily
shelved,

3.__Three-Pulse Ruby Laser. The principle of
the single-laser cavity emitting two collinear
pulses of orthogonal polar‘ization2 can be extended
to additional pulses by adding more polarizing
opties within the cavity. The motivation is to
obtain multiple interferograms during a single
plasma discharge. A circuit for double pulsing
one Pockels cell, necessary to obtain three
pulses, has been designed and constructed and work

is proceeding on a time-as-available basis.

4. Far Infrared Diagnostics. With the rapid
development elsewhere of 002 laser pumped far in-
frared lasers for plasma diagnosties (both pulsed
and CW), we have undertaken the development of
some in-house capability in this field on a
time-as-available basis. The initial aim is the
extension of our visible and near-infrared CW gas
laser interferometry techniques to the 496 u CH3F
and 119 u CH30H wavelengths, utilizing high sensi-
tivity, sub-nanosecond response room temperature
detectors (Schottky-barrier diode type) newly
available from Lincoln Laboratory/MIT. The
enhanced sensitivity at these 1long wavelengths
should make density measurements of the tenuous
plasma outside the dense core of theta or 2
pinches possible. While refractive bending will
be severe for a substantial transverse gradient,
it might itself ©be ‘the ©basis of |useful
measurements.

A 1line-tunable 002 pump laser built by L
Division was borrowed and improved until a very
stable 20-W CW single-mode output at the
9.6-u pump wavelength for CH3F was obtained.
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Output at both 496 y and 119 p has been observed-
Experiments are in progress to determine the
optimum configuration and coupling into and out of
the FIR cavity. Mode structure, beam divergence,
polarization, and power of the FIR laser will be
studied before specific applications are

determined.
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XII. HIGH-BETA TOKAMAK

P.C.T. Van der Laan, J. P. Freidberg, K. S. Thomas

A. INTRODUCTION

Tokamak-like plasmas with a relatively high
beta can be produced rather easily with implosion
heating techniques. A study of these pos-
sibilities has led to a proposal for the con-
struction of such a "High-Beta Tokamak.” This
proposal, which 1is described in LASL report
LA-6413-P and its Supplement, will be reviewed by
ERDA in January 1977. We discuss here the physics
of such an experiment, the proposed construction
of the machine, a comparison with other

experiments, and, finally, list some problems.

B. HIGH-BETA TOKAMAK PHYSICS

The objective of the experiment is first of
all to find the limits of B8 and q for which equi-
librium and stability can be obtained. Secondly,
one should attempt to move the 8 1limit to higher
values by making appropriate modifications.

In the tokamak configuration the toroidal
field B¢ is larger than the poloidal field Bp.
Most of the implosion heating is therefore the
result of the rapidly rising B¢, as in a toroidal
theta pineh.

A bias field B¢o will be used to decrease B,
probably down to values as low as 10 to 15%.
Especially at these low B’s the heating process is
not very efficient. Since the ability to control
profiles by means of flux conservation will be an
important feature of the experiment, anomalous
diffusion should be avoided. This means that low
filling pressures cannot be used, even though the
corresponding increase in temperature would be
welcome; a minimum filling pressure is probably
0.7 Pa (5 mTorr).

Implosion heating offers a very large heating
rate and a short build-up time of the con-
figuration., Therefore fluxes and q values of the
helical field lines are conserved, Jjust as they
should be in a Flux Conserving Tokamak. In fact,
flux conserving equilibria are obtained much more
easily in implosion heated tokamaks than in
conventional tokamaks where auxiliary heating can

provide only a slow heating rate.

The experiment will have a ceramic discharge
tube surrounded by a closely fitting metal shell.
This and the experimental fact that the region
outside a pinch is filled by a reasonably hot
low-density plasma ensures that flux conservation
takes place throughout the tube., One can there-
fore build in specific q profiles by applying the
right q history at the wall during the risetime of
the fields. This possibility of control of the q
profile, or in other words, of the current density
profile has already been demonstrated in many
screw pinch experiments. A flat q profile im-
proves the stability of the plasma drastically and
reduces the equilibrium shift, as has been shown
in experiments and by theoretical descriptions.

A moderate vertical elongation of the cross
section should also help to increase the 8 that
can be confined. A racetrack-shaped cross section
with a height-to-width ratio of 2 to 1 has been
chosen. Computer calculations described in Sec.
XIII have shown that very high 8 equilibria are
possible in this configuration, especially in the
case of flat q profiles.

C. CONSTRUCTION OF THE PROPOSED MACHINE

Figures XII-1 and XII-2 show the proposed
construction of the central part of the machine
and the proposed circuit for the 6 currents. The
6 currents are fed in with two conical trans-
mission lines on the inside of the torus. This
construction provides access for diagnostics,
allows grounding of the outside shield and reduces
the field errors near the eccentric plasma. The
shell will have one gap in the vertical plane so
that toroidal plasma currents can be induced. The
primary of the air-core transformer will consist
of an end-fed or "Marshall coil” arrangement.

The discharge chamber will be composed of 30
straight alumina sections, each in the shape of a
racetrack. The metal shell will fit the ceramic
torus closely.

The high-beta tokamak requires fast-rising
magnetic fields for the implosion heating, but

also fields that are sustained for a time long
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Central part of the High-Beta Tokamak. The shell
carries the 6 currents. The pressurized vessel
around the primary © coil prestresses the 6 coils
to counterbalance the large inward force.
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Fig. XII-2,

Proposed circuit for the High-Beta Tokamak. The
iron cores isolate the slow 100-kV power-crowbar
bank during the initial magnetic field rise which
is produced by the fast 150-kV bank.

enough to study plasma confinement and stability.
The circuit shown in Fig. XII-2 has both the
high-voltage bank and the low-voltage bank neces-

sary to achieve this. Both banks are fired
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simultaneously but are isolated from each other
during the fast initial rise by the iron core
coils. At later times when the slow bank has to
provide the current the iron saturates.

A list of machine parameters 4is given in
Table XII-I.

D. COMPARISON WITH OTHER EXPERIMENTS

As has been described in Section B, an
implosion heated high-beta tokamak can generate
flux-conserving tokamak equilibria and in addition
can program in other q profiles, for instance the
more favorable flat q profile. Other differences
with a conventionally produced future FCT are the
higheér density and perhaps the narrower pressure
profile in the implosion heated tokamak. Higher 8
values can be obtained by a reduction of the bias
field, and are in fact produced more easily than
the low 8 values.

The proposed experiment differs from the many
existing screw pinches and belt pinches in three
respects.

It will operate at such a filling density
that not much anomalous diffusion occurs during
the implosion. To obtain high temperatures under
these conditions, quite high E fields (=~ 1 kV/cm
in the presence of plasma) are required to ensure

fast implosion heating. Secondly, the machine

TABLE XII-I
MACHINE PARAMETERS

Major radius R 0.30 m
Height 2b1 0.48 m
Width 2b, 0.24 m
Volume v 194 dm3
Minor circumference 1.234 m
Toroidal field B¢ 2.0 T
at R = 0.30 m
® inductance, single Le 87 nH
turn, 1.5-cm dead space
Toroidal current I¢ 750 kA
estimate for q (wall) = 2
Filling pressure deuterium Po 0.67 Pa

(5 um)
Final plasma density ng 5 x 1021 m'3
Final plasma temperature T 300 ev



will have a complete shell around the torus to
guarantee flux conservation over the full cross
section of the chamber. Partly open shells as
used in most belt pinches allow the use of an
externally applied vertical field, but also cause
the area in which fluxes are conserved to be
small.

Thirdly, the machine will have a moderate
2-to-1 elongation of the minor cross section,
different on one hand from the many machines with
circular cross section but also different from the
larger elongations (3-to-1, up to 7-to-1) used in
belt pinches. The planned 2-to-1 racetrack might
still be changed to a D-shape by the addition of a
bulge to the outer surface. Equilibrium
calculations, described in Sec. XIII, have shown
that equilibria are possible at very
high beta values, up to 90% local beta and
possibly up to 100%. The 2-to-1 racetrack is in
this respect better than the bulging racetrack,
but the advantage of the latter is its better
stability characteristies, as was apparent from
the behavior of the Mercier criterion for the two

shapes.

E. PROBLEMS AT LONG CONFINEMENT TIMES

To find the limits for 8 and q, one needs to
keep the plasma parameters constant during many
MHD times.

.reached, and experiments in SPICA and in belt

If stable periods of 100 us are

pinches suggest that this should be possible for
the appropriate 8 and q values, one would like to
understand the decay processes that 1imit the
lifetime thereafter. Two candidates for these
limiting processes are discussed.

1 R ing. As in all high-density
plasmas, radiation, which increases with n2, can
dominate ohmic heating which is almost independent
of n. This means that only very low impurity
concentrations can be tolerated in high-density
plasmas. Figure XII-3 shows the decay of the
temperature, for two densities and three oxygen
concentrations, after an initial implosion heating
to 300 eV. These calculations were done with the
IMPRAD code, described in See. XIII. Clearly the
oxygen concentration should be kept down to at

least 0.1%, which is certainly not easy, but
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Fig. XII-3.

Computer results for the decay of 1/2(Te + Ti) for
two plasma densities and three concentrations of
the oxygen impurity. Implosion heating at t = 0
heatg the plasma to 300 eV. A current of 1000
A/cm® contributes ohmic heating.

judging from experience with linear 6 pinches, not
impossible either.

Note that the radiation cooling problem of
high-density confinement disappears when a-particle
heating, which is also proportional to n2, takes
over., The radiation cooling problem cannot be
blamed on the wall materials; in fact the low-2Z
atoms of quartz and alumina are orders of
magnitude better than the high-Z atoms of metal
walls in terms of impurity radiation losses per
impurity atom.

2. _Dis tive Instabi . The second pro-
cess, which may limit the lifetime is the dis-
ruptive instability. Radial heat conduction sets
up a temperature profile which in turn begins to
influence the current distribution. If this leads
to a shrinkage of the current channel, a surface
on which q = 1 can show up near the magnetic axis.
Under given circumstances, otherwise harmlesss in-
stabilities on the q = 1 surface can develop into
a disruptive instability. The characteristic on-
set time for such a disruption is hard to esti-
mate. On one hand, the heat conduction would be
faster at the higher densities of an implosion
heated tokamak. On the other hand, especially for
a broad current profile, a protective layer of
well-heated low-density plasma could help to
lengthen the lifetime.
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XIII.

THEORY

D. C. Barnes, J. U. Brackbill, R. Christian, T. E. Cayton,
R. Y. Dagazian, J. P. Freidberg, R. A. Gerwin, D. W. Hewett,
H. R. Lewis, R. C. Malone, L. W. Mann, M. Menzel, G. Miller,
R. L. Morse, C. W. Nielson, W. Riesenfeld, W. Schneider,
J. L. Schwarzmeier, A. G. Sgro, K. Symon, L. Turner, and D. Winske

A. INTRODUCTION

During 1976 CTR-6 continued to make important
contributions to high-beta kinetic and magneto-
hydrodynamic theory. In addition, detailed theo-
retical studies of several exploratory concepts
were initiated.

One major interest in microtheory continued
to be the lower hybrid drift instability. Efforts
in the 1last year have indicated that this
instability may not be as dangerous as previously
thought. It has been shown that a threshold for
the instability exists at low drift velocities,
that profiles in Z-pinch configurations can be
shear stabilized, and that the saturation level of
the instability, determined from plasma simulation
at lower drift velocities than were attainable in
the past, is much less than previously thought.
In addition, the hybrid implosion code, which had
already achieved remarkable success in reproducing
experimental results, was substantially improved
and proceeded to give excellent agreement with
such subtle experimental measurements as neutron
yield and plasma rotation. A new hybrid code
which holds great promise for extending these cal-
culations to several spatial dimensions has been
developed during the past year. Finally, a new
active interest was taken in electromagnetic in-
stabilities which are due to anisotropic ion tem-
peratures that arise during implosions.

The major success of the theory group during
the past year occurred in MHD theory, where a much
clearer understanding of the Scyllac experiment
was achieved. A simple analytic model for esti-
mating the external forces needed to produce
toroidal force balance for diffuse equilibria was
developed and results showed that the force
balance for an p=1,0 system at high beta was dif-
ferent by a factor of two from the prediction of
sharp boundary theory. This result was verified
in three-dimensional numerical studies of diffuse
Seyllac equilibria. These time-dependent calcula-

tions have shown dramatically the behavior of the
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plasma column and its approach to equilibrium in
the postimplosion phase of Scyllac. Also, a more
transparent picture of the plasma motion in the
Scyllac sector was obtained by means of an
analysis of the response of the plasma to a
localized impulse.

Progress was also made in areas which are of
prime importance in scaling to larger experiments.
These include finite Larmor radius (FLR) effects,
classical transport, and work on the ZT-40 experi-
ment., The study of FLR effects, both numerical
and analytic, has continued to show that careful
analysis of these effects give more optimistie
results than predicted by previous theory. A de-
tailed theoretical investigation of high-beta
classical transport was successfully completed in
the past year. Finally, calculations of equilib-
rium and impurity radiation for the proposed ZT-40
experiment have been carried out.

The theory group has also engaged in several
areas that are less traditional, and might be
called exploratory concepts. They involve the
study of materials and their interaction with
plasma. One effort is a study of plasma com-
Although com-

pressibility of the liner does reduce the very

pression by imploding 1liners.

favorable scaling of the simplest theory, the
results still show that break-even is achievable
in a very small device. A second effort involves
the investigation of material end plugs for linear
theta pinches. The calculations have shown that
plugs can significantly increase the energy con-
finement time (as well as eliminating particle end

loss), and have created new optimism for linear

devices.

B.  PLASMA MICROTHEORY

The role of plasma instabilities in high-
density pinches continues to be an actively
researched subject. In addition to a continuing
examination of the lower hybrid drift instability

in the low drift velocity, postimplosion plasma a



number of new modes which are significant in
various phases of a pinch have been investigated.
1, Plasma Waves and Instabilities.
Di r Waves Pro-
pagating in an Unbounded, Magnetized, Homogeneous

During implosion, the ions

n Properties of Pla

v=Flui asma.
of a 6-pinch plasma are heated preferentially in
directions perpendicular to the magnetic field,
i.e., TJ. > 'I‘|| . However, experimental observations
indicate that the ion energy becomes isotropic,
i.e., T = T“, in a time much shorter than that
predicted by collisional relaxation processes.

The instabilities which reduce the tempera-
ture anisotropies in pinched plasmas are important
to the understanding of stability and end loss in
straight theta pinches and mirrors. These have
been studied by deriving, without any simplifying
assumptions, the dispersion formula for unstable,
plane-wave perturbations of the Vlasov-f‘luid1

equilibrium.

go(l:") = Boi '

£ (+ -)) M M 1/2
olfWV) =Ty ZnKT, (21rKT“)

( va ) ( Mvg ) (
exp - {——}exp - [—2] . 1)
2KTJ. 2KT“

These equations describe a uniformly magnetized,
electrically neutral plasma whose equilibrium ion
distribution function f, 1s anisotropic in velo-
city space. The perpendicular and parallel tem-
peratures, TJ. and T“, whose values may be
specified arbitrarily, describe this anisotropy.

Consider an unstable perturbation having the
customary plane-wave dependence, exp i(f("_rt—wt),
where l_<' may be an arbitrarily specified propaga-
tion vector whose magnitude 1is (kf+k§)1/2. We
then make the following set of definitions.
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where Wy is the ion Larmor frequency and n. is the

o
ion equilibrium number density.

The dispersion relation for this perturbation
is

det D =0 (3)

where D is a 2 by 2 matrix whose elements are

defined by:
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where Z is the Fried-Conte plasma dispersion
function.

By generalizing the above derivation, a dis-

persion equation including finite

pressure effects has been derived.

electron

Numerjcal
solutions have been studied and tabulated. In

these computations, the equilibrium ion distribu-
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tion function is bi-Maxwellian, and the electron
fluid has finite pressure, but vanishing iner'tia.2
These dispersion properties have been compared,
either analytically or numerically, with those
obtained from a fully Vlasov description of the
plasma that includes all electromagnetic effects.
The behavior of the relatively low frequency modes
(i.e., w = 0((%1)) in the two plasma models was
found to be in very good to excellent agreement;
these results demonstrate that the Vlasov-fluid
model provides a useful and accurate description
of low frequency phenomena in a high-beta plasma.
Of particular interest are four modes that
have counterparts in the Guiding Center Fluid
(GCF) model of Grad3 (an analog of ideal magneto-
hydrodynamics that includes anisotropic pressure,
which 1is identical to the CGL double-adiabatic
model);u these are: 1) Alfven/ion cyclotron mode,
2) fast magnetosonic/whistler mode, 3) ion-
acoustic mode, and 4) mirror mode. Another
motivation for the interest in them is the fact
that for the class of equilibria that was con-
sidered, these four are the modes that may become
unstable. The Vlasov-fluid model, again, accur-
ately reproduces the features found in a fully
Vlasov description.5 It was also observed that in
the k - 0 1limit, the phase velocities measured
from the dispersion curves agreed well with the
predictions of the GCF theory. To further this
comparison, the general dispersion equation was
reduced to a fluid 1limit by assuming the frequency
and the magnitude of the wave vector to be
individually small, while allowing their ratio to
be arbitrary. The resulting equation is precisely
the same as the one derived by A. Kadish for a
Guiding Center Plasma6 (GCP) of ions and elec-
trons, if one assumes a bi-Maxwellian velocity
distribution for the ions, a Maxwellian for the
electrons, and then sets the electron mass to
zero. Thus, to lowest order, the Vlasov-fluid
model for long wavelengths, and the GCP model
agree; however, because the ion gyroradius and
cyclotron frequency are finite in the Vlasov-fluid
description, corrections to the first approxima-

tion can be computed and for nonzero wave vector,
lead to differences between the Vlasov-fluid and

GCP results. This is a finite-gyroradius effect,
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and it appears even in an infinite, homogeneous
plasma.

Another comparison was made between the GCF
theory and the 1lowest order, 1long-wavelength
solutions of the Vlasov-fluid dispersion equation:
the normal speed 1loci? (polar coordinate plots of
phase speed versus angle of propagation) for the
two models were constructed and compared; repre-
sentative examples are shown in Figs. XIII-1 thru
XIII-Y4.

Davidson and Ogden8 have proposed the ion
cyclotron instability, which is an electromagnetic
instability driven by ion energy anisotropy, as a
mechanism for rapid, collisionless relaxation of
the ion velocity distribution to an isotropic
state. A detailed investigation of this relaxa-
tion mechanism was begun in 1976. The theory of
Ref. 8 has been

generalized to include

second-order wave-particle effects for a variety
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Figure XIII-1.

One quadrant of the normal speed loci from the GCF
model and the long-wavelength 1imit of _the
VliasQv-fluid model when Tl/T“ = 10.0 and cA/FTh =
°S/VTh = 0.1. An imaginary speed outside the
quadrant (negative radius) indicates damping of
the wave. The modified Alfven waves are identical
in the two models; the fast magnetosonic waves are
very similar. Both models exhibit a mirror
instability: the mirror instability in GCF results
when the slow magnetosonic speed becomes purely
imaginary at 1large propagation angles; in the
Vlasov-fluid description, the mirror instability
arise from the purely imaginary mirror mode that
has no counterpart in GCF theory, and it does so
for a wider range of parameter values than GCF
theory allows. The slow magnetosonic wave is
damped substantially in the Vlasov-fluid model,
whereas it is undamped in GCF.
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Figure XIII-2.
One quadrant of the normal speed loci from the GCF
model and the long-wavelength 1limit of the

Vlasov-fluid model when Tl/T| = 0.4, 02/vT = 1.0.
An imaginary speed outside l;he quadr‘an% indicates
damping of the wave. The modified Alfven waves
are 1identical in the ¢two models. The fast
magnetosonic wave is slightly damped and the slow
magnetosonic wave 1is strongly damped in the
Vlasov-fluid description, whereas all waves are
undamped in the GCF model. The curves differ
topologically in the two models: this difference
occurs because the GCF fast and slow magnetosonic
modes are strongly coupled when 35° ¢ 8 < u5°.
Analogous mode coupling occurs in the glagov-fluid
description, but at larger values of es/VTp

~of electromagnetic instabilities with 5“§o.9 The

new theory provides a description of the changes
in the particle distribution functions, as well as
isotropization and heating rates; these will be
compared to results of computer simulations of
this instability.

The Alfven-ion cyclotron mode and other
relatively low-frequency, i.e., w= O(Qci)' phe-
nomena in hot, high-beta plasmas are amenable to
study with the Vlasov-fluid model.1 The 1linear
growth rates and frequencies of the kB, ion
cyclotron mode were obtained from ©both the
Vlasov-fluid model and a fully Vlasov treatment;
these were compared and were found to be in
excellent agreement. A generalization of the

Vlasov-fluid model that includes finite electron
pressure2'1° has been developed and its wave pro-

pagation properties5 have been compared with those
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Figure XIII-3.
This figure and Fig. XIII-.2 illustrate the effects
of electron temperature: the electron tempegature
has been decreased substantially so that °S/V%h=
0.01, while the other parameters remain the same
as in Fig. XIII-2, i.e., T /Ty = 0.4 and c3/v3, =
2.5. The slow magnetosonic speed in %ge
Vlasov-fluid description has a very large,
negative imaginary part, and is not shown. The
mode coupling for GCF is clearly evident. The
curves have been labeled with the polarizations of
the waves: t = transverse, electromagnetic wave; %
= longitudnal wave. The fast and slow
magnetosonic waves are, therefore, represented by
the appropriate segments of the two curves, rather
than each one being associated with one continuous
curve: the two should be interpreted as coupled

" modes.

of a fully Vlasov treatment. Again, very good
agreement was observed for relatively low-
frequency phenomena, not only for the Kﬂgo modes,
but for waves that propagate obliquely to §o as
well; these 1include “mirror” instability, the
Harris instability, and the fast-magnetosonic
mode. This agreement justifies investigation of
these instabilities in a 6-pinch geometry using
the Vlasov-fluid model.

b. Stability of BGK Equiljbria. A general

formulation of linearized collisionless plasma
problems has been developed to study Vlasov-fluid
instabilities.?1,12  another application of the
general method has been to study the stability of
one-dimensional BGK equilibria.13 This study has
successfully used a method for generating a good

set of expansion functions for the perturbation
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Figure XIII-Y4.

One quadrant of the normal speed loci from the GCF
model and the long-wavelength 1limit of 2the
Vlasov-fluid 3 51 when Tl/T“ = 0.3, eg /V

0.707, and Vo = 0.8. An 1maginary speed
outside the qua rant indicates damping of the
wave. For the assumed parameter values, the
modified Alfven waves, which are identical in the
two models, are purely growing for all propagation
angles; this is the firehose instability. The
positive imaginary speed labeled "tk” also occurs
in both models; this 4is a second firehose
instability which is associated with the
magnetosonic mode. In GCF theory, the
magnetosonic speed changes from purely imaginary
to purely real when the propagation angle 6
exceeds 30°° in the Vlasov-fluid description, the
mode becomes damped when e > 30°. As in
Fig. XIII-3, strong mode coupling is evident in
the GCF results; analogous mode coupling occurs in
the ¥lasov-fluid description at larger values of

cS/VTh.

potential which is similar to the method used for
generating expansion functions in the Vlasov-fluid
model.
of oW -

brid Drift Instabjility. The effect of a dc
magnetic field on the ion oribits and the presence
of magnetic shear are stabilizing effects for the
lower hybrid drift instability in a pinch. These
effects have been included in a linear theory by
extending the theory for low drift velocities to
include the effect of a dc magnetic field on the
ion orbits. The instability is predicted to be
extinguished at drift velocities, Vypr SO small
that vd!/vi /5_752, where vy is the ion thermal
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veloeity. Physically, this means that one tries
to construct a pinch with r,;/a < /E;?E; where
ray is the ion gyroradius and a is a radial scale
length.

Sherwood Theory meeting and has been accepted in

This work was presented at the Spring

Pnysies of Fluids.

Shear stabilization of the lower hybrid drift
instability has also been considered. A criterion
due to N. Krall for magnetic shear stabilization1u
was applied to model profiles of the Reverse-Field
Screw Pinch configuration. Conditions which
virtually eliminate this instability were found
numerically, for gentle density profiles.
However, shear-stabilization proved to be inef-
fective for sharper (but still reasonable) pro-
files. If such profiles are encountered, it
becomes necessary to rely either on finite-beta
stabilization or on the fact that this instability
possesses a threshold related to ion gyro-
resonance.

2. Plasmg Simulation.

. Plasma Simu Mi insta ies.
Plasma simulation continues to be an important
tool in the study of the microinstabilities that
are responsible for anomalous effects in plasmas.
Efforts this year have been focused on a better
understanding of the saturation mechanism of the
lower hybrid drift instability. This mode f{s
thought to be the dominant source of anomalous re-
sistivity in 6- or Z-pinches after the plasma has
been imploded because it maintains a fairly large
growth rate over a wide range of electron drift
velocities and electron to ion temperature ratios
and is not affected by electron gyroresonant
effects. Estimates of the anomalous resistivity
of the lower hybrid drift instability in this
so-called postimplosion regime wusing a rough
thermodynamic upper bound give values whicn are as
much as a hundred times larger than classical re-
sistivity.15 Although these simulations cannot
quite reach the regzime of greatest interest [where
the electron drift velocity (vy4) is less than the
ion thermal velocity (Vi)] and must use somewhat

artifielal values for the parameters (e.g., my/mg

= 100 instead of 1836), they can give a very good
indication of the nonlinear phenomena that are
occurring. Comparisons with linear theory for the

wave characteristiecs and with quasilinear theory




for anomalous resistivity and heating rates were
made pr‘eviously.16

& series of cases with vd/vi ranging from 1.1
to 13.5 have been studied. The cases with vd/vi
greater than four are all characterized by the
phase veloecity of the growing waves (vph) being
greater than vy (i.e., a nonresonant interaction).
They have been shown to saturate by ion trapping.
Phase space plots of the ions show well-defined
regions of excluded particles and the saturation
level of the potential scales as edg ~ mivphz‘
The more Iinteresting cases are those with
vph/vi < 1 (vg/vy < W), In this case there is no
clear evidence for ion trapping or for quasilinear
plateau formation on the ion distribution function
(wnich sometimes occurs for resonant interaction).
The  saturation amplitiude scales as epg -
(me/mi)1/2(wce/mpe)mivph2. At present there is no
detailed theory for the saturation mechanism in
this regime. However, if this scaling holds in
the postimplosion regime (vd/vi < 1), the conse-
quence is that the value of the anomalous resis-
tivity is reduced by an order of magnitude or more
below the thermodynamic estimates and the threat
of this instability to 1limit the 1lifetimes of
large reactor-size pinch plasmas 1is reduced
considerably.

b m on ati . Several physical
effects have been added to the hybrid model this
year, the most interesting of which are multistep
ionization, anomalous ion heating, ion-ion colli-
sions (i.e., viscosity) and the Krall and Liewer
resistivity model. The issue of ionization has
been discussed elsewhere.'' Anomalous ion heating
of 6 pinches has been included assuming the turbu-
lent spectrum of cross field instabilities is
strongly peaked in the 6 direction, so that the 6
velocity of each ion is changed by the amount IGVI
= (2¢at/mn) "2 per time step, where € is the
volumetric energy deposition rate to the ions due
to turbulence, At 1is the tIme step and mn is the
ion mass density. The sign of 6V is assumed
random. Presumably, however, a sufficiently de-
tailed theory of turbulence would predict the dis-
tribution of &v among the particles. The total

increase in ion energy per time step in a cell is
then
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where AV is the cell volume. I¥;°'S§¥ = 0 since the
direction of 8% is random.

The ion-ion collision update requires an
isotropization time T to be specified, and each
ion is rotated through an angle A8 = 1/2T /at/T
each time step. Presently, the classical ion-ion
collisfon time is used. For Ti - 300 eV, n = 1016
ca”3, T .0.6us and if At = 1 ns, A8 =0.064
radians. However, a collision time from turbulent
theory might also be used here.

Simulations of the future 2ZT-U40 experiment
have been quite encouraging. For initial density
of 2.5 x 10'%cn~3, bias field of 1000 Oe, boundary
8 field of 6000 Oe and risetime of 2.5 us, <T;> >
100 eV resulted. The sheath thickness in these
calculations was similar to that of a ZT-1 calcul-
atfon, i.e., 2 cm. However, the ZT-1 experiment
had a 5-cm radius, so that by the time the sheath
formed the 1implosion was over. The predicted
Ti was approximately 20 eV while 50 eV was
measured, implying that turbulent ion heating
(which was not included in these calculations) was
more effective than implosion heating. In the
ZT-40 experiment, however, the plasma had a larger
distance over which to implode, resulting in much
higher temperatures even without turbulent ion
heating.

Simulations of the Maryland 9 pinch using the
Krall-Liewer resistivity algorithm have been done.
By coamparing with observations we conclude that
the predicted sheath thicknesses tend to be too
small, implying that the algorithm is not resis-

tive enough. Comparisons done by Liewer'18

also
seem to indicate this, although the point is not
explicitly stated.

Simulations with the modified Chodura resis-
tivity of some experiments (particularly the
University of Texas © pinch) required adjustment
of the constants multiplying Wi to obtain agree-

ment with experimental results. However,once the
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constants were adjusted the agreement was quite
good. When scaling to an unknown regime for
predictive purposes, the Krall-Liewer algorithm,
having some theoretical basis for its scaling, may
give the correct scaling. When simulating an
existing device with known field profiles, the
Chodura algorithm with appropriate constants
(determined by comparison with the observed field
profiles) seems to yield more accurate results.

In the University of Texas 6 pinch experi-
ment, rotation has been observed as predicted by
the hybrid model. Typical results are shown in
Fig. XIII-5 which indicate rotation of the
reflected ions in the + 5 direction and of the
snowplowed ions in the opposite direction.
R. D. Bengtson (private communication) has con-
sidered several of the models previously postu-
lated to explain the origin of rotation in a 8
pinch, including wall shorting, collisions with
the wall, reaction in the plasma, and reaction on

external conductors, and has concluded that these

1.0

IONS

IONS

R (cm)

Figure XIII-5.
Ion phase space Ve vs r and Vr vs r showing
reflected ions rotated in + O direction and
snowplowed ions rotated in the opposite direction.
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5.1

mechanisms require a time scale significantly
longer than the experimentally observed 100-ns
development time for the rotation. In Fig. XIII-6
one can compare the observed rotation in the di-
rection of ion gyration at three radii with the
calculations. The agreement is good in both the
position and the timing of the peaks. There is
disagreement in the amplitudes by a factor of 5
which is not completely understood. 1In addition,

the calculations predict a rotation in the oppo-
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Figure XIII-6.
Comparison of plasma rotation measurements from
the U. of Texas © pinch. The top graph is the
observed rotation at three radii as a function of
time. The bottom curves are the corresponding
calculations.



site direction, associated with the reflected ion
beam, which has not been seen in the experiment.

The numerical model makes some detailed
predictions of the behavior of the experimental
plasma. Some of these predictions, such as the
rotation just discussed, have recently become
accessible to experimental verification. Two
other such predictions of Faraday rotation and
neutron yield have been measured recently on IHX.
Faraday roﬁation measures jheszz and the neutron
yield is an extremely sensitive measure of the ion
distribution function, since the D(d,n) cross
section is strongly dependent on ion energy in
this regime. 1In Fig. XIII-7, theory (curves) with
experiment (x) are compared. The timings and
widths of the features agree well while the
magnitudes agree to within a factor of two. In
particular, a Maxwellian distribution function of
the same total thermal energy as calculated yields
a neutron flux two orders of magnitude greater
than measured.

C. 2D Hybrid Code. A two-dimensional hy-
brid simulation model has been developed for the
study of plasma phenomena on extended time scales.
The basic feature of a hybrid code which allows
the extension of simulation time scales is the
selective disregard of certain high - frequency

electron phenomena. On time scales of interest in
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Figure XIII-7.
Comparison of Faraday rotation measurements from
IHX. The curves correspond to calculations, the
x's are experimental values.

a hybrid code, electron-electron collisions are
sufficiently frequent to consider the electrons as
a thermal fluid. This particular model also makes
use of the quasi-neutral or small Debye 1length
assumption so that, to lowest order, the electron
density 1is the same as that of the ions.
Consequently no large deviations from charge
neutrality (and the resulting short range electric
field) are considered.

In this hybrid model, the charactistic
features of hybrid simulation models have been
implemented in two dimensions as follows. The
ions are represented by an ensemble of particles
which are advanced in time by particle in cell
techniques. The electron distribution is assumed
to be collisionally relaxed on time scales of

interest to the form

Fo(FV,t) (6)

- Ne(F,t) exp[-me[\7-+e(r7,t)]2/2 Te(:,t)]

>
where Ne, Ue,

drift. velocity, and temperature, respectively.

and Te are the electron density,

Since Ne = N the charge continuity equation

i!
reduces to

v-.?e=_v-31 . n

This equation can be used to find the irrotational
part of the electron current given the ion current
3; and appropriate boundary conditions on the
electron current.

The solenoidal part of the
electron current can then be obtained by making
direct use of the electron momentum equation in a
time-stepping scheme without concern for electron
plasma oscillations.

The field calculations are accomplished in
the nonradiative Darwin appr‘oximation.19 An addi-
tional complication is that with one quasi-neutral
assumption, Poisson’s equation 1is not directly
applicable since the charge density is zero to
lowest order. The hybrid code counterpart to
Poisson's equation 1is obtained by adding the
irrotational part of the electron and ion momentum

equations. Using quasi-neutrality and solving for
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the irrotational part of the electric field, a new
equation for the electrostatic potential is

obtained,

V'u V¢ = V'(ﬁ + U Es + E x §) (8)
where

u = (o.tgi +m£2,e)/c2 (9)

£ = smese3 (3j/my - Jo/mg)

and B is the sum of the divergence of the electron
diadic <vv> and the corresponding ion quantity.
Preliminary test runs have been made on both
implosion studies and lower hybrid drift unstable
equilibrium initializations. Figure XIII-8 shows
a comparison of the early growth of LHD f‘lutes16
from an equilibrium initialization accessible to

both full particle (a) and hybrid (b) simulation.

The apparent similarity of these two runs in both

growth rate and wave number give much en-
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Figure XIII-8.
Comparison of LHD simulation with a) a full
particle code, and b) the hybrid code.
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couragement for the further development necessary

to fully realize the potential of the model.

C.  MAGNETOHYDRODYNAMICS

Fluid models permit consideration of real ex-
perimental geometries by omitting some or all of
the microphysics of confined plasmas. During the
past year, considerable progress has been made
toward the theoretical understanding of proposed
and existing experiments such as the high-beta
tokamak, the 2T-40, and the Scyllac. Nonideal
effects such as radiation and transport and finite

Larmor radius effects have also been modeled more

realistically.
1. MHD Equilibrium and Stability.

a. Hi Be Tokamak dy. MHD stability
and equilibrium studies were made for the
racetrack shape of the proposed LASL High-Beta
Tokamak. The details of this study are given in
the pr‘oposal20 and its supplement21. We found
that we could obtain an equilibrium that is q > 1
everywhere for betas close to 1. The force-free
currents and the elongation of the minor cross
section allow equilibria where the magnetic axis
is only moderately shifted in the outward direc-

tion. The Mercier q22

which measures localized
stability shows stability everywhere except very
near the magnetic axis. There seems to be a
strong correlation between ellipicity of the field
lines and the Mercier criterion. Preliminary
studies of a racetrack distorted toward a D shaped
cross section indicate that it is stabilizing with
respect to the Mercier q while it only slightly
shifts the magnetic axis toward the wall. It now
appears that the limiting factor so far as MHD
studies are concerned will be global stability23
which we hope to study in early 1977. Examples of
a flux plot, magnetic fields, current, pressure,
and safety factor along the midplane are shown in
Figs. XIII-9 and XIII-10.
b. _2ZT-40 Reversed Field Z-Pinch Design

Studies. Equilibrium and stability studies were
made in support of the ZT-40 proposal.zu It was

found that for the reversed field pinch configura-
tion with a flat top pressure profile there is an
optimum aspect ratio which gives the greatest
margin of stability for localized modes.

Moreover, it has been found that, for hollow
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. Figure XIII-9.

Flux plot for the top half of the racetrack and
plots of B¢, Bp, p, and q along the midplane of
the torus.” The safety factor qQ is calculated for
each magnetic surface and is plotted at either
side of the magnetic axis. Note the relatively
small shift of the magnetic axis at this high
pressure,

pressure profiles, a toroidal equilibrium can be

Mercier stable for a small aspect ratio. For the
same case it 1is unstable25 at a large aspect
ratio. Equilibrium studies were made of the pro-
posed ZT-40 to aid in the engineering design and
to calculate current densities to be used in

impurity radiation studies.
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Figure XIII-10.
The current densities for the equilibrium of
Fig. XIII-9 are plotted along the midplane of the
torus. 1Inside the pressure profile which is also
shown, both parallel and perpendicular currents
are flowing, whereas only parallel currents can
flow when p has dropped to zero. The poloidal

currents change sign in that region, thereby
separating the paramagnetic outside from the
diamagnetic inside plasma.

2. Scyliac Theory. The existence and

structure of diffuse plasma equilibria in a high-
stellarator such as Scyllac continue to be in-
vestigated by a number of numerical and analytic
techniques.

a. Diffuse Toroidal 6-pinch Equilibria.

Work was continued on a simple analytical formula-
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tion of the diffuse toroidal 6-pinch problem. The
equilibrium is generated by the quantity g which
is an arbitrary function of B{(r,8). Here B(r,®)
is the plasma pressure normalized to the pressure
of the z field B, at the edge of the plasma. r,0

are cylindrical coordinates. The set of equations

vg + VBV6/(1-B) = O (10a)

[v|2 + r/R cosd(1-8)2 = g(B) (10b)

constitutes our model. Here, R 1is the major
radius of the torus and ¢ can be thought of as a
potential for the helical field B ;B = V¢/B,.
The boundary condition is that the outer magnetic
surfaces must be circular. To generate
Gaussian-like pressure profiles, g(B) must be a
logarithmic function of its argument. This can be
seen from Eq. (10b); ¢ must rise like ra(a > 1)
for r v 0.

Solutions have been found in the limits
B(r=0) = 1, and as B * 0. The connection of this
model to previous work involving the skin current
model has been established for low B. In parti-
cular, the amplitude formulas for the helical
fields can be recovered when the condition is
imposed on the solution of Eq. (10) that the mean
displacement of the magnetic axis be zero.
Similarly in the very high B limit {[B(r=0)= 1]
using

g(p = (mp)’ (1)

satisfactory analytic solutions have been found
for a great part of the v versus £ (helical num-
ber) plane and also for an % = 0,1 combination.
It is the middle range of B that remains elusive.
Since this is probably the range most experiments
lie in, it 1is important to understand it. A
numerical scheme was devised to solve Eq. (10) for
any beta "building up” solutions from low B. A
code has been written by T. Cayton and D. Barnes
using this scheme but the code has not as yet been
tested.
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It looks as if solutions are to exist in this
general high B case, they are likely to involve
several %2's. One can show that if ¢ is made up of
three components, one main helical field £ with
two sidebands at 2 -1 and %1, a closed set of
three equations can be obtained describing a very
wide range of B. Equations (10) have been analyt-
ically treated in such an approximation using
MACSYMA in the 1limit where h2 (the piteh in the
Z-direction) is equal to zero for an 2=2 system
(with 2= 1,3 sidebands) expanding £nB to
e[(1-8)3]. Only a trivial solution was found
yielding a flat pressure profile. Our failure to
find a Gaussian profile with this approach is most
likely due to our inability to solve the equations
with the logarithm unexpanded. The low-pressure
regions on the outer edges of a Gaussian profile
are not adequately accounted for. It 1is hoped
that the numerical treatment of our equations will

yield more fruitful results.

b. An of T F B
a_Diffuse Scyllac Plasma. To examine the coarsest

features of diffuse toroidal equilibria, a simple
analytic model which estimates the external fields
required to produce toroidal force balance has
been developed.

In the usual sharp boundary theory, the equi-
librium equations reduce to two boundary condi-
tions. The total pressure must match across the
plasma-vacuum interface. The normal component of
the magnetic field must vanish at the interface.
In the "old Scyllac” ordering, the helical
distortions of the plasma, or equivalently, the
strengths of the externally applied helical
fields, are taken to be of the order of the
expansion parameter §. The boundary conditions
necessary for equilibrium are satisfied order by
order in 8. To lowest order, the profile is a
straight theta pinch in pressure balance with the
externally applied field. To next order, the
response of the plasma to the small helical fields
is determined. Finally, to second order in §, the
toroidal effects are balanced by the interaction
of the helical fields and distortions for the
proper choice of the external fields.

If a similar expansion is carried out for a
diffuse plasma with circular cross section, it is

not possible to satisfy the second-order equations




requiring force balance at every point of the
plasma for sufficiently general profiles. To
obtain an estimate of the external conditions
required for force balance, the condition of local
force balance is replaced in the second order by
the weaker condition that the total force
integrated over the volume of the plasma vanish to
this order.

For a toroidal theta pinech with cirecular
cross section, the outward drift force per unit

length is given by

Fp = (41/R)(BZ/21,) [B(r)rdr , (12)

where B(r) is the plasma pressure divided by the
total pressure. If small helical fields with long
wavelengths are also present, the helical fluxes,

wl, must satisfy

(rig")* - [1/B(rB*)" + 2%/r1Y, = 0, 2 40 (13)

(Ug?/r)? = 1/B(B*/r) 'V, =

]
o
-

where B(r) = Bo[1- (r)]1/2, so that forces balance
to first order in 6. 1In the low-density plasma
outside the main column, B +* B, and wl must

assume the asymptotic form

wl -a [cz(r/a)m + dm(r/a)‘z], 2 £0 (14)

Yo~a [ey 172 (rra)2 + 172 451

where the dimensionless constants ey and dl repre-
sent the applied and the diamagnetic components of
the helical field away from the plasma, and where
a is a characteristic radius of the plasma.

If helical fields with two neighboring
symmetries are

applied there results an

interference force

Fo et = 41a(B3/2y)0 00 1(dy/ep), 4 0 (15)

Fo,1 = ma (B2/21,) cqeq (dg/ey + di/eq)

The condition for toroidal force balance 1is
obtained by integrating the equation for the
helical fluxes from r near zero until these fluxes
obtain their asymptotic form. The relative size
of the applied and the diamagnetic helical fields
obtained in this way give the sensitivity of the
interference force to the applied helical fields.
A necessary condition for toroidal force balance
is obtained by equating F£,£+1 and Fr'

Results of such calculations for a sharp
profile and for a diffuse, rigid rotor profile are
shown in Fig. XIII-11, where the product of the
applied helical fields required for force balance
are plotted as a function of the plasma B on axis.
The field product is expressed as a correction to
the value predicted by sharp boundary theory. For
an 2%2=1,0 system, the conditions for toroidal force
balance are strongly dependent on the plasma
profile, and a correction to the usual sharp
boundary theory of more than a factor of two is
required at high beta values. For an %=1,2 system
the correction to the predictions of sharp
boundary theory is much smaller.

¢. _ Numerical Studies of Diffuse Secyllac

ili . The equilibrium and properties of the
Scyllac plasma have been studied using a numerical
algorithm for the solution of the nonlinear
magnetohydrodynamic equations in three dimen-

sions.26'27 The numerical approach significantly
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Figure XIII-11.
Field product for toroidal force balance from
analytic force estimate. Upper curve is result
for a diffuse profile expressed as a correction to
sharp boundary theory. Lower curve is correspond-
ing result for a sharp profile with a thin sheath.
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extends the scope of the analytic equilibrium and
stability studies, for it more closely represents
the experimental conditions with diffuse profile
plasmas and finite amplitude helical fields.
Furthermore, the formulation includes the full
system of dynamical equations, so that all
relevant physical time scales are properly repre-
sented. Thus each initial value calculation gives
a meaningful result, even when no stable equilib-
rium exists.

The numerical study has produced several new
results. Of these, the most significant are:

1) The forces produced by applying helical
fields agree with those computed from the analytic
force estimate above and from various experiments.

2) The helical field amplitudes which produce
toroidal force balance are significantly different
for diffuse profile plasmas than for sharp
boundary plasmas.

3) When toroidal force balance is obtained,
diffuse profile equilibria result.

These results were obtained by initial
boundary value calculations of the postimplosion
dynamics of the Secyllac plasma. The transient
responses of the plasma to imbalanced forces are
damped by adding dissipation to the momentum
equation. When a stable equilibrium exists, the
plasma approaches it in time as its kinetiec energy
decays.

When, as in the case of Seyllac, the equilib-
rium is unstable to a few, well-defined modes, a
stable equilibrium can be computed by adding the
appropriate constraints. For example, the m=1,
k=0 4instability is suppressed by clamping the
center of mass of the entire plasma column to a
prescribed toroidal radius by a force of
constraint. When this force is zero and flow has
ceased, equilibrium is reached.

The results for an £=1,0 system are
illustrated in Fig. XIII-12.

computed from a numerical equilibrium calculation

The F1,0 force

is compared with the analytic estimate and the
force measured in various experiments. This force
can be inferred from the experimental data in
various ways. For example, in the Scylla IV-3 ex-
periment, the force was measured by observing the
acceleration which resulted when an 2=0 field was

applied to an %=1 straight equilibrium.
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Figure XIII-12.
Experimental and numerical points are compared to

the F1 force predicted by the force estimate as
a funcﬁgon of B.

In Fig. XIII-13, the helical field amplitudes
which produce toroidal force balance are compared
with the sharp boundary theory, with the design
operating points of various experiments, and with
the numerical equilibrium calculation. The oper-
ating points corresponding to the Isar experiment
do not 1lie on the sharp boundary design curve
because the helical fields were adjusted to give

toroidal force balance.
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Figure XIII-13.
Experimental design curves for a sharp boundary
and a diffuse profile giving the field product as
a function of B. Various experimental design
points are indicated for comparison.




The apparent disagreement between the various
Scyllac experiments and the diffuse profile theory
may be explained by the trajectory analysis of ex-
perimental data shown in Fig. XIII-14. This
analysis shows that the plasma is not in equilib-
rium, but is acted on by transient forces which
average approximately to zero in time during the
observed confinement.

In Fig. XIII-15, the toroidal force imbalance
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Figure XIII-14.
Toroidal imbalanced force as a function of time

from analysis of an experimental streak
photograph.
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Figure XIII-15.
Results of a numerical equilibrium calculation.
Upper solid curve is helical plasma response.
Lower curve 1is bumpy plasma response. Broken
curve is imbalanced radial drift force. The decay
to zero of the acceleration indicates the approach
to equilibrium.

is shown decaying to zero, indicating the approach
to equilibrium in a numerical calculation. Other
measures of the approach to equilibrium, such as
the plasma diamagnetic response and the kinetic
energy, display a similar asymptotic behavior.

Partly as a result of these calculations, an
experiment on the present ¢:-=1,0 sector is planned.
This experiment will use a flexible programming
circuit to drive £=2 trimming coils which may make
it possible to improve toroidal force balance.

d. Space-Time Respo of the Seyllac Secto
Pla 0o a L jzed Igpulse. Earlier work, de-
scribed in Group CTR-6 Quarterly Progress Report
for the period ending Sept. 30, 1976, on the axial
mode structure of the finite-length Scyllac sector
plasma has been extended to yield an analytic
theory of the space-time response of the column to
a pulsed force applied near one end. The physical
model is one dimensional in space, takes account
of the dispersion of the m=1 modes in axial wave
number space in both the unstable and stable
domains, incorporates a physically meaningful wave
energy absorption mechanism, and imposes sensible
boundary conditions at the sector ends as previ-
ously outlined.

The analysis uses a Laplace transform in time
and Fourier transform in space to construct the
appropriate Green'’s function for the plasma
response, based upon the model equation of motion
inecluding viscous dissipation. The spirit of the
model requires the absorption coefficient to be an
analytic, even function of the axial wave number k
near the origin in k-space, and thus differs from
the Alfven wave absorption model which introduces
a logarithmic branch point at the k-space origin.
The final result is in the form of a
one-dimensional dispersion integral which explic-
itly contains contributions from three domains: an
modified by

absorption but remains unstable, a previously

m=1 unstable domain which 1is

unstable domain which is stabilized by absorption,
and a stable domain whose oscillating spectrum is
altered by absorption.

Guthrie Miller (CTR-3), at whose suggestion
this calculation was performed, has evaluated the
response function numerically and has compared the
results with an experiment in which a transverse

impulse is applied to the column near one end and
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the resulting motion is detected at a station near
the center of the sector. The experimental data
reduction procedure isolates the column response
by subtracting the motion which occurs in the
absence of the applied impulse. The observed
time-dependent response is in very good agreement
with the calculated one. Moreover, the analytical
result permits an ad hoc replacement of the
viscous absorption coefficient by a phenomenologi-
cal Alfven wave absorption coefficient, and a
numerical evaluation by Miller shows that such a
replacement has very little effect on the shape of
the response function for a wide range of the
parameter determining the absorption strength. It
is interesting to note that the arrival time of
the response pulse at the observation point is
shortened by the damping effect, because damping
acts like a low-pass k-space filter allowing the
most unstable signal components to propagate and
amplify preferentially.

The only discrepancy between theory and ex-
periment is in the arrival time of the foot of the
signal at the observation point. This involves an
Alfven speed which is a constant parameter in the
analytic model and whose numerical value, for a
diffuse profile pinch, is not easily or uniquely
determined. Nevertheless, the general agreement
with respect to pulse shape inspires some confi-
dence that the important dynamic factors
determining the transverse motion of the Scyllac
plasma column are reasonably well understood.

s nder” Scyl

The previously published theor‘y28 of a straight

Configuration

Scyllac with equal amplitude £ = + 1 ripple fields
of order § was re-examined in view of the differ-
ent results obtained by G. Miller, CTR-3. The
discrepancy was finally resolved, and a paper
yielding Miller’s results was accepted, in
principle, for publication in Nuclear Fusion.
Physically, one has to employ a vertical field of
order § to establish MHD equilibrium to order &2,
The resulting (sharp boundary) configuration has
somewhat better MHD stability properties than the
pure £ = 1 Seyllac.

3. Nonlinear Effects. Some

effects (primarily due to plasma convection) on

nonlinear

extensive modes in plane slab geometry have been
studied. It 1is well established that the plane
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semi-infinite slab cannot support any extensive
modes or instabilities in the framework of linear
MHD theory.29 Wobig has shown that a nonlinear
convective solution is possible in the absence of
shear.30 It remains to be seen whether the slab
can support some similar mode when a current is
present flowing in the direction of the main
magnetic field. Such a mode would be driven by
this current rather than by a pressure gradient as
was the case in Ref. 30 and it would be purely
the result of the nonlinearity of the MHD model.
In this work we found an extensive marginal (w =
0) mode of the semi-infinite plane slab which
possesses a smooth enough profile near the
singular surface (k°B = 0) to form the basis of a
nonlinear treatment. It involves long wavelengths
in z (along the main field) and the initial k at
which it arises is given by

K2 =k 2+ ky2 = .64 (16)

Our nonlinear treatment involves the time-
dependent successive approximation method used in
the Benard cellular convection problem of hydro-

dynamics.31

Radi on a r ort.
a, Radial Apbipolar Diffysion in High-Beta
Theta Pinches. Assuming constant and uniform tem-

peratures, an analytic theory of plasma decay was
worked out that showed that the effective
diffusion coefficient ranges from the usual 1/B2
diffusion coefficient at 1low ©beta to the
field-independent field diffusion coefficient
at high beta.
Furthermore, an analytic expression was derived to

through a medium of resistivity

describe the decay at long times when nonlinear
effects become important.

Finally, a numerical code was constructed
that relaxed the assumption of constant and
uniform temperatures and invoked the full
two-fluid mass, momentum and energy equations as
displayed in the work of Braginskii, including all
thermoelectric terms. The analytic results
mentioned above were then verified to a high
degree of accuracy. This work was presented at

the 1976 November APS meeting at San Francisco.



Impu Radia n sses. The energy
loss by impurity radiation was studied3? for both
the ZT-40 and high-beta tokamak. The calculations
for ZT-U40 predict that with ohmic heating for 200

s an impurity level of 0.1% electron temperature
values should be achieved ranging from 200 eV for
densities of 1.0°10'% to 100 eV for 5.0°10'5 cn™3
for total current densities of 3 kA/em? with no
initial ion heating. Initial ion heating of ap-
proximately 60 eV allows penetration of the
radiation barrier for densities up to 1.0'1015
em3. The code was used on the high-beta tokamak
study to determine the rate of radiation loss from
the plasma. 1t was found that the average
electron-ion temperature decayed only 10% in a
millisecond for an impurity of .1% and density of
5-1019,

De FLR Effects.

a. Vlasov-Fluid Model of the Sharp-Boundary
Sgrew Pipch. We have continued to study analyti-
cally the equations of the Vlasov-fluid (VF)
mode1"33  for a  straight

screw-pinch configuration, keeping the 1leading

sharp-boundary

order finite-Larmor-radius (FLR) effects of ions
due to their motion transverse to the magnetic
field. The ion motion parallel to the magnetic
field leads to a frequency-dependent compressi-
bility function different from that determined by
the adiabatic equation of state used in ideal
magnetohydrodynamics (MHD).3u See Fig. XIII-16.

As a result, many of the equations of the
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Figure XIII-16.
The compressibility funection in the Vlasov-fluid
and magnetohydrodynamic models. (cp/cv = specific
heat ratio.)

Vlasov-fluid model are, in this order,
structurally identical to those of ideal MHD,
except for a different compressibility function
and the presence of a magnetoviscosity ter‘m.3u
The magnetoviscosity term can lead, not only to
FLR stabilization of m > 2 1long wavelength
(near-8-pinch type) modes, but also to FLR
stabilization of m> 2 short wavelength
(stabflized Z-pinch type) modes when Blw/kvyy| >>
1 and |u/kvy,| << 1.3

Even in the absence of FLR effects, the
difference between the Vlasov-fluid and ideal MHD
compressibility functions results in a decreasing
value for the ratio of the growth rate Yyp/Yyyp
with decreasing wavelength or with decreasing
|YMup/kvepl. This ratio is approximately equal to
unity only for modes with long wavelengths.3u In
the cases studied (see Figs. XIII-17-21), we have
verified Freidberg’s theor'em1 that the marginal
stability limits of the Vlasov-fluid model and of
ideal MHD are identical. Our analysis also may
help to explain the apparent stability of the
Kurchatov reversed-field experiment.35

Di rsion Di ti Equatio r e

A dis-
persion differential equation for the Vlasov-fluid

SOV~ el wi Diffuse Profiles.

model has been derived which is correct for small
gyroradius, including the first-order corrections

to the zero gyroradius 1limit. The differential
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Figure XIII-17.
The ratio Yyp/Ywyp p=1 @8 @ function of xyy (XMHD
= IYMHD/kv h|) for a sharp-boundary stabilized
Z-pinch. he values of B /B, are plotted aTong
curves specified by the value of u,. (u, = lklrg,
r, = plasma radius, R = conducting wall radius.)

159



m=2
R
Votues ol 84/ Bg E::o
@ 963 @®an o,
@02 (Da.43 cy
10 @1 @aees
09 @137 (Ds.ee
25.4
[oX:} ®
e X-]
> o7}
2|
0.6
05
04
O3
o2}
Qt
000! 0.5

XmHO

Figure XIII-18.
The ratio YVF/YMHD|m=2 as a function of xyyp for a
sharp-boundary stabilized Z-pinch. The values of
Be/Bo are plotted along curves specified by the
value of u,.
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Figure XIII-19.
The ratios Y F/Y 1, as functions of x
for a sharp %oundarb stabllized Z-pinch with B =
Snp /B2 = o, R/r, = 10. The values of u, are
plotted along curves specified by the value of m.

equation is wvalid for arbitrary equilibrium
geometry and diffuse profiles. It 1is Dbeing
specialized to the case of a straight screw pinch
and will

eigenfrequencies and eigenfunctions for screw

be used to determine approximate
A consequence of this derivation of a

differential

pinches.
dispersion equation is the

determination of an operator for generating
expansion functions for the displacement vector,
one of which is the eigenmode valid for small

gyroradius.
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R/ry = 3. The values of u, are plotted along
curves specified by the value of m.
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Figure XIII-21.
The ratios Yyp/Yuyp L as functions of xyyp for
a sharp-boundary s abiifzed Z-pinch with B = =,
R/ry = 1.1. The values of u, are plotted along
curves specified by the value of m.

c. Ideal MHD Boundary Conditjions for Force-
Free, Low-Density Plasma. We have studied the

equations of ideal MHD for a cylindrical region of

force-free, low-density plasma where

¥ x ﬁo(r) = a(r)Eo(r), a{r) arbitrary, (17

and where




(¥xB)x §6 + (7x§o)x b+ Uy, 4 Po 3(3-2)

= - Ll-n'pomz g. (18)

The perturbed magnetic field g satisfies 6 X §’=
-+ -

(4m/e) J, where J is the perturbed current

density.

+ >
Let us define P such that k'Bo(r) = sz(r) +
(m/r) Bg(r) = 0 at r = ¥ and also define
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"

= oo [Q-ﬁo(mlr:; . (19)

For P >0 (with po/po constant), we have studied
the solution of Eq. (18) in the neighborhood of F;
i.e., in the region where r = F + g with
2e2/umpo® = 0(1) as €+ 0. We find that to
leading order
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The equations for Er and b, have the important
consequence that even when the force-free, low-
density plasma has an equilibrium current flow (v
X ﬁs(r) # 0), the correct boundary condition on
the magnetic field at ¥ is that its radial
component b, must vanish.

These results may have application to the
outer region of a pinch where the plasma density

is tenuous and the pressure negligible, but where,

unlike a true vacuum region, the electrical
conductivity remains high.

. Finite Gyroradius Stabilizatjon of
Pinches: Nupe 1l Studies. During the past year
the computer code for applying the Vlasov-fluid
model has been used to make further studies of the
finite ion gyroradius stabilization of the m=2
mode in a sharp-boundary screw pinch. A
near-theta-pinch case with a conducting wall at
infinity has been studied carefully, and the
results for this case agree rather well with the
small gyroradius theory of Turner.33'36'37 Further
studies are under way, particularly with the
conducting wall close to the plasma column. As
computations with this code have proceeded, it has
been found necessary to investigate the
convergence of the numerical results as various
parameters associated with the numerical method
are varied, and to optimize the choice of those
parameters, These efforts are succdessfully
decreasing the storage and running time required
by the code.

The near-theta-pinch example with a sharp
boundary was chosen as a first problem because of
its relevance to the Secyllac device and its
presumed simplicity. However, the model is also
applicable to Z-pinch configurations that are
relevant to the ZT experiments. Accordingly, some
preliminary computations have been done for such
cases and more are planned.

Provisions are being made to treat diffuse
profile equilibria numerically with the
Vlasov-fluid model. This requires an effective
and automatic method for computing particle orbits
in an arbitrary screw pinch field. Such a method
has been devised, programmed, and tested during
the past year. In addition, it is very important
to determine a set of expansion funections for the
perturbed displacement vector such that one of
those functions is a good approximation to the
mode of interest in the diffuse system. This is
important in order that a 1x] or 2x2 approximation
to the dispersion matrix will yield a good
approximation to the eigenfrequency of the mode of
interest.

e. FLR Stability for m > 2 MHD Modes. It

has long been known as an experimental fact that m

> 2 modes which are theoretically predicted to be
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MHD unstable, are not observed experimentally.
The explanation for this is wusually associated
with finite ion gyroradii effects. Since the
scaling of future large experiments depends fairly
sensitively on the finite ion gyroradius
eriterion, considerable effort has been applied to
accurately determine the stability condition.

The calculation of finite gyroradii effects
utilizes a trial function approach in the
Vlasov-fluid model. A diffuse equilibrium is
constructed by assuming the ion distribution is a
simple function of the total energy of a single
particle. The linear stability of such equilibria
in this model can be described in terms of a
single displacement vector 81. Assuming gl(r,t) =
exp(-imt)zl(r), a complex energy relation may be
obtained which takes the form

-6W = Re [Ile.dedC o /%€ 15112] R (21a)

and
> + > -+ +> > R
In [me farav € (E, + vxB,)f /3¢ sJ: 0. (21b)

8W is identical to the potential energy of
ideal MHD for incompressible displacements. The
orbit integral, §1, has the form

t
8, = - mif v'edg sdtr at’, (22)
-

where the primes indicate evaluation along
particle trajectories.

Because of the close connection between the
Vlasov-fluid model and ideal MHD, the MHD
eigenfunctions of the equilibrium are used as
trial functions in the above equations. FLR
expansion leads to the conclusion that &W to

lowest order is the ideal MHD energy principle.

2 2 2
r *@3 <Y Mype

Using the MHD eigenmode as a trial function

Consequently, it follows that w

corresponds to equality in this relation.

To calculate the reduction in MHD growth rate
with increasing ion FLR, the imaginary part can be
solved iteratively for complex w as the tempera-

ture of the assumed thermal ion distribution is

162

progressively increased. Numerical simulation
techniques are used to evaluate §1 by choosing a
set of particles which represent the ion distribu-
tion at time t and stepping each particle
backwards in time to obtain its integral
contribution. The numerical problem 1is made
tractable by exploiting particle trajectory
periodicity in axisymmetric fields so that any
given particle need be followed only for one
period.

Figure XIII-22 shows typical values of ion
FLR required to stabilize the m = 2 mode. Sharp

boundary theories of Fr'eidber'g,1 33

38

and
Diffuse
m = 2 MHD modes are stabilized for much lower tem-

Turner,

Pearlstein are shown for comparison.

peratures for moderate values of B than would be

indicated by three sharp boundary theories.

WA
ha<g>

Figure XIII-22.
Normalized gyroradius vs § for marginal stability.
Diffuse profile results (DWH, JPF) are compared
to the sharp-boundary analytiec results of
Freidberg (JPF), Turner{(LT), and Pearlstein (LDP).




D. EXPLORATORY CONCEPTS

Consideration of exploratory concepts remains
an important part of high- beta theoretical
research. The theory group has made contributions
to several such areas including liners, field
reversed theta pinch, and end plugs for the linear
theta pinch.

1. Plasma Compression Imploding Liners.
The plasma adiabatic compression and DT burn
effected by shockless implosion of a compressible,
eylindrical metal liner is studied. Plasma energy
losses are neglected and the liner is assumed to
be end-plugged against particle losses. Let the
gain Q be fusion energy output divided by liner
energy input EL' (Here EL can represent either
initial liner kinetic energy or total work done by
driving pressure.) Optimal initial conditions,
analytically obtained for many metals are Ti(keV)
x [NR%/AL1]2/3 = 3.0, and N(cm-1) = 9.0 x 1020
(EL/Q[GJ/m]). The corresponding gain is Q = 7.0
\/EL/Q[GJ/m] X Vbi/Zﬂ[g/cmgi; The associated burn
time 1is <tlus] = (0.5 RiAi[cmz] EL/Q[GJ/m])

Voi/ZH[g/cmg], and the final plasma pressure is Pf

= 5.0 EL/£AL1. Initial parameters are plasma tem-

perature Ti' plasma line density N, plasma radius
Ri; liner cross-sectional area ALi' thickness Ai’
density p;, and length 2. A hnydrodynamics code
with detailed
verifies these results to within about 20%. Thus,

equation~of-state information
without losses, a 50-cm copper liner would produce
break-even with only 7 MJ! Preliminary loss esti-
mates have been made.

Considerable progress has been made on the
development of a computer code, CHAMISA, for the
study of fast imploding 1liners. To date, the
principal problems addressed have been the effects
of liner compressibility and the diffusion of the
driving poloidal (Z-pinch) magnetic field into the
liner. To investigate liner compressibility, very
sophisticated material equations of state have
been incorporated into the code. These equations
of state are produced in-house by Group T-4 and
include solid, liquid, and vapor phases, and the
effects of ionization, crystalline phase changes,
and electron degeneracy. Extensive calculations
have been made which verify over a significant
range of parameters the analytic model discussed

above. Liner compresssibility reduces the

efficiency of conversion of liner kinetic energy
to plasma energy to 50-70%, compared to 100%
conversion for an incompressible liner. However,
compressibility also increases the 1liner dwell
time near peak thermonuclear burn, so that the
yield is higher for the same peak plasma param-
eters than when calculated with an incompressible
liner model. The net result is that a moderate
increase in liner energy over that predicted by an
incompressible model 1is required to obtain the
same Q, where Q = (thermonuclear yield)/(maximum
liner kinetic energy).

To obtain quantitative predictions for
nonlinear magnetic field diffusion in the 1liner,
empirical data on the solid and liquid phases of
copper and aluminum were incorporated into the
code. The equations for field diffusion are
solved simultaneously with those for the motion of
the liner. Some problems have been done with
constant and prespecified time-varying applied
currents, but for realistic calculations, the
liner must be coupled to an external ecircuit
containing capacitance, inductance and resistance.
This goal will soon be attained.

2. Field Revergal Theta-Pinch Design. The
toroidal equilibrium code23 was used to design the
magnetic mirror coils for the Field Reversal Theta
Pinch (FRTP). The code allowed the design
engineers to determine the shape of the magnetic
mirrors which would prevent premature axial plasma
loss in the FRTP.

. rial Epdplugs for Li Th
Pinchegs.

analyze the consequences of material endplugs for

A theoretical effort has begun to

mass loss and energy loss from a linear
theta pinch. The capabilities of a
one-dimensional Lagrangian hydrodynamics and heat
flow code, CHAMISA, were extended to include a
sharp-boundary model for the radial response of
the plasma column. This permits the study of
simple mass endloss, endloss with magnetic mirror
fields, or thermal losses from a plasma adjacent
to a material plug. In the case with material
endplugs, the evolution of the ablated endplug
material is followed in addition to its thermal
interaction with the @#-pinch plasma. The basic
result is that the ablated endplug material forms

an "insulating™ layer between the plasma and the
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cold plug by
conductivity in the

material.

virtue of the
higher-Z
An upper bound is placed on the endplug

reduced thermal

(atomic number)

Z by considerations of radiation losses in the

ablated material.
that
energy confinement time

first,

Preliminary indications are
endplugs can significantly increase the
for 1linear @-pinches:

by eliminating mass loss and, second, by

forming a layer of lower conductivity material at

the ends of the thermonuclear plasma.
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XIv.

COMPUTERS

S. T. Bennion, G. I. Chandler, R, C. Conrad, F. C. Jahoda, K. A. Klare, J. W. Lillberg,
L. W. Mann, C. W. Nielson, and ¥. T. Seibel

A. TINTRODUCTION

There has been a dramatic increase in the use
of the PDP-10 and the network 1link to the MFE
Computer Center 7600 during the last year. The
yearly progress will be discussed in five phases:
hardware enhancement, software enrichment, network
development, experimental interfacing, and appli-
cation of both the network and the PDP-10.

There have been significant advances in the
use of both minicomputers and the PDP-10 with the
experiments. 1) An extensive data acquisition
system has been developed for the Prime 300
computer, which also performs the Scylla IV-P con-
trol functions. 2) The Sigma-2 systems have
undergone extensive modifications. 3) A new type
of transient waveform recorder has been procured.
4) Progress has been made on the link between the
experiment minis and the PDP-10. 5) An analysis
capability for asymmetric interferograms with 3-D
plot display has been developed using a graphics
tablet and the PDP-10. 6) Software to handle
digitized two-dimensional streak camera output is
being developed. 7) A start has been made on the
ultimate goal of optically coupling all electrical
signals leading in and out of the screen rooms in

order to suppress electrical noise.

B. CTR USER SERVICE CENTER

1, _Hardware. During the past year the USC
has been augmented by an additional 192 K of fast
memory, two 20 million word disks, a 9-track tape
unit, a data channel to separate tape and disk
traffic, and 16 additional terminal ports. These
additions make the PDP-10 a very attractive
computing alternative for CTR programmers with its
256 K words of core, 60 million words of disk
space, and 32 terminal ports. The PDP 10 provides
a powerful time -sharing tool for all but the
biggest codes.

2, Software. The virtual memory (paging)
support software was installed in mid-September.
It has proved very successful. Large jobs may now
be run in-smaller actual core. This minimizes the

load on the swapping system and permits jobs as

large as 256K--as long as they need only a small
portion in core at any one time. This portion
cannot exceed the actual core available to the
user or the administrative limit imposed upon the
individual user.

A graphics package has been developed for
output on the Versatec plotter and Tektronix
graphics terminals. Plot files can be generated
using PLOT-10 and/or CTR-6 plot libraries.

A combination text editor and word processing
system called TEDI has been written for the
PDP-10. The formatting section which is similar
to RUNOFF allows a secretary to prepare documents
including complex equations. This word processing
system has been used for many papers, two CTR
proposals, and this progress report.

3»..__Network. The MFE Computer Center network
development throughout the year has made the MFE
7600 a reasonable alternative for many problems.
The reliability has steadily improved and turn-
around is now acceptable. We are still somewhat
restricted from running large programs at night
due to large core (LCM) limitations and the small
LASL time allocation. Users who produce a large
amount of microfiche output must wait for
approximately U4 days on mail delivery. Tape
access time for files can sometimes be excessive.

Experj al In ing. The Experiment
Interface Computer (EIC) PDP-11 and PDP-10 link
software has been installed and made operational.
Further, with the help of a Digital Equipment
Corporation (DEC) consultant and MFE programmers,
the DEC and MFE supplied interface software has
been merged with the EIC software and nearly
checked out. The PDP-11 CAMAC software is not yet
installed and the software between the PDP-11 and
Sigma-2 has not been worked on yet. Data is now
being shipped directly from the Seylla IV-P
computer to the PDP-10 for archival and hologram
analysis. Shot data from Scyllac is being written
on magnetic tape and carried to the PDP-10 for
analysis. IHX data are digitized and shipped via
the Hewlett-Packard 9830 to the PDP-10 for

analysis.
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5, Application. There are now over 80 users
running problems from simple editing to a large
two-dimensional time~dependent MHD code. It is a
testimony to the PDP-10 reliability that this
problem routinely runs 8 hours without a fatal
machine or software error. The PDP-10 has also
been used to run a microprocessor simulator to aid
in studies of such processors’ adaptability for
CTR experimental control. Among the significant
uses of the network are calculations on lower
hybrid drift 1iInstability, development of the
two-dimensional hybrid code, and reactor design

calculations.

C. AUTOMATED DATA PROCESSING AND COMPUTER CONTROL

1, Secvlla IV-P Control and Data Acquisition
Systep. Use of a Prime 300 computer for the con-
trol system on Scylla IV-P was described
pr‘eviously.1 The control program has functioned
well. Significant additions to the control
program: a) monitor the vacuum and gas fill
system; b) monitor all interlocks between shots to
determine readiness for a charge cycle; and ¢) log
on the disk during the charge cycle all analog
inputs to the control system every 0.7 second.
The latter feature is useful in trouble-shooting;
e.g., bad gaps often produce a recognizable
signature in the time history of the gap bias
voltage.

The primary activity has been the implementa-
tion of an extensive data acquisition system. Two
types of transient recorders, Biomations and SEC
units, and the dedicated minicomputer of the
Thomson scattering experiment are read out and
archived in foreground by a call from the control
program., Data analysis programs can then be
activated in background mode while the control
program 1is running. New hardware installed to
enable these functions to be developed include 32K
additional core memory for a 64K total, a second
3M word disk, a second graphics terminal, and im-
proved interfaces to the CAMAC controller and the
Versatek printer/plotter.

In addition, pending a high-speed parallel
link, a teletype line driver CAMAC module has been
installed on the Prime 300 to make it look like a
terminal to the PDP-10. Software has been written

to transmit shot data and to ship ASCII files back
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and forth. Other software developments include a
graphies 1library and numerous data analysis
programs.

IT er S .

provements on the two Sigma 2's again increased

Various im-

their utility to the experiments. A surplused
Sigma 2 was obtained and converted into a core
memory expansion unit for the Scyllac computer,
increasing the memory from 20K to 32K words. An
additional 4K increased the SM-105 Sigma 2 to 28K
words. A 1line printer was 1installed on the
Scyllac computer. The Thomson scattering experi-
ment was 1nterfaéed through CAMAC charge
digitizers with complete calibration on each shot.

A versatile text editor was written and is in
use to update numerous source files now stored on
disk instead of on punched cards.

Data archiving has been completely revised.
Innovations including dynamic temporary memory
allocation, circular buffer schemes, data compres-
sion, file reorganization, enlargement of the
public 1library to include I/0 routines, and
streamlined graphics and mag tape programs have
reduced both storage space requirements and access
time.

New programs added to the push-button set
enable the operator to review efficiently either
plasma parameters or recorder module behavior for
all archived shots on the disk.

The various data analysis algorithms have
been continually refined. For example, a least
squares parabolic fit to the coupled -cavity
digitized waveform approaches 1/100 fringe resolu-
tion.

r ent d . Solicitation of
commercial vendors resulted in a new type of
Standard
Engineering Corporation. The 10 MHz sampling rate

transient recorder system from
and 6-bit resolution of the Biomations is retain-
ed, the memory is 512 words compared to the
Biomation 256. They are packaged in units of 16
with a common clock, interfaced through a single
CAMAC slot. Unlike the Biomations, they do not
have a preamplifier, though an input attenuator
permits variable signal range down to 1 volt full
scale. Considerable interaction with the

manufacturer, including the complete redesign of



the initially inefficient power supply, has
resulted in cost-effective suitable units.
4, Minicomputer - PDP-10 Link. Although the

anticipated high-speed link between the experiment
minicomputer and the PDP-10 was not completed
during the year, progress toward this end was
made. The hardware, including CAMAC interfaces,
line drivers and the PDP-11/40 port to the 10 are
operational, but the integrating software remains
incomplete. Considerable software modifications
have, however, already been made on the 10, so
that Secyllac Sigma-2 data files transferred by mag
tape, appear to the user with terminal access to
the 10 with the standard Sigma-2 conventions,
e.g., out-putting to several screens in mixed
order and giving the ability to mix FORTRAN write
statements with plotting.

5. Interferogram Analysis. A1l previous
quantitative analyses of holographic interfero-
grams have either assumed cylindrical symmetry or
at most unfolded the data along two orthogonal
coordinates. The detailed study of end loss on
Seylla IV-P required the development of an algo-
rithm to determine particle inventory from
asymmetric interferograms as well.

Software was developed to run a Tektronix
4953 Graphics Tablet from a 4014 display terminal
on the PDP-10 in an interactive mode with visual
feedback. Using this tablet, a program was
written to gilve peak density, total particle
inventory, and display line integrated density on
an X-Y grid in a 3-D plot. Typical results are
shown in the chapter on Secylla IV-P.

t m u ation. In preparation
for the planned streak camera output digitization
without the intermediary of Polaroid film, exten-

sive software development is needed to pick out

the signal from the two-dimensional digital array.
This work has been started in cooperation with
LASL's Image Evaluation Group (M-8). A smart
sequential detection algorithm for determining
trajectories was developed from Polaroid input on
the CDC 7600. Significant aspects are the deter-
mination of minimal constraints on quality (e.g.,
noise, trace brightness, and continuity of
fiduecial markers) required in the original data,
as well as algorithm efficiency, in order to
enable it to run on the PDP-10 in less than five
minutes.

7. Optical Couplipng. An attractive solution
to the electrical noise problems associated with
high-voltage, pulsed plasma devices just becoming
technologically and economically feasible, is the
complete isolation of the screen rooms by fiber
opties coupling of all control and diagnostics
electrical signals. Typically, there are a
variety of signal types, both analog and digital,
spanning bandwidth requirements from 1 kHz to 40
MHz, with some analog signals requiring better
than 0.1% linearity. Each presents 1its own
problems in interfacing the opties and elec-
tronics, and we have begun study of these on a
broad front. In particular, construction of an
optical data link for the ZT-S Biomation recorders
(24 channels at 1 MHz data rate) to the Sigma-2 is
complete and undergoing initial tests. An opti-
cally coupled CAMAC parallel branch highway 1is
under active consideration for the 2ZT-40 control

systen.

REFERENCE

1. G.A. Sawyer, compiler, "LASL Controlled
Thermonuclear Research Program, January-
December 1975,"” Los Alamos Scientific
Laboratory report, LA-6582-PR, December 1976.

167




XvV.

ENGINEERING

E. L. Kemp, A. G. Bailey, K. J. Bickford, G. P. Boicourt, W. H. Borkenhagen,T. R. Cole, R. S. Dike,
C. F. Hammer, K. W. Hanks, L. D. Hansborough, H. W. Harris,
K. J. Johnson, R. W. Kewish, K. J. Kutac, J. G. Melton, and W. C. Nunnally

A. ZT-40

1, Introduction.
mance of the ZT-S reversed field toroidal Z pinch

The satisfactory perfor-

led to the planning for a larger device to be
built in the 1977-1978 time frame. A proposal was
prepared and submitted to Washington in the summer
of 1976, and in August a review committee gave a
favorable recommendation for building ZT-40.
During this period, a performance criterion was
defined and an engineering team was organized.
However, when funding for the experiment was de-
layed, most of the engineers were reassigned to
other projects. In mid-December, initial funding
was provided and the design of 2T-40 is now under
way.

2. System Layout. ZT-40 will be installed
in an area about 16 m x 40 m that is now partially
occupied by the applied plasma physics apparatus
of CTR-1. This equipment will be moved to another
location. A plan view of the top level of the
system is shown in Fig. XV-1. The torus in the
center with its 12 iron cores sits on an indepen-
dent platform and is surrounded by a diagnostic
platform. The capacitor racks are located around
the diagnostic platform and the areas to the left
and right are for diagnostic assembly and the

Screen room.

POWER SUPPLIES MIXER BELOW PLATFORM

BELOW PLATF(7

OIAGNOSTICS

CONTROL ANO
XROOH

[-MACHINE TORUS

\!

OIAGNOSTICS oI
ASSY

Figure XV-2 shows an elevation of the system,
Energy will flow through coaxial cables from the
capacitors and their start switches to the crowbar
switches below the capacitors. The energy will
then flow through more coax cables to the mixer.
The function of the mixer will be to produce a
uniform current in the 1load, even if all the
switches do not fire. Each of the two principal
circuits in the system has mixers. The energy
will flow through cables to the machine torus.

3. Energy System. A reversed field toroidal
Z pinch requires two principal fields, an initial
toroidal By field, which is subsequently reversed,
and a poloidal field, which is induced around the
plasma when it carries current. Figure XV-3 shows
a simplified schematic and attendant waveforms for
one operational mode of ZT-40.

The system will operate in the following
sequence: The Ie bias bank in the top circuit will
be fired and the current will rise to a peak in
about 75 us. About 30 us before peak current, the
preionization PI bank in the lower circuit will be
fired and produce a half cycle of preionizing cur-
rent. At this time the Igp reverse bank will be
fired and drive the Ie current negative. Simul-

taneously the IZ bank will raise the I; current on
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Fig. XvV-1.

ZT-40 layout.

SERFAN ':‘7"‘?'3\.‘3 L e g e S s
CAPACITORS VACUUM SYSTEM”IXER

A
| H
il
RN IRIC O SPE 20 =~Y-'\. SRTRAZAGA2H U 3

.
[

Fig. Xv-2.
ZT-40 section.



. -+ similar to the field distortion gaps developed for
NAAS

b sw ZT-S applications. They will be used because of
SW qa)cna SW C/8 SW -Iﬂ REVERSE % L Lono 112t their wide voltage range. The ZT-40 field distor-
+ +  BANK ' tion start gap shown in Fig. XV-4 was designed for
1, BIAS PWR C/8 BANK
BANK - 1PCB) this application and operates successfully from
T T ) 13 kV to 50 kV by a slight variation of the pres-
1,{B, TOROIDAL) CIRCUIT sure in the gap. About 500 of these gaps will be
required in the system.
The parameters of the various capacitor banks
:' are given in Table XV-I.
el 2T TN T e 4. Machine Features. The ZT-40 machine is
7B \:M__,_ec_a. . . .
' : : v : shown in Fig. XV-5. The U40-cm minor diameter dis-
E ' : E ,I‘ charge tube is surrounded by a 2-cm-thick aluminum
! I: -: :-- __4".:,_____,29_6. toroidal current shell that is divided into 12
': ': ~so,.s—-:'/iv\é&&%{k segments. Each segment is driven by the primary
I — & 2 25“5;__,00“8:‘.1' feed cables so that the maximum total induced
1,18 POLODAL) CIRCUIT
TABLE XV-I
s ) , CAPACITOR BANK PARAMETERS
Li I, (Bias) PI Igp(Reverse) Iy
SW C/8 SW sW c/8 SW % Bank .__Bank __Bank Bank
1, LOAO [f2eol -
PI BANK —= 1; BANK j PUR C/B V(kV) 10 20 50 50
. poB) T C(uF) 30000 1125 528 118
W(kd) 1500 225 660 560
Fig. Xv-3. Imax.(MA)
ZT-40 schematics and waveforms. (total) 3.4 2.0 6.0 7.2
t/4(us) 75 15 2.5-30 2.5-30

the plasma to a maximum and generate the poloidal
field around the plasma. At peak current, both
the Igp and the I, currents will be crowbarred.
In the initial experiments, the power crowbar bank

(PCB) will be shorted and switches will crowbar

QUTPUT
/ CABLES

L___['__

the current with an L/R decay time constant of

1 U i ]
about 100 us. Later, a power crowbar bank will be RGin
| W
added to produce an essentially constant current \&'s{\\};\‘\ OIL INSULATION
POL t ] I
for 200 us. (8Y USER)
The majority of the components to be used in TUNGSTEN ALLOY OISK
TOP ELECTRODE
ZT-40 were developed and successfully used in . TRIGGER CABLE
CENTER
Scyllac. These include the 60-kV capacitor for ELECTROOE - me‘“’m
the Iy and Igp banks, although 2ZT-40 will be de- . - SHARGE LEAD
signed for a maximum operating voltage of 50 kV. : h N GOKV. 1.854F
The 10-kV bias capacitors will be the 170-UF units i o J oy _3“"‘&'
developed for low reversal application and are j __D_j" “-.’_’:l._ -
quite inexpensive. The coaxial cable will be the
type used in Scyllac. The passive crowbar gaps Fi .
ig. -4,
will be the ferrite decoupled gaps employed as &

ZT-40 field distortion start gap.
crowbar gaps in Scyllac. The start gaps will be
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voltage around the full torus is 600 kV. The iron
core improves the coupling between the aluminum
primary and the plasma secondary. The toroidal
field coils that produce the BZ field are also di-
rectly driven with cables.

Table XV-II gives the 2ZT-40 machine param-
eters.

5. Project Management. The design and con-
struction of 2ZT-40 will be managed by methods
developed during the construction of Scyllac and
Seylla IV-P. The general approach is shown by the
following single line PERT diagram.

Ouuuu (\COKEPIUAL N\ FRELIN T 990 PROCIRE INSIALL CHECKOUT
et \oesia S peEstan .
OOYELOMEXT

TABLE XV-II
ZT-40 MACHINE PARAMETERS
Discharge tube inner radius 20 cm
Major radius 114 cm

Aspect ratio (with respect to metal primary) 5.2

Plasma current 600 kA
Number of Z-current feed points 12
Number of iron cores 12
Total number of Z-current cables 1512
Total number of 6-current cables 1728

TOROIDAL CURRENT
FLANGES

IRON —
CORES
TOROIDAL
FIELD COIL
VACUUM PUMP /
DIAGNOSTIC PORTS

PLASMA /

INSULATING —
VACUUM CHAMBER

PRIMARY FEED ,
CABLES Z TOROIDAL CURRENT SHELL

Fig. Xv-5.
ZT-40 machine.
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First, criterion is established for each de-
sign activity. An engineer then proposes a con-
ceptual design, which is reviewed by all cognizant
parties. After approval, a preliminary design is
made and again reviewed. With approval, procure-
ment of long lead time conventional equipment can
begin. The design of subsystems and new
components also begins with final design. The
final design is carefully reviewed and documented
approval 1is necessary before procurement can pro-
ceed. Installation and check-out complete the
cycle. During installation, weekly meetings are
held to discuss progress and problem areas.

The organization of the design team for ZT-40
is complete and all design activities have been
delegated. The system and the design criteria for
each activity have been written and approved. The
system conceptual design has been completed and
approved. A preliminary PERT has been prepared
and a budget estimate made. Committees of ap-
propriate physicists and engineers have been
formed to follow each design. Some long lead time
procurement has began. The actual design work
will start in January 1978 with a target date of
July 1979 for the beginning of 2T-40 plasma
physies.

6. Development. The development activity
for 2T-40 is directed primarily at the crowbar
systems. The ZT-U40 experiment is to be operated
in two phases. The first phase will require a
passive crowbar system to provide exponentially
decaying confinement fields. In Phase II a power
crowbar system will be required to provide re-
quiremen} constant confinement fields for up to
250 us, after which the field will exponentially
decay.

The passive crowbar circuit of Phase I is
shown schematically in Fig. XV-6. The passive
circuit is the "”standard” circuit at LASL and has
been used in many experiments. Most of the
components shown in this figure have been
developed for previous experiments. The 50-kV
start gap was designed for the ZT-1 experiment but
not thoroughly tested; therefore, a life test was
run to 10,000 shots at 50 kV and 50 kA at a rate
of 5 per minute. The life test indicated that the
gap has good integrity and wearability. After

testing several trigger electrode materials, a
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Fig. XV-6.
Passive crowbar system.

tungsten material was selected, which will give a
life time greater than 10,000 shots. In addition,
voltage self-breakdown, triggering characteristics
for all combinations of polarities, and three gap
spacings were tested. These tests provided a
foundation from which to choose the gap spacing
and operating pressures for ZT-40. The chosen gap

spacing of 0.23 inch can be maintained with
standard tolerances and will operate from 12 to
60 kV at reasonable air pressures.

The component requiring immediate development
and testing for a passive crowbarred ZT-U40 system
is the passive crowbar gap S2 in Fig. XV-6.
gap design used for this application is shown in
Fig. XV-7.

of its proven operation and reliability, uses the

This design, which was chosen because

same electrode and trigger configuration of the
present ferrite isolated, Scyllac piggy-back crow-
bar gap. The new header arrangement is designed
to accept multiple cables and locate the crowbar
gap at a distance from the capacitors to be crow-
barred. Note that provisions have been made to
use this design in the power crowbar mode by
adding cables from a power crowbar transformer.
However, these cables will be shorted at the crow-
bar gap header during the passive crowbar phase.
The header and gap have been tested over the
entire voltage range of 12-60 kV at a maximum
140 kA, which is twice the

average current of the actual ZT-40 crowbar gap.

average current of

Although the voltage transients occurring at the

crowbar gap in the test circuit are more severe

The .

FERRITE

12 CABLES
TRIGGER
FROM BANK CASLE
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TRANSFORMER 8 CABLES T0
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{FOR PASSIVE}
OPERATION \

Fig. XvV-7.
ZT-40 passive crowbar gap.

than those actually present in the ZT-40 circuit,
the gap has performed very well with a 17—-coulomb
charge-load.

The requirement of the passive crowbar system
are listed in Table XV-III. The power crowbar
system requires much more development for the
ZT-40 and for future sustained field experiments.
The power crowbar circuit for ZT-40 is shown in
Fig. Xv-8.

current, Ip, produced by the 50-kV capacitor bank,

To sustain the peak crowbarred load

LOAD
SIZE D IGNITRONS
o ~Qs3
«-10kv CAPACITOR
LOW LEAKAGE BANK
TRANSFORMER
10D
—-’_—_\
L/ & 100~250us
—
23 250us
s 82 )
Fig. Xv-8.

Power crowbar system.
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sufficient power crowbar voltage, VPCB' must be
introduced into the crowbarred load inductance
circuit to cancel the circuit resistance, Rckt’
voltage drop or VPCB :-IpRcKt'

The value of Vpcp is on the order of 1000
volts for the circuits of 2T-40. A series, low-
leakage, stepdown transformer was chosen to supply
the sustaining voltage to the crowbarred circuit.
Ideally, the power crowbar energy source consists
of a low-voltage, large-capacitance, low-induc-
tance bank that provides the power crowbar voltage
for long resonant LC times and does not ap-
preciably reduce the circuit 'i. However, low-
voltage, low—inductance capacitors are not cost
effective in the voltage range required. With the
transformer, the cost—effective, 10-kV capacitors
can be used, and the stepdown turns ratio of the
transformer combined with the low-leakage induc-
tance introduces a minimum parasitic inductance
into the main circuit. The crowbar ecireuit has
essentially the same peak currents, but the
coulomb load is much larger. The major components
to be developed for the ZT-40 experiment are a
high-voltage, high-coulomb crowbar switch and a
low-leakage inductance transformer.

The requirements for the power crowbar switch
are shown in Table XV-IV.

A high-voltage, high-coulomb crowbar gap has
been designed and is scheduled to be tested next

year. This gap is shown in Fig. XV-9. A high-

TABLE XV-III
ZT-40 PASSIVE CROWBAR GAP REQUIREMENTS
Maximum Values
I& Circuit (L/R = 250 us)
Requirement System No. Gaps _Unit

Maximum Crowbar Current 28 MA 14y 194 kA

Average Crowbar Current 10 MA 69 kA

Crowbar Coulomb Load 2500 ¢ 17.4 ¢

Inductance

Maximum Voltage Transient < 90 kV < 90 kV

Switching Voltage o0V oV
1, Cirecuit (L/R = 100 us)

Requirement System No. Gaps _Unit
Maximum Crowbar Current 28 MA 144 194 kA
Average Crowbar Current 10 MA 69 kA
Crowbar Coulomb Load 1000 ¢ 6.9 ¢
Inductance 0.2 nH < 30 nH
Maximum Voltage Transient £ 90 kV < 90 kv
Switching Voltage =0V =0V
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High—coulomb crowbar spark gap.

TABLE XV-IV
ZT-40 POWER CROWBAR SWITCH REQUIREMENTS
Maximum Values, 250 ys Flat Pulse with L/R Tajl

Ie Circuit (L/R = 250 ps)

Requirement System No. Gaps _Unit
Maximum Crowbar Current 28 MA 144 194 kA
Average Crowbar Current 10 MA 69 kA
Crowbar Coulomb Load 5000 ¢ 35 ¢
Inductance < 1 nH < 150 nH
Max. Voltage Transient 90 kV 90 kV
Switching Voltage = 1 kv = 1 kv

I, Circuit (L/R = 100 us)

Requirepgent System No. Gaps _Unit
Maximum Crowbar Current 28 MA 14y 194 kA
Average Crowbar Current 10 MA 69 kA
Crowbar Coulomb Load 3500 ¢ 25 ¢
Inductance £ 35 nH < 50 nH
Maximum Voltage Transient < 90 kV < 90 kv
Switching Voltage 1 kv 1 kv

coulomb crowbar gap requires a large volume, a
large air flush rate, and special 1insulator
shielding to insure reliable operation and mechan-
ical integrity during switching.

It is very difficult to combine large coulomb
capacity with high-voltage and low-inductance
characteristiecs. For instance, spark gaps are
commonly high-voltage, low-inductance devices, but
are generally suitable for charge levels of only a
few coulombs. Ignitrons, on the other hand, are
high—-coulomb devices (up to 2000 coulombs) but are
rarely used above 15-20 kV and are inherently

high-inductance and slow-switching devices. in



order to effect a marriage of these two components
into a low-pressure {vacuum), high-voltage, low-
inductuance, high—coulomb switch, the mercury
wetted spark gap shown in Fig. XV-10 was designed
and is scheduled for testing in 1977.

The final mercury wetted gap design will
probably use molybdenum for all interior surfaces
because of its favorable properties with respect
to mercury. However, the test models will be
constructed from stainless steel, which is only
slightly affected by the mercury. Instead of a
mercury pool cathode, the mercury wetted gap will
use a metal cathode covered with a mercury film.
This is to prevent excess mercury from being
vaporized and deposited on insulating and anode
surfaces and affecting voltage hold-off. The
triggering method for the mercury wetted gap has
not been decided. Several methods, including a
trigatron igniter and a mercury vapor plasma gun,
will be tested as methods of injecting ionized
material into the main electrode region.

All of the crowbar gap testing for ZT-40 will
be conducted in a test bay constructed in 1976
that simulates the ZT-U40 circuit. An electrolytic
capacitor bank will be used to power crowbar the
test circuit and provide large coulomb loads for
the test gaps. The power crowbar circuit for
ZT-40 requires a rather unique transformer. The
specifications for the transformer are listed in
Table XV-V. Two types of transformers were con-

sidered for this application, a Hirano iron core

COLLECTOR
PLATES —ANOOE
MERCURY CATHOOE
LEVEL
COOLING TRIGGER
WATER PIPES ELECTROOE
Fig. XV-10.

Mercury wetted spark gap.

TABLE XV-V

ZT-40 POWER CROWBAR TRANSFORMER SPECIFICATIONS

Specification Iron Core Mr Core
Leakage Inductance £ 2nH £ 2nH
Secondary Current 1 MA 1 MA
Primary Voltage 10 kv 10 kv
Turns Ratio 6:1 12:1 6:1 12:1
Iron Core Flux 0.2 v-s —
Field Diffusion Time —— 2 250 us
Number Required 24 24
Cost $12,000 ea. $8,000
Volume 1.1 o3 2.2 w3

Weight 5.4 Tonnes 2.3 Tonnes

design developed in Japan1 and an air core auto
transformer developed by the West Germans.2

A prototype iron core transformer with a
calculated leakage inductance less than 2 nH was
designed and procured in 1976, and initial tests
will begin in early 1977. The air transformer is
based on a stripline. It will not saturate but
does not lend itself to variable turns ratio;
however, the iron core transformer is more expen-
sive. If the flux requirement and time scale were
to increase, the 1iron core cost would be
prohibitive. Note that 24 of the transformers
will be required in the ZT-40 system to reduce the
total system leakage inductance and intercon-
nection inductance.

In a large system such as ZT-40 with hundreds
of switches, one wants to know when each switch
conducts. Previous monitor systems at LASL have
used hard-wired connections between the individual
spark gaps and the central receiver-monitor
electronic system. Unfortunately, the large

amount of electro magnetic interference and
capacitive coupling often rendered this system
inoperable. The advent of fiber-optic technology
presents another option in monitoring spark gaps.

Two different fiber-optic systems are being
investigated. The first system channels a
fraction of the spark gap arc 1light to the
receiver-monitor electronics inside the screen
room. An optical pickup mounted with the gap in-
sulator 1is ©being tested. Several materials
(Lucite, Lexan, quartz) are being tested as

windows for the optical pickup. The Lucite and
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Lexan windows are plated by the vaporized
electrode material. The quartz window pickup
resists plating and does not melt. The quartz
window will be used in monitoring the ZT-40 pas-
sive crowbar gaps.

The second fiber-optic method being studied
involves using a LED driven by the changing field
produced by the spark gap discharging its capaci-
tor. The lower signal intensity LED method does
not disturb the insulator but requires using lower
loss, higher cost fiber-optic material than the
arc light method, which has an excesss of
intensity. The LED monitor is also being studied
for the ZT-40 start gaps.

7. 2T-40 Circuyit Analysis. The circuit a-
nalysis program has two objectives. One is to
explore the capabilities of alternative schemes to
produce the necessary programmed fields. The
other 1is to assure that the circuits finally
chosen will continue to be capable of producing
the necessary range of fields when modified to
take full account of required mechanical
configurations.

The two most important sequences of fields
required are shown schematically in Fig. XV-11.
For both modes, the IZ-Be circuit must be capable
of delivering 600 kA when the BZ field ranges from
0.3 T to 0.6 T. The reverse B, field needs to
reach 0.25 T for an initial BZ of 0.3 T and 0.5 T
for an initial B, of 0.6 T.

The requirement on the times shown are given

below:

t1 10-100 us

t, 2-4 us

t3 2-4 us

tu Flat BZ and Be within + 5% for approximately
250 us

ts 2-4 us

t¢ Flat B, and Be within + 5% for approximately
250 us.

The initial time rate of change of the fast
bank currents, iz and ie are iz 25«x 10' a/s and
Io between 5 x 10'% and 5 x 10'2 A/s.

It is not a simple matter to design the Ie
and IZ circuits because the plasma load markedly

affects the individual circuit action and also
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Fig. Xv-11.
ZT-40 waveforms.

produces a very strong coupling between the cir-
cuits. For example, the reduction of BZ from
0.6 T to 0.3 T results in greater compression of
the plasma. This, in turn, requires the Eb cir-
cuit to supply about twice the energy it had to
supply when BZ was 0.6 T. Therefore, some plasma
model must be included in the analysis.

The snowplow plasma model was chosen. This
sharp boundary model is good for at 1least the
initial portions of the plasma compression and
allows easy calculation of the inductance (L) and
its time rate of change (L). This allows the in-
clusion of both LI and LI terms in the calculation
(for the circuit).

The initial modeling was carried out using
the NET-2 circuit analysis code. Unfortunately,
the use of the plasma model to compute the time
varying inductances resulted in computational de-
lay and very long run times. Direct solution of
the differential equations using FORTRAN programs
was tried. The initial programs proved to run at
least 600 times faster than NET-2. Improvements
in coding of later systems resulted in greater

time savings, and present programs are estimated



to be running about 1000 times faster than the
equivalent problem coded in NET-2. The switeh to
FORTRAN also allowed the inclusion of other ef-
fects in the modeling. However, programming time
is substantially longer than the time to program
NET-2 and each change in the order of switching
requires a new program.

The initial work done with NET-2 was aimed at
setting the size of the bias bank, the fast I
band, and the Ie bank. Once these had been
determined well enough to permit the design of the
racks, attention was turned to the design of the
power crowbar system. Initially, electrolytic
banks were proposed for this application. Three
systems using electrolytic power crowbar banks
were programmed. In each case, the Iy electro-
lytic power crowbar bank appeared capable of
meeting the requirement, but the IZ circuit bank
did not.

A hybrid system using a pulse network in the
I; eircuit and electrolytic capacitors in the Ie
circuit was examined. After some study, it was
decided that the PFN introduced too much ripple in
the load current so this was abandoned.

The characteristics of the Hirano trans-
former, designed to have extremely small leakage
inductance, 1led to consideration of trans-
A hybrid
system using an ideal transformer in the Iy eir-

former-coupled power crowbar banks.

cuit and an electrolytic bank in the Ie circuit
was programmed. This showed promise, and partly
because of size limItations, it was decided to
consider transformers in both circuits.

The systems presently under study are shown
in Figs. XV-12 and XV-13. Systems 8 and 9 differ
only in the order in which the switches are
closed. The values of inductance and resistance
reflect the present mechanical design of the
various components. The plasma model 1is the
snowplow mode. A temperature—dependent plasma re-
sistance based on Spitzer resistivity has been
incorporated into the model. The resistance of
the main crowbar switches is computed and is based
both on the number of switches and on assumed
values of the arc drop in the switches.

The transformers are nonideal in the sense
that the primary and secondary inductances are

calculated as incremental inductances derived from
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a B-H curve. The B-H curve is shown by the solid
line in Fig. XV-14. Also shown is the computed
primary inductance. The dotted line is the right
side of a measured hysteresis loop obtained from
an actual transformer core. This side has been
shifted 136 ampere-turns to the left.

The present results are promising, but there
are still some problems to be solved. Figure
XV-15 provides a representative example of the
results being obtained. The top curves show Be
and By for an entire run. The bottom curves are

Be and By from the same run magnified over the
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eritical fast-rise portion from 75 us to 120 us.
The object of this run was to produce a bias By of
a 0.3 T and to reverse it to -0.25 T while By rose
to 0.54 T.
objective was achieved. The initial ie for this

From the figures, it appears that this

run is 4.12 x 1011 A/s properly between the de-
sired 5 x 10" to 5 x 10'2 a/s. I, is 8.5 x 10"
A/s, which 1is above the 5 x 1011 A/s required.
The value of 1/4 B (t2 in Fig. XV-11) is 2 us in
the 2-U4 us range, while Tt/4 By (t3 in Fig. XvV-11)
is 2.4 us, a fairly close match to T/4 Bg. The
reverse B, is increasing negatively. Other runs
have shown that this can be flattened by reducing
the voltage on the Ie power crowbar bank.

The situation with the Be is still a problem.
The run shown in Fig. XV-11 was made with maximum
voltage on the IZ-Be power crowbar bank and this
was not sufficient to keep the Be from falling
off.

Moreover, the iron in the transformers in

this circuit saturated late in the run. The
effect can be seen as the change in slope of Be at

approximately 330 us. This problem may force the
use of different transformers with different turn
ratios in the two circuits. At present, there is
no reason to believe that the systems will not
work with modified transformers and perhaps a
bank. This will be

investigated in the future.

larger power crowbar

B. DEVICE AND COMPONENT DEVELOPMENT
rtz in chine. The latest Seyl-
helical shaped

discharge tube that follows the flux conserving

lac experiments require a curved,

surfaces of the coil. A quartz forming machine

was built to form 10-cm o.d. straight quartz
tubes into 4-m radius curved tubes and generating
a 1.4-cm helical displacement along the tubes with
a 62.8-cm Xv-16 1is a

photograph of the machine in operation.

wavelength. Figure

The machine design is similar to an original
design at the Max Planck Institute for Plasma
Physics LASL
machine was designed for more flexibility and will

in Garching, West Germany. The

form quartz tubes with outside diameters of 5 to
20 cm with minimum modifications. The machine is
also capable of producing a straight tube with a

helical displacement.



Fig. Xv-16.
Tube~-forming machine.

The first hydrogen-oxygen burner, purchased
from a company in West Germany, had a 1.5- to 2-cm
gap between the burner ring and the tube. This
proved unsatisfactory. A new burner was designed
and built with 1-cm gap and this improved the per-
formance of the machine. Other modifications were
made to improve the optical quality of the formed
tube.

The first acceptable quartz tube was produced
in April and consisted of 3.5 wavelengths of helix
on a 4-m radius. Each wavelength took about 45
minutes and a total run took about 3 to 4 hours.
Five tube sections were produced and are presently
installed in Scyllac. The sections are joined
together by O-rings. The next set of Scyllac ex-
periments required a 10-cm o.d. quartz tube with
a 4-m radius having a 3.16-cm helix radius with a
wavelength of 104.72 cm. Several modifications
were made to the machine to form the new tubes.
New universal arms and eccentrics were installed
as well as an electronic stepping motor drive
system to improve the accuracy and repeatability
of the system. The first tube was pulled in
October and its dimensional tolerance and optical
quality were excellent. After some modification
to obtain the proper helix radius, all the re-
quired tubes for the next Scyllac experiment were

formed by the end of the year.

Marghall Coi velopment .

a. i abri . In present theta-pinch
experiments, the implosion heating and compression
is generally carried out in a single step. A
low-inductance capacitor bank is discharged into a
single turn load coil producing a 30- to 60-kG
magnetic field rising in about 3 us. When
crowbarred, this field decays with an L/R time
constant of approximately 250 us.

The next generation of linear theta-pinch ex-
periments or high-beta tokamak experiments,
however, will generally require implosion-heating
fields with faster risetimes and compression
fields that can be sustained from hundreds of
microseconds to tens of milliseconds. These two
requirements may be met by using two independent
coils to produce the two fields. A fractional
turn coil that produces the implosion heating
field will be surrounded by a multiturn solenoid,
which produces the long-term compression field.
The two coils will be decoupled by a ring of
saturable material between them.

The Marshall coil is a unique radially driven
coil invented by John Marshall at LASL that can be
designed as a fractional turn coil and used as the
implosion heating coil.

A prototype Marshall coil was built to
establish a fabrication method and to test the
performance of the coil in an actual circuit. The
prototype coil shown in Fig. XV-17 was made by
electroplating copper on a plastic form and
machining the copper to generate the conductors in
the proper configuration. The coil measures
841.4-mm diameter across the flat surface and has
a tubular extension 245-mm high with a 215-mm
diameter bore. There are 90 1.5-mm-thick copper
conductors connected in parallel between the cur-
rent feed rings on the top and bottom of the
"brim® of the "top hat.” These are separated by an
epoxy insulator.

Fabrication proceeded in six basic steps: (1)
casting an epoxy insulator blank, (2) machining it
to the proper dimensions; this served as the base
insulator for the coil, (3) electroplating the
epoxy insulator with copper, (4) machining grooves
into the copper to form the conductor pattern, (5)

overpotting the coil with epoxy to fill the
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Fig. Xv-17.
Marshall coil.

grooves between the conductors and cover the con-
ductors with an insulating material, and (6)
dissolving out two sets of polystyrene rings,
which had functioned as spacers to form the tongue
of the tongue-and-groove electrical connection in-
sulator.

The first three steps proceeded smoothly, but
the machining steps caused some difficulty at
first because of chucking problems. Chucking the
part in a normal manner in a face plate caused
warpage and led to the removal of too much copper

and the loosening of part of the copper from the
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insulator. Special jigs were constructed to hold
the coil and the surface machining was completed.

The slowest part of the operation was the
machining of the 90 slots separating the con-
ductors. These slots were machined through the
copper and very slightly into the epoxy. It was
necessary to make several passes per slot on the
brim to form the tapered slots, and the spiral
slots in the bore also required multiple cuts.
Overpotting the coil with epoxy and dissolving the
two sets of polystyrene rings were performed
without undue difficulty. The prototype coil is
essentially ready for testing.

b, Coil Tegting. The coil will be tested in
the system shown in Fig. XV-18. The two 125-kV
capacitors will be charged plus or minus to pro-

duce a maximum of 250 kV, which is 50 kV more than

MARSHALL
colL

////-SPARK GAPS

125 kV
CAPACITORS

Fig. Xv-18,
Marshall coil test stand.



the design voltage for the coil. The test stand
and the test bay for charging and firing the ca-
pacitors have been designed and built. Testing of
the coil will begin during the first quarter of
1977.

¢, Magnetic Isolation Material. The Marshall
coil staging concept utilizes a concentric
multiturn compression coil to provide the slower
rising compression and confinement field. The
compression coil must be isolated from the fast
rising magnetic field produced by the implosion
coil but must still permit the slow field to enter
the plasma region. One method to achieve this is
to fill the annular region between the internal
implosion coil and the external compression coil
with a saturable ferromagnetic material. The
magnetic material provides a return path for the
fast rising implosion flux so that the net flux
coupling the multiturn compression coil is very
small. Tests of several magnetic materials were
made to determine their effective permeability
(ue) at very high frequencies of fast-—rising
magnetic fields. The implosion return flux path
requires a total Ue of approximately 10. However,
the flux path is interrupted by the slotted,
radial implosion coil feed plates producing 10%
air gap. This requires the Ue of the material to
be greater than 200. A sample of flake iron was
evaluated and found to have a Heo of about 3 or U4
at high frequency (1 MHz) with a 10% air gap.
Several tape-wound cores of 1 mil 50% Fe were also
tested. These cores, without air gaps, had a Ue
greater than 200 when driven by a fast—rising
field (1 MHz) into saturation. Ferrite material
might have a sufficient Has but the saturation
level is too low for the proposed implosion field.
The preliminary results indicate that some type of
tape magnetic material will be required for the
saturable magnetic material.

3. Switch Development.

a. Linear Field Distortion Staging Gap. A
linear field distortion rail gap shown in
Fig. XV-19 was developed to replace the original
rail gap used on the Staged Theta-Pinch (STP) ex-
periment. The final model of the staging gap will
simultaneously hold off a de¢ voltage of 45 kV and
an additional 125-kV pulsed voltage. The major

problem in development was the gap body, which had

IGSTEN TRIGGER
:Il:g%GER RAIL CONNECTION

4B CABLES TO
STAGING CAPACITOR BANK

COLLECTOR PLATE

INSULATION MOLDED SPARK GAP

INSULATOR
TUNGSTEN
MAIN ELECTRODES

Fig. Xv-19.
Staging rail gap.

to withstand a large shock and overpressure during
switching of approximately 400 kA. An epoxy body
model and also an injection molded
polypropylene-fiber-glass molded body were both
developed into operating switches. Forty of the
epoxy body switches are now installed in the STP
experiment and are operating satisfactorily.

b. Coaxial Fie jstortion Star . The
development of a 40 kV to 120 kv, 15 nH coaxial,
field distortion start gap for the STP experiment
shown in Fig. XV-20 was completed. This gap was
tested to a service life of 10,000 shots at a cur-
rent of 100 kA. The gap operates with a jitter of
5 ns at 4x10° Pa when triggered with a 160-180 kV
pulse that rises at 10 kV/ns.

pulse is required for multichannel operation.

The fast-rising

Sixty of these switches are being used on the STP
experiment.
c tric Fi istorti r .

The concentric field distortion spark gap shown in
Fig. XV-21 was designed as a substitute for the
STP coaxial gap in future experiments. The con-
centric gap has fewer parts and is less expensive.
The inductance is only 10 nH. This design also
simplifies the biasing and triggering connection
problem., A prototype gap was tested to a pulse
charge voltage of 150 kV and exhibited triggering
and operating characteristics similar to the

coaxial gap.

d. Concentric Field Distortion Crowbar Gap.

A crowbar gap based on the same mechanical
structure as the concentric start gap was also

fabricated and tested this year. The gap shown in
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Concentric start gap.

Fig. XV-22 has to hold off ~ 150 kV and mnust

trigger at approximately zero volts. Initial

tests indicate that sustaining the multiple arecs
produced by the trigger pulse across the main
electrodes is difficult at approximately zero
volts. In order for this gap to pick up the load
current at approximately zero volts across the

electrodes, the trigger pulse must supply tens of
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Fig. Xv-22,
Concentric crowbar spark gap.

joules of energy so that the crowbar gap arc re-
sistance is lower than the impedance of the bank
being crowbarred.

The crowbar trigger pulse must be applied
when the main electrode voltage is greater than
2 kV so that the main circuit energy can be used
to assist in reducing the crowbar gap resistance.
Tests will continue.

4, Evaluatjon of Ignitrons for High-Voltage

Crowbar Applications. Ignitrons operate well as
crowbar switches at voltage levels below ~ 25 kV.
Some tests were made to evaluate the performance
of size A and size D ignitrons as crowbars in a
50-kV circuit. The test circuit consisted of a
four-element spark gap mounted on a 1.85-uF ca-
pacitor with a crowbar ignitron mounted in a low-
inductance geometry across an external inductive
load. When the capacitor was charged to 50 kV,
the ignitron was required to hold off a 50-kV
cosine pulse with a quarter period of 3 Us and
conduct 50 kA with an L/R decay time of 150 us
passing a total charge of 7.5 C. The test
repetition rate was one shot per minute.

Three size A, type 7703 molybdenum anode
ignitrons performed well in the test when the
anodes were heated to 120°C and the cathodes
cooled to 20°C. The random prefire rate was ~0.5%
and a prefire did not affect subsequent operation.

A size D graphite anode ignitron was tested
with the anode heated to 150°C, and the cathode
cooled to 20°C. The size D tube operated
satisfactorily at 50 kV with a current limiting
resistor in series with the tube. However, at the

50-kA crowbar current level, a prefire would cause



several subsequent prefires. Although current
conduction began slowly for both types of tubes,
the anode voltage never exceeded +5 kV for a
-50-kV capacitor charge.

5. Type 40/100 Cable Development. One of the
least reliable components in Scyllac3 is the type
14/59 cable that is used to conduct the T75-kV
trigger pulse to each crowbar spark gap. A new
cable designated type 40/100 cable was designed

for this application.
4

A semiempirical maximum
stress theory’ was used to set the stress at
40 kV/mm when the cable was subjected to 100 kv,
hence the designation 40/100 cable.

Sample 1lots from two manufacturers were
tested in a standard pulse cable test. Maximum
voltage in the test was apparently 114 kV. The
results, plotted on Weibull coordinates, are shown
in Fig. Xv-23.

identical test of samples of 14/59 trigger cable

Also shown are the results of an

from two other manufacturers.

The knee in each curve is the position where
the failure rate decreases. It is the usual Los
Alamos practice on large experiments to pretest
the cable before installation. The test 1is most
useful 4if it 1s carried out for a sufficient
number of shots to reach the lower failure rate
after the knee. As the curves show, manufacturer
P's 14/59 cable has the knee at about 2000 shots
and 43% of the cable has been lost by that time.

Manufacturer C's cable has a later occurring knee
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Fig. Xv-23.
Trigger cable test data.

(- 12,500 shots) and has lost 50% by that time.
In contrast, the U40/100 cable of manufacturer B
has lost only 13% at the knee (3500 shots), while
manufacturer E's 40/100 is even lower.

Manufacturer E’s curve is shown dashed since
it is an upper 1limit estimate. Only one sample
failed during the 200,000 shot test. This repre-
sents a total loss of only 6%.

The improvement in performance is even more
dramatiec if a comparison 1is made between the
median lives as shown below. The median lives are

estimates based on extrapolation of the Weibull

curves.
14759 407100
Mfg P Mfg C Mfg B Mfg E
Median Life 14000 12,500 5 x 10 51012
(shots)

The new cable has an inductance of 57 nH/ft,

a resistance of 2.4 M /ft. 1Its characteristic

impedance is 30 ohm. 1t is slightly larger than
14/59, having an o.d. of 1.9 cm compared with 1.5
cm for 14/59. The increased size does not present
a problem for new installation, but does require a
retrofit of the braid connection fittings in

existing equipment.
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XVI. MAGNETIC ENERGY TRANSFER AND STORAGE
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D. H. Whitaker, K. D. Williamson, Jr., J. J. Wollan

A. SUMMARY

Significant progress was made in 1976 toward
development of the superconducting magnetic energy
transfer and storage (METS) system for use in
future theta-pineh experiments. The technology
being developed will have application to other CTR
programs such as tokamak ohmic-heating systems and
laser flash lamp power supplies. This work will
culminate in a demonstration METS-SFTR coupled
superconducting prototype system. The prototype
is to be composed of one 400-kJ, 25-kA super-
conducting energy storage coil and all associated
charging and switching equipment. The coil will
be charged in 300 s to a field 1level of
2.5 T at 25 kA through continuous duty leads and
discharged in 0.7 ms through special coaxial
pulsed leads. The energy transfer is efficient,
being determined by the storage coil inductance,
transfer capacitance, and load inductance resonant
circuit.

Two new programs were initiated during the
last quarter of the year. The first is a develop-
mental program to fabricate a model 10-MJ, 30-ms
discharge homopolar machine. The work will
include component development and testing of crit-
ical subassemblies which advance the state of the
art for such energy storage devices. The second
program deals with the development of switches and
superconducting coils for the pulsed ohmic-heating
systens associated with large-scale tokamak
devices. Circuits will be analyzed to incorporate
functional impacts on the switches and coils.
Auxiliary components for the systems will be
identified and developed as required for realistic
testing of coils and switches.

Major accomplishments during the past year
include the following items:

1. All three 1industrial, 300-kJ, 10-kA
superconducting coils were received and tested.
The Westinghouse coil reached a peak current of
13.3 kA and a corresponding energy store of
0.535 MJ,
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2. Extensive tests were carried out on
vacuum interrupters. A maximum current of 26 kA
was interrupted at a withstand voltage of 66 kV.

3. An order was placed for the METS proto-
type 25-kA, 400-kJ superconducting coil.

4. A prototype 26-kA pulse lead and header
was successfully tested to 32 kA.

5. The use of superconducting materials for
construction of the cryogenic disconnect was ini-
tiated. An extensive evaluation of potential ma-
terials was undertaken.

6. The 700-W, 4.5-K helium refrigerator was
received and the installation begun.

7. The program to design a 1-GJ, 30-nms
discharge homopolar energy storage machine was
completed. This study also included the initial
design of a prototype 10-MJ machine.

8. The room-temperature 1load coil for
testing the 10-MJ homopolar machine was designed.

9., A study was completed which investigated
possible power systems for driving EPR ohnm-
ic-heating coils.

10. A zero-dimension plasma code was devel-
oped to calculate plasma resistivity as a function
of plasma current and temperature.

11. A cryogenic end stopper using solid

argon was developed for use in Scylla IV-P.

B. HVDC INTERRUPTER TESTS

1, Facility. The purpose of this facility
is twofold: first, to provide the equipment and
energy storage capability for testing room-temper-
ature current breakers and various components of
the interrupter circuit and second, to provide a
passive capacitor bank for checkout of the super-
conducting storage coils (Seec. E). The facility
was rebuilt early in January to upgrade its test
limits to ~ 30 kA and 60 kV. A new 300-kJ facili-
ty 1is planned which, when operated in parallel
with the existing facility, will double the
maximum current testing capability. A second new

facility 1is in the early planning stage--a 2-MJ



facility to supply currents of 100 to 150 kA for
testing very large interrupters or systems of
paralleled interrupters applicable to ohm-
ic-heating systems.

A circuit was designed, built, and installed
to provide semiautomatic operation of the inter-
rupter facility. Once triggered by a start
button, the circuit performs the necessary actions
to reset the oscilloscopes and vacuum inter-
rupters, charge the capacitor banks, and initiate
the firing sequence.

est] of ventional um Interrupt-
ers. Eleven different vacuum interrupters have
been purchased which cover the range of inter-
rupters commercially available in the USA as well
as several kinds of experimental interrupters.
All but two of these have undergone extensive
tests to determine the maximum current which can
be reliably interrupted and to allow crude
judgments to be made about the erosion rate of the
electrodes. Variations in the circuits used have
been investigated to determine the sensitivity of
the maximum interruptible current to ‘these
changes. It has been found that (a) the maximum
interruptible current scales roughly linearly with
electrode diameter, reaching about 26 kA for the
largest size; (b) erosion is negligible for
several thousand interruptions under our condi-
tions except for the largest interrupter, the
General Electric PVO0S8. For this device the
erosion is very rapid, presumably because of the
choice of material for the electrode alloy; (c)
variations in circuit parameters, in the saturable
core reactors, in the magnitude of the counter-
pulse, or in the interrupter opening speed have
little effect on the maximum interruptible
current; and (d) it appears that the maximum
interruptible current is determined largely by the
characteristics of the arc.

Successful interruption of 31 kA at 55 kV and
26 kA at 66 kV was achieved with the 17.8-cm.
Westinghouse bottle. For 90% reliability, cur-
rents of 21 kA at 45 kV can be interrupted with
this bottle. An optical speed sensor was devel-
oped and used to determine the opening speed of
the interrupters and work was begun on the devel-

opment of high-speed actuator systems.

3, Fuses. A program was initiated to
develop fast explosive fuses for protective
devices in high-current applications. The most
immediate application is their use in series with
interrupters of questionable reliability. If the
fuse can be opened explosively in about 10 us, the
circuit can be afranged so that a failure of the
main interrupter will be inconsequential.

Yy, iv rangements with Industr
and th tion aboratories. A major effort has
been made to work closely with Westinghouse and
General Electric, the major suppliers of vacuum
interrupters. Several novel interrupters have
been purchased from Westinghouse and through a
contract with them a better understanding of the
physics of the interruption process has been
obtained. A testing program is under way with
General Electric to clarify the details of the
rapid erosion observed in their PV08 interrupter
and to simulate the c¢ircuit wused in General
Atomic’s Doublet III.

A  joint program directed toward the
Princeton-TFTR switch requirements is in progress.
In this effort General Electric will provide a new
high-current interrupter; Rensselaer Polytechnic
Institute will provide an actuator for it; and
LASL will do the testing.

For the ORMAK-Upgrade at Oak Ridge a
high-current switch and associated circuitry are
needed. Westinghouse is cooperating with them in
the switch design and LASL has helped in the
saturable reactor design. Final circuit com-

ponents will be shipped to LASL for testing.

C. 300-kJ TEST FACILITY

The brush problems associated with the
10~-kA, 6-V homopolar generator have been solved.
Helwig Carbon Products, Inc., has supplied a
complex, configured brush with water cooling and
inserts of graphite and silver-graphite. The
brush loading 1is controlled with a pneumatic
actuation system so that the brushes can be lifted
during times of no current demand to minimize
wear.

A bipolar power supply has been installed to
energize the upper field coil of the homopolar
generator., Zero-to-peak current can be controlled

continuously without the need for a reversing
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switech and without 1loss in accurate current

control over the midrange.

D. SUPERCONDUCTING WIRE DEVELOPMENT

1. Conductor for the 300-kJ Coils. The
106.68 km of mixed matrix conductor for the
Intermagnetics General Corporation (IGC) coil was
completed by IGC. Tests on the wire showed that
it exceeded the short sample critical current
requirement. This allowed a decrease in the wire
diameter to 0.39 mm and a redesign of the cable
which reduced the amount of compaction required.
It was hoped that this would reduce insulation
damage and wire-to-wire shorts which proved to be
a problem in dummy cables. In the actual coil,
however, there were still a great many shorts
(Sec. E).

Magnetics Corporation of America (McA)
completed 30.48 km of NbTi/Cu wire for the
Westinghouse 300-kJ coil. A small fraction of the
wire was slightly under the critical current
specification. There was no detrimental effect,
however, on the cable or coil performance.

tor elopment Programs.
Three developmental wire orders were carried out.

IGC completed a contract to evaluate the
lower limit of wire diameter and filament diameter
in mixed matrix superconducting wires. Starting
with their 156 filament, 1.5:2:1 matrix ratio,
0.39-mm wire originally made for the 300-kJ coil,
they made a series of samples down to 0.15-mm
diameter which corresponds to a 0.006-mm-diameter
filament. There was roughly a 50% monotonie
decrease in jc as the diameter decreased from
0.39-mm to O.15-mm for fields ranging from 5 kG to
50 kG. At zero field the decrease was only about
20%. Metallography showed that filament

"sausaging” or necking existed in the
0.15-mm-diameter wires; but it was not possible to
conclude that the degradation in jc was solely a
function of this condition. The heat treatment
supposedly was optimized for the original
0.39-mm-diameter wire.

Airco completed a contract to manufacture the
same design 156 filament wire made by IGC with a
high-purity 70-30 CuNi matrix in diameters of 0.25

mm, 0.38 mm, and 0.51 mm. Jc’s averaged about
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2.1 x 10° A/cm2 2.5 T and 10~'2 ohm-cm. This is
about 25% below typical values for similar wire
produced by IGC. The Jc results are in agreement
with those obtained by Airco. Metallographic
examination showed "footballing"” on the Nb-Ti
filaments.

MCA completed a contract to manufacture an
intermediate matrix wire. The matrix material was
Cu-0.05% Ni. This was an attempt to make a
low-loss wire without adding CuNi barriers in a
mixed Cu-CuNi matrix superconductor. No tests
have as yet been run on this wire.

3. Cabling and Epoxy-Potting Development
Programs. Because of problems developed during
cabling and cable compaction which caused
insulation damage and shorting between wire
strands for the 300-kJ industrial coils, an
extensive program was initiated to eliminate the
insulation damage for the 400-kJ METS-SFTR proto-
type storage coil. The prototype 25-kA cables
used about 800 0.38-mm-diameter wires. The
cabling work was done by IGC, New England Electric
Wire (NEEW), and Westinghouse. The epoxy potting
was done by IGC, MCA, and Union Carbon and Carbide
(ORNL) .

NEEW completed two 9.14-m developmental
prototype 25-kA cables. The wire was hard bronze
with a Ni flash and polyamide (ML) insulation.
The insulation was heavily damaged which resulted
in complete shorting of the cable strands.

IGC completed four 15.24-m prototype cables
and one 137-m prototype cable. All cables were
made of Cu-10 Ni wire; two of the short cables had
Formvar insulation, the other two and the long
cable had GP-200 (polyamide) insulation. There
were almost no shorts in the four 15.24-m cables.
The 137-m cable appeared to be shorted extensively
but this may be due to layer-to-layer shorts and
not inherent shorts within the cable. There were
a number of different cable configurations and all
were reasonably stable with respect to untwisting.

Because of changes in the design of the
400-kJ coil, Westinghouse cabling work was re-
directed to more closely conform with the new
design requirements. Consequently that work was

not completed during CY76.



IGC potted four 4-cable arrays with each of
the various cables. The cables were triply
wrapped with 0.18-mm fiber glass tape and the
cable bundle then double wrapped before epoxy
potting. The epoxy-potted assemblies were cycled
to 2N2 temperature several times under severe con-
ditions with a great deal of cracking evident in
the epoxy-fiber glass system.

MCA made 15 epoxy-potted samples with the
NEEW cable and one sample with an IGC cable. They
used a 6-cable stack with the same system of fiber
glass wrap and three basic epoxy formulations with
varying amounts of silica-flour filler. No
significant cracking was detected in any of the
samples under slow cycling to £N2 temperature.

ORNL failed to produce any samples which they
considered satisfactory.

y i Curr st Above 1 KA. A
number of limiting transport current tests on
superconducting cables were conducted. Of the
tests, the most significant were the measurements
on the IGC and Westinghouse 10-kA, 300-kJ super-
conducting coil cables. The IGC cable carried
17.0 kA at 3 T, and the Westinghouse cable carried
18.8 k& at 4.0 T. These results gave a predicted
limiting transport current for the Westinghouse
magnet of 17.0 kA at a maximum field of 3.77 T.

Fifteen major sub-cables from three IGC
cables were tested. Most of these were from the
compacted prototype and the uncompacted prototype
cables. The results indicated that deterioration
in the prototype cable was due mainly to the
compaction process.

A bundle of 180 wires from the damaged
portion of the braid in the MCA 300-kJ magnet was
tested. The data indicate that all of the wires
in the strands selected for testing were carrying
the expected current based upon the single-wire
critical current of I,=15.14atB= 2.78 T. It
is thus concluded that the damage to the MCA coil
was not a result of wire degradation.

5 rge Bore Di e Magnet for 25-kf Criti-
cal Current Measurements. A large bore dipole
magnet capable of generating fields of 6 T is
being developed to extend the usable sample size
and maximum field conditions available for
evaluation of superconducting cables. The winding

work on the prototype coil form was completed and

compaction data were obtained for both the
straight sides of the magnet and for the
turnarounds at the magnet ends. The winding
procedures to make the coil were developed. An
eddy current shield was designed, the coil winder
and wire tensioning device were redesigned and
rebuilt, and fabrication of the dipole form was
95¢% completed.

The wire for this magnet was completed and
tested. Measurements on samples taken from both
ends of the wire indicate I,’'s of 700 and 620 A as
compared to the specified current of 700 A at 6 T.
Photomicrographs of several sections of this wire
show the filaments to be well distributed but with
some unusual cross sections. Tensile tests were
performed on the wire and gave a tensile strength
of 415 MPa (60.2 ksi) and a yleld point of 195 MPa
(28.3 ksi). The corresponding loads were 1360 N
(305 1lbs) and 638 N (143.4 1lbs) respectively.

E. 300-kJ, 10-kA COIL DEVELOPMENT PROGRAM

The industrial program to build three 300-kJ
energy storage coils was completed. They were
fabricated by Intermagnetics General Corporation
(IGC), Magnetic Corporation of America (MCA), and
Westinghouse. The MCA coil was received in
January, the IGC coil at the end of June, and the
Westinghouse coil the last of August.

Measured values of inductance and resistance
for all three coils and the LASL 300-kJ coil for
comparison are given in Table XVI-I. The testing
sequence for the coils was divided into four
steps. The first step was a cycling test from
room temperature to liquid N2 and back to room
temperature for three cycles. The coils were then
examined for any structural damage. The second
step was to cool the coil in liquid helium and
measure hysteresis losses and dynamic losses at
low currents (less than 5 kA) and do transfer ex-
periments at low currents. The third step in
testing was measurement of the same parameters as
the second step at high currents (above 5 kA).
The fourth test was a life test of 50 cycles in
which the full design current was transferred out
of the coil in approximately 2 ms. Other tests
were also run on the Westinghouse coil and are

discussed with the results achieved on this coil.
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TABLE XVI-I
PARAMETERS OF THE 300-kJ ENERGY STORAGE COILS

MCA
Parameter Coil 1
Inductance (mH) 6.01
Resistance at 20°C (@) 0.47
Stored energy at 10 kA (kJ) 301
Length (cm) 70.2
Mean radius (cm) 27.1
Winding thickness (em) 2.3
Number of turns 144
Number of layers 1
Central field at 10 kA (T) 2.04
Conductor support method helical
coil form
Matrix ratio (CuNi:Cu:NbTi) 0:1.58:1
Strand diameter (mm) 0.127
Filament diameter (um) 79.1
Number of filaments per wire 1
Wire twist pitch (em™') 0
Number of active wires in cable 1224
Type of transposition flat braid
Cable width (cm) 2.3
Cable thickness (cm) 0.15

*Monolithic rectangular conductor.

Four pieces of specialized equipment had to
be developed for the above measurements: 1) a
boil-off gas collection shroud and measurement
system to collect the helium gas evolved during a
current transfer. This system was calibrated to
give the coil loss during this transfer; 2) a
quench detector to protect the coil in case of an
accidental quench. This unit operates by
monitoring the time rate of change of current in
the coil with an unusually large Rogowski loop and
is sensitive only to negative changes in current
with respect to time; 3) electronic loss measure-
ment circuitry as a back-up system to the boil-off
loss measurements and to measure hysteresis loops
on the coil; and 4) linear optical isolators for
measuring both steady state and pulsed currents
without creating additional ground-loop currents

that interfere with the other measurements.
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IGC W LASL
Coil 2 Coil 3 Coil 4
5.47 6.05 4.87
0.315 0.165 0.0896
274 302 24y
82 79.1 73.0
26.7 25.5 28.7
1.5 4,74 0.508
140 159.5 122.5
1 y 1
1.80 2.13 1.82
fully toothed self-
potted coil form supporting
1.5:2:1 0:2.7:1 0:6:1
0.419 0.813 10.16 x 5.08%
15 18 32.2
156 529 2640
2.75 1.57 0.13
315 72 1
cable roebel -
1.524 1.68 1.016
0.544 0.84 0.508

The HVDC interrupter test facility was re-
arranged for testing of the coils. A previously
tested 17.8 cm Westinghouse vacuum interrupter,
driven by a Maxwell actuator, was used for the
primary interruption which initiates the energy
transfer. The epoxy-potted, bronze-conductor,
300-kJ IGC mockup coil was used as the load coil
for the test.

The test results for each of the three indus-
trial coils are as follows:

1. MCA Coil. The MCA coil was cycled to £N2
temperature a number of times with fairly good re-
sults. Some of the bonding between the braided
cable and the support structure broke allowing the
cable to separate from the support. Examination
of the coil indicated the further possibility of
separation of the flanges and end conductor turns
with expansion or release of the axial load when

the energy was transferred. A BeCu tie bolt



arrangement was devised to overcome this potential
difficulty.

The coil was operated in a dc mode up to 2 kA
and hysteresis losses were measured electrically.
Total 1losses during fast energy transfer were
measured by both the electrical method and by the
helium gas evolution method. Electrical measure-
ments made on short samples of the conductor had
indicated that there was little eddy current loss
in the conductor and most of the loss was hystere-
sis loss even for discharge times of 2 ms. Mea-
surements made on the whole coil agree with this
conclusion in that the electrical measurements
made over a period of two minutes gave the same
energy loss for a given current as the boil-off
method did during the fast energy transfer.

With the presumption that the boil-off
measurement and slow hysteresis measurement are
correct, the energy loss with a stored energy of
48 kJ is about 30 J. This extrapolates to a loss
of 75 J (0.025%) for a stored energy of 300 kJ.

While attempting to reach 5 kA, the coil
quenched prematurely at 4.3 kA. The quench detec-
tor had not been turned on since a quench was not
expected at such low currents. As a result of the
quench, the stored energy was dumped into the coil
with probable damage to the coil at that time.
Subsequently, the highest current achieved by the
coil was 4.9 kA. Transfer time in the energy
transfer tests was 2.2 ms and the highest voltage
obtained was 16 kV.

Later examination of the coil showed a
heat-damaged section near the coil center. The
coil has been disassembled and the damaged section
removed. During the disassembly it was noticed
that some of the epoxy-bonded joints appeared to
be poorly cured and separation of the joints oc-
curred in several places.

Superconducting wire strands removed from the
apparently damaged section of the MCA 300-kJ coil
were tested. The results showed no damage. The
poor results obtained with this coil are believed
to be due to conductor motion since the coil was
not very rigid mechanically.

2. IGC Coil. Two separate series of tests
were performed on the IGC coil. The first set
established that the coil quenched in the 2.5 to
3.1 kA range and that the quenching current did

not depend on charging rate over the range from 20
to 300 s. Inspection of the coil showed no
damage. There were a number of nicks in the
insulation of the individual wires, a small gouge
in the cable where a lead mounting screw in the
coil was too close to the superconducting cable,
and several small bubbles in the epoxy impregna-
tion. These imperfections were in the coil as re-
ceived and do not appear to be of sufficient mag-
nitude to account for the degraded performance.

Several modifications were made to the coil
form before the second set of tests to minimize
conductor lead motion as a possible source of dif-
ficulty. However, results of the second series of
tests were substantially the same as the first.
The peak current reached was 3.3 kA. Starting
about 500 A before the quench and up to the
quench, sounds resembling the crackling of cello-
phane were picked up by the microphone which had
been mounted on one of the current leads. The
significance of these sounds is not understood,
but eventually it may be possible to correlate
them with some type of physical event. In an at-
tempt to find the problem with the IGC coil, one
end connector was removed from the coil and all
the strands (319) separated at that end. Re-
sistance measurements showed numerous shorts
between wires. These, 1in addition to possible
current transfer problems within the mixed matrix,
potting problems at the terminals, and power sup-
ply electrical noise are being investigated as
causes for the low current-carrying capability of
this coil.

3, _Westinghouse Coil. The Westinghouse coil
has been tested to currents above 10 kA more than
50 times and to a peak current of 13.3 kA cor-
responding to a peak stored energy of 0.535 MJ.
These tests were made with the resonant METS,
L-C-L, energy transfer apparatus using a
2-ms period., The peak voltage during these trans-
fers was just over 42 kV. To perform a repetitive
series of high-current tests it was necessary to
bypass the HVDC vacuum interrupter with a fast
acting mechanical switch. The mechanical switch
carried most of the current during the charging
cycle and was opened 100 ms before the transfer
cycle was initiated to redirect all the current

into the interrupter.
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The high-voltage capability of the coil was
tested by reducing the capacity of the capacitor
transfer bank. Under these conditions a maximum
voltage of 58.5 kV was reached.

The rate of current rise was also measured.
At the maximum ramp rate available from the homo-
polar generator (1000 amps/s) the coil did not
quench during a ramp to 10 kA.

Losses in the Westinghouse coil are somewhat
higher than in the MCA and IGC coils at the same
currents, but this was expected because of the
larger wire diameter and higher copper content of
the conductor. However, at 300 kJ the energy loss

was still less than 1% for a 2.5-ms transfer time.

F. SFTR PROTOTYPE METS SYSTEM

A prototype METS system is being designed to
simulate one of the 10-coil, METS-SFTR modules.
The system will utilize one 400-kJ, 25-kf, 2.5-T
superconducting energy storage coil and associated
components which include 25-kA, 60-kV coaxial
leads; a cryogenic disconnect and actuator for
connecting the coils in series for charging; 25-kA
continuous-duty leads; and an external breaker
which permits opening of the cryogenic disconnect
under little or no current load. During the year
considerable progress was made in all of the above
areas. A summary follows:

-k ora oil. Based upon the re-
sults of the 300-kJ coil program, an order was
placed with Westinghouse for the fabrication of a
400-kJ, 25-kA superconducting, mixed matrix NbTi
coil. This coil is to be ~ 71 em long with a
finished outside diameter not to exceed 67.5 cm.
It is to carry 35 kA safely for fault mode opera-
tion, have an inductance of 1.28 mH, be able to
withstand 60 kV across the terminals during the
0.7-ms discharge, and have a combined energy loss
during a full charge-discharge cycle of less than
0.3% (1.2 kJ).

2, External Breaker. To allow the cryogenic
disconnects to open under zero current conditions,
the current in the series charging loop of a METS
system will be interrupted by a circuit breaker
placed external to the dewar, The external
breaker must first carry the 5-minute current ramp
to 26 kA during charging of the superconducting

storage coils. It mwmust then interrupt this
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current to break the series charging loop and
drive the current 1into the parallel transfer
networks. The cryogenic disconnects can then be
safely opened to isolate the transfer networks.
After interrupting the current, the external
breaker must hold off potentials as high as 60 kV.

For this application a high-current,
low-voltage (600 V) switch made by ITE Imperial
was modified to withstand high voltages by using
nonmetallic structural support members and oil
insulation. DC voltage tests of the unit in oil
showed intermittent breakdowns above 60 kV.
Current tests on one-half of the switch in oil
showed only a 50 C temperature rise after carrying
10 kA for 15 minutes. The entire unit should
easily carry the 5-minute current ramp to 26 kA.

trical L s and . Two types
of electrical leads are required for connections
with the superconducting coils in the METS system.
Continuous duty leads must be able to carry the
5-minute charging ramp to 26 kA when the storage
coils are connected in series from the power sup-
ply. Pulse leads need only carry the current from
each coil during the short duration when the
parallel transfer networks are formed and the
transfer to the load coil takes place.

Considerable progress has been made toward
the development and analysis of low-resistance,
low-inductance pulse lead which can carry 26 kA
for about 40 ms and withstand 60 kV. The general
design approach incorporates two concentric copper
tubes to form a coaxial pulse lead. Since the
lead spans the temperature range from room temper-
ature at the top to liquid helium temperature at
the bottom, an analysis of the temperature profile
and heat flow 1is most easily done by computer
modeling.

To check the temperature profiles a
vacuum-insulated jacket was installed around a
finned tube of DHP copper to simulate the inner
conductor of the pulse lead. The experimental
temperature profile and the computer-calculated
profile matched quite well. After considerable
effort to obtain an accurate measurement of the
vapor-cooling mass flow, agreement to within 7.5%
was obtained between experimental and theoretical
mass flows when the temperature profiles were

matched.



A simple construction technique was developed
to rigidly connect the inner and outer conductors
of the pulse lead, provide a seal to prevent
gaseous helium leaks between conductors, and pro-
vide adequate insulation between conductors. The
inner copper tube was wrapped with Mylar
insulation until the outer tube would barely slip
on. The outer tube was then crimped near the
upper end to lock it in place. Epoxy was applied
between all Mylar layers in the crimp region to
prevent leakage of helium gas from the dewar. The
seal in the crimp region held better than 10'“
torr vacuum with no detectable leak on a helium
leak detector. The electrical insulation method
proved quite satisfactory, withstanding at least
94 kV before breakdown occurred due to tracking
along the Mylar surface at one end of the lead.

Construction of the header to connect the
pulse lead to a T7-cable bundle of Type 218/220
coaxial cables was completed. Multilam connec-
tions are used to terminate the solid center
conductor of the coaxial cables and the outer
conductor of the pulse lead. Gaseous nitrogen in
the header is used to prevent frost buildup on the
conductors and insulation. The gaseous helium
used for vapor cooling of the pulse lead is col-
lected in the header and routed outside for use in
a control system.,

A prototype, Mylar-wrapped pulse lead, the
completed header, and a bundle of seven coaxial
cables were tested as a unit in the interrupter
facility. Currents as high as 32 kA were success-
fully carried with a decay time constant of about
200 ms.

The computer program used to model the pulse
lead was modified to allow its application to the
continuous lead. In an attempt to make better
utilization of the vapor cooling available to the
continuous lead, the use of copper screen wire
rather than copper tubes was investigated. Copper
screens from 18 gauge to 50 gauge were compared,
with gauges 34 and 50 resulting in the best
packing factor. Both 28 gauge (20 mesh) and 34
gauge (40 mesh) were modeled by the program for
comparison with the present 10-kA continuous leads
which have a cross section of about 5 cm?. These
leads had a calculated heat leak into the dewar

n 13% lower than the present design under no load

and ~ 30% lower under a 10-kA load. The computer
model also showed that the screen leads should be
able to carry higher currents for the same copper
cross section without burning out.

4, Cryvogenic Disconnect. A special high-
current, low-resistance, electrical switeh for
service in liquid helium is being developed. This
switeh or cryogenic disconnect is to be mechani-
cally actuated, will carry 26 kA, will withstand
60 kV when open, and will dissipate less than 24 W
under full current load. In addition, the dis-
connect must be able to open in 25 ms.

Basically, the development of the cryogenic
disconnect can be divided into three distinct
activities:

a. Electrical contact and materials research
and development.

b. Actuation system design and development.

c. Systems integration and overall dis-
connect design.

The electrical contact program has been
directed toward the ultimate use of a commercial
product called Multilam as the actual contact
component. Various superconducting materials were
coated/plated onto the commercial BeCu Multilam
strips to determine optimum performance and to
develop contacts of exceedingly low electrical
resistance. The best results of these efforts are
tabulated in Table XVI-II. In addition, Multilam
louvers have been fabricated from niobium-1%
zirconium, These are currently being evaluated.
Another group of louvers are to be made from NbTi
and evaluated later in the program.

Several samples of a variety of lead and
tin-based alloys were evaluated as potential mate-
rials for the cryogenic disconnect. Magnetization
measurements were made with the determination of
H,, as the primary obJjective. Results of
promising alloys are given in Table XVI-III.

The development of the actuation system has
been directed toward use of electrical solenoids
to both open and close the cryogenic disconnect.
The solenoids will be immersed in liquid helium
and will operate in the vicinity of the cryogenic
disconnect and the storage coil. Two large dc
solenoids were purchased from the Trombretta
Corp., and were tested for the proposed use.

Results of the testing indicated that the two dec
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TABLE XVI-II
TEST RESULTS WITH MULTILAM STRIPS AT 4 K

Max. No. Optimum
Contact of Optimum Current Effective
Surface Louvered Electric Density Lifetime
erjal Contacts Performance (A/Louver) (Cyeles)
Silver/Silver 41 500 A at .5uq 12.19 500
Silver/Copper 41 350 A at 1 uf 8.53 750
Tin-Lead (50-50) 41 1000 A at 86 nQ 24 .4 10,000 +
Copper/Copper 41 200 A at 920 nQ 4.87 500
Lead-Bismuth (50-50) 82 1200 A at 152 nQ 14.6 2,000 +
Lead-Tin/Silver 41 100 A at 755 nQ 2.4y 1,800
Tin-Lead (50-50) 155 4500 A at 129 n® 29.0 3,000 +
Partially Plated
Tin-Lead (50-50) 155 1800 A at 22 nQ 11.6 3,000 +
Fully Plated
Tin-Lead (50-50) 310 7000 A at 12.2 n@Q 22.5 3,000 +
Fully Plated
Tin-Lead (50-50) 930 9000 A at 36 ngQ 9.67 10,000 +
Fully Plated
Lead-Bismuth (50-50) 930 5000 A at 49 ngQ 5.37 5,000 +
Fully Plated
Lead-Indium (80-20) 63 3800 A at 1 nQ 60.3 20
(Wears excessively)

Tin-Lead (50-50) 63 3100 A at 14.5 ngQ 49.2 5,000 +
(Vaculoy)
Lead-T{n/80-20 63 5100 A at 36.6 ngQ 80.9 20

Niobium-1% Zir-

conium Louvers

TABLE XVI-III
TEST RESULTS WITH LEAD AND TIN-BASED ALLOYS

Alloy H.p{(Gauss)
Sn(90)-Pb(5)-Bi(5) 15,300
Sn(80)-Pb(10)-Bi(10) 14,700
Sn(70)-Pb(20)-Bi{ 10) 13, 100
Pb(60)-Sn{10)-In(20)-Bi(10) 8,400
Pb(70)-Sn(20)-In{10) 7,700
Nb-1% Zr Multilam 6,500
Sn(80)-Ph(15)-Bi(5) 6,100
Pb{70)-SN(10)-In(20) 4,800
Pb(50)-Sn(30)-In(20) 4,600
Pb(80)-In(20) 4,200

solenoids were not suitable because of excessively

slow force risetimes (greater than 100 ms), and

insulation breakdown in the solenoid

toward the

voltage

windings. Efforts purchase of ac
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(Wears excessively)

solenoids modified for liquid helium service were
initiated.

The the
progressed during the year to the point where

overall design of disconnect
three separate alternatives have been designed,
with one of the alternatives having been built and
tested. The three alternative designs all utilize
Multilam strips as contact components, all have
essentially one moving part, and all avoid the
necessity for superconducting leadwire movement.
The first design,

cylinder sliding into a fixed cylinder with the

consisting of a moving

contact louvers mounted on the inside diameter of
the static feasible but

appears to require too large an overall size to be

cylinder, has proven

directly applicable (cylinder of 35.6-cm diameter

required to meet current and resistance



specifications). Further progress in contact
material development may change the prognosis.

The second design, consisting of a matrix of
cylindrical pins sliding into corresponding cylin-
ders and with the louvered contacts mounted on the
inside diameter of the cylinders, may prove to be
the most promising design based upon the results
of single pin tests.

The third alternative, consisting of a series
of interlocking "leaves,' was advanced to the con-
ceptual drawing stage.

The technology has been developed to fabri-
cate the Multilam louvers from niobjium-titanium
sheet.

At year's end, the expertise and technology
existed to construct a disconnect that could carry
10-kA while dissipating 2 W, with a projected
lifetime of 10,000 cycles. Such a unit could also
meet the dewar space limitations. This same tech-
nology also allows for the construction of a dis-
connect that could meet all the electrical
requirements, but the size would be too large by a
factor of about three.

~W, 4.5-K-Refrigerati Systen. The
drawings for the installation of the T700-W, 4.5-K
helium refrigerator were completed. Installation
work began in September. The Joy Compressor, the
Reavell recovery compressor, the high-pressure
cluster He storage tanks, and the structural steel
platforms to hold the coldbox were installed. The
installation is expected to be completed by
mid-April 1977.

G. HOMOPOLAR DEVELOPMENT PROGRAM

1. Machipe Development. Los Alamos Scien-
tific Laboratory acted as the technical
administrator for the EPRI-funded HETS contract
with the University of Texas at Austin and the
Westinghouse Electric Company. The contract
produced an in-depth design1 of a 1-GJ, ener-
gy-storage, homopolar electrical machine capable
of discharging in 30 ms. The full-scale design1
emphasized the use of a homopolar machine as the
adiabatic compression energy source for the RTPR.

Included in this study was the initial design
of a 10-MJ model machine. This machine uses two
drum rotors and superconducting cryostable field

windings. The model machine dimensions and

TABLE XVI-IV
10-MJ MODEL HOMOPOLAR ELECTRICAL CHARACTERISTICS

Peak voltage 719V

Peak current 1.5 (10)6 &
Capacitance 38,7 F
Average radial field 23 kG

between collectors
Average axial field

within collectors

Center 41 kG
End 37 kG
Flux leakage 63%
Peak field 65 kG
Superconductor weight 4,500 kg
(9,800 1b)
Total coil energy 18.4 MJ
Total A-turns 10 x 108
Total magnetic iron weight 39,000 kg
(86,000 1b)

10-MJ MODEL HOMOPOLAR DIMENSIONS

Overall diameter 2.286'm (108 1in.)
Overall length 2.108 m (83 in.)
Rotor diameter 0.721 m (28.4 in.)
(at peak speed)

Single rotor length 0.701 m (27.6 in.)
Rotor-to-rotor 0.742 m (29.2 in.)

midplane length

terminal characteristics are summarized in Table
XVI-IV.

In July 1976, LASL and Westinghouse submitted
a proposal to ERDA2 which outlined a developmental
program to complete the design and to fabricate
the model 10-MJ, 30-ms-discharge  homopolar
machine. The work will include component develop-
ment and testing of critical subassemblies which
advance the state of the art. The final homopolar
machine will be tested in circuits to determine
its performance as a potential fusion energy
storage device. This program has been funded by
EPRI and ERDA.

Westinghouse have been initiated.

Contract negotiations with

The forty-two-month program will encompass
the development, construction, and no-load perfor-
mance tests of a 10-MJ Fast Discharging Homopolar

Machine. The completed machine will be suitable
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for installation in a test system at LASL which
will allow evaluation of the fast discharging
characteristics.

Westinghouse designed the field coils of the
10-MJ machine to operate cryostably. While this

increased the machine weight and field energy
storage above the predictions based on the 1-GJ

design, it eliminated one developmental aspect of
the machine.

petermination of magnetic forces on the
machine components during switching transients was
completed. All forces appear to be manageable.

The University of Texas at Austin has
concluded its brush testing work. This work forms
the foundation for early Westinghouse research in
high-speed brush testing.

Studies have been initiated to determine the
stability of the Westinghouse field coils. These
will include a small model test coil which is
nested in a bias field coil capable of producing
6.5 T at the bore of the test section.

Test Fa . The HETS test facility
will incorporate components of maximum attainable
reliability so that the homopolar will remain the
major developmental item.

Proposed testing has been simplified to allow
a single swing of the homopolar (full-zero-full
speed) per test cycle with no flat top. In this
mode of operation only a load coil and series
switech are required. The load coil will require
an extension of existing coil design technology
for 1its successful operation. No existing
equipment appears to be usable as a series switch
s0 a development program will be undertaken in
this area.

A load coil which is capable of full energy
transfer in either 30 ms or 2 s has been designed.
As presently envisioned the load coil and bus will
be a single integrated unit wound of
nitrogen-cooled alumfnum with a fiber-reinforced
plastic mechanical structure. It will be wound of
relatively few large dimension Roebel bars to
minimize eddy and circulating current losses.
Discussions with coil manufacturers have been
initiated. Load coil characteristics are listed
in Table XVI-V.
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TABLE XVI-V
10-MJ LOAD COIL CHARACTERISTICS AND DIMENSIONS

Characteristic 0.060 s Swing 2.0 s Swing
Inductance 5.81 uH 10.5 mH
Number of turns 2 85
Resistance (No Bus) 0.7 uf 1.26 m@
Time Constant (No Bus) 8.28 s 8.28 s
Inefficiency (No Bus) 0.7% 24.2%

Peak field 3.04 T 3.04 T
Current density 1.85 kA/em® 1,85 kA/em?
Operating temp 100°K 100°K
Resistivity 0.53 uf2 cm 0.53 ufl cm
Material 1100 Al 1100 Al
Inner radius 57 cm 57 cm

Outer radius 228 cm 228 cm
Thickness 57 em 57 em

H. TOKAMAK OHMIC HEATING PROGRAM

A preliminary study of tokamak ohmic heating
systems for experimental power reactors (EPR’'s)
has been carried out jointly by the University of
Texas, Westinghouse, and LASL. The purpose of the
study was to define possible power systems for
driving EPR ohmic-heating (OH) coils and to give
cost estimates for each of the systems. Since all
of the EPR design groups had suggested using homo-
polar generators, one principal goal of the study
was to determine whether homopolar machines were
feasible and cost effective devices for reversing
the flux in the OH coils.

At the time the study began in early 1976,
all of the EPR designs were incomplete, and the
zero-dimension computer codes used to predict the
interaction of the plasma with the poloidal field
coils were still being developed. It was decided
to focus on the magnetic «coil and field
configurations proposed by ORNL. A zero-dimension
plasma startup code was developed at LASL and UT,
and studies were made on several aspects of OH
coil design. After the voltage and current levels
required for proper plasma development were
established, the various circuit options and the
component costs were investigated. Under contract

to LASL, Westinghouse devised both a de




(homopolar) and an ac (salient-pole and turbo-al-
ternator) system for reversing the OH coil flux.
Costs for the complete system are dominated by
switehing costs.

ic Hea oi) Design. The dimen-
sions, inductances, coupling constants, and other
electrical parameters which specify the OH and
equilibrium coils were summarized in standard form
for convenient comparison of the three EPR
designs. In addition, some of the problems of
paralleling 25- to 40-kA superconducting cables to
reach 100- to 400-kA currents were investigated.

~Dimengi Plas artup Cod
(LASLOD). A =zero-dimension plasma startup code
(LASLOD) was developed at LASL and sent to the
University of Texas (UT). Numerical checks were
made at both places, at ORNL, and General Atomic
Company. The code was further developed at LASL
and UT and used to optimize the ohmic heating cir-
cuit of an EPR.

The code calculates plasma resistivity as a
function of plasma current and plasma temperature
which in turn is a function of time. LASLOD is
thus used as a subprogram of a circuit analysis
code. The plasma is treated in three regimes
depending on electron temperature.

Numerical exploration with LASLOD showed that
a gas density of ~0.14 torr and a voltage gradi-
ent of approximately 4 V/m are needed to start the
plasma. This "voltage blip” will have to last for
a few tens of milliseconds. The voltage may sub-
sequently be lowered to approximately one-half
that value to reach a temperature of v 1 keV. The
gas pressure must be increased to approximately
1.4-mTorr over the temperature interval ~ 20 < Te
< 200 eV, Figures XVI-1, XVI-2, and XVI-3 show
the circuit studied and the current and voltage
requirements on a per-turn basis for plasma
startup and build up of the Oak Ridge EPR.

The currents and voltages shown in Figs.
XVI-2 and XVI-3 were used to define the equipment
necessary for a circuit with homopolar machine as
well as one with ac machine and rectifier. These
two circuits were developed at Westinghouse and
are shown in Figs. XVI-4 and XVI-5. The equip-
ment was costed at Westinghouse. If the SCR’'s
shown in Figs. XVI-4 and XVI-5 are replaced by the

type of air-blast circuit breakers3 considered for
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Fig. XVI-1.
Pulsed coils of the tokamak EPR with electric
circuits and plasma loop.
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Fig. XvI-2.
Voltage plots for the circuits with homopolar
machine and ac generator-rectifier. V1 = voltage
on OH winding; e, = vertical field supply voltage
to force i, = i3.

Doublet III and discussed in Ref. 3, then the
homopolar circuit of Fig. XVI-4 shows a
significant cost advantage over the circuit with
ac machine and rectifier of Fig. XVI-5 as demon-
strated by the cost comparison shown in Table
XVI-VI.

3. Circuit Apalysis Code, SCEPTRE. In in-
formal collaboration with the AFWL/EPL, several
errors in SCEPTRE were pointed out and corrected.
Many of the code's idiosyncrasies have been docu-
mented in comments made available on LASL's NOS

system. The code is being maintained for all LASL
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machine.

users and was used as a circuit analysis program
with LASLOD as a subprogram.

SCEPTRE has been used also for modeling the
commutating circuit function reported for the
current interruption tests of the air-blast cir-
cuit breaker considered for the Joint European
Torus (JET) and Doublet III at General Atomic
Company.

I. MISCELLANEQUS

o] n r _Scyll V-P. A cryo-
genic end stopper is being developed for Scylla
IV-P. The unit utilizes a LHe-cooled, quartz

surface onto which inert gases are solidified. It
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Apparent least cost circuit with ac machine.

TABLE XVI-VI
COMPARISON OF HOMOPOLAR AND ac MACHINES

CLost
ac

Homopolar Machine
Homoponlar vs ac $18.4M $13.8M
generator and drive
Rectifier 0 58.6
Circuit breaker for 1.0 1.0
generator bypass
Resistor 2.2 1.0
Circuit breaker for 2.0 2.0
resistor bypass
Burn cycle supply 10,0 10,0
Total $33.7M $86.5M

is required that the vapor pressure of the
condensed solid be 103 torr or less. This
corresponds to a surface temperature of 8 K for
deuterium, 11 K for neon, and 43 K for argon.
Argon layers which meet the above criteria have
been deposited up to 0.7 cm in thickness. Such a
layer will be used to determine feasibility for
this type of end stopper in experiments to be
conducted in Scylla IV-P. Because of the thermal
radiation impinging upon the solid cryogen surface
only very thin layers of He and D2 can be built up
with this type of target. If these gases are
required, an extrudable target will be developed
following completion of the feasibility experi-

ments.




The rocket-

borne experiment to study heat transfer, fluid

= (3 & .

dynamics, and thin film characteristics of super-
fluid helium at 1.7 K and heat transfer to normal
helium at 4.2 K in a zero-G environment was suc-
cessfully launched from Barking Sands, Kauai,
Hawaii, in late May. Analysis of the 4.2 K data
is complete. This showed a reduction in the peak
nucleate heat flux from ~ 1 W/cm2 at 1-g to

between 0.2 and 0.3 W/cm2 at zero-G.
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XVII.

MAGNETIC CONFINEMENT SYSTEMS STUDIES

P. E. Armstrong, M. E. Battat, R. O. Brown, J. M. Bunch,
F. W. Clinard, Jr., G. E. Cort, D. J. Dudziak, S. A. W. Gerstl,
W. V. Green, G. R. Gryczkowski, R. L. Hagenson, J. G. Hoffman, G. F. Hurley
P. G. Klemens, R. A. Krakowski, R. L. Miller, R. W. Moses, D. M. Parkin
W. F. Sommer, W. L. Thomson, and R. A. Yeske

A. INTRODUCTION

The work of the Magnetic Confinement Systems
Studies Group is primarily concerned with the con-
tinuing reassessment of pulsed, high-beta systems,
including the Reference Theta-Pinch Reactor (RTFR),
the Linear Theta-Pinch Hybrid Reactor (LTPHR), the
Reverse-Field Pinch Reactor (RFPR) and imploding
liner systems. Areas of general research in pulsed
high-density fusion power systems include more de-
tailed thermal-shock analyses, MHD

reactor-like high-beta plasmas,

effects in
transient neutral-
gas charge-exchange, and more realistic plasma
engineering modeling. The Neutronics Task has
been supportive of both the RTPR blanket redesign
and the more general needs of the national fusion
The chemical, structural, and electri-
cal effects in CTR-related insulators are addressed
by the Insulator Research Task. The Alloy Research
Task has pursued the thermal-shock testing of
Nb-12r alloy and AlpO3—coated Nb-12r RTPR first-

wall specimens.

community.

B.  SYSTEMS STUDIES

The Systems Studies Task has emphasized the
toroidal Reference Theta-Pinch Reactor (RTPR), the
Linear Theta-Pinch Hybrid Reactor (LTPHR), the
Reverse-Field Pinch Reactor (RFPR) and, in a
preliminary way, 1imploding liner confinement
schemes. Progress on each of these topics is
summarized below.

l. RTPR Systems Studies. Central to the
technological definition and assessment of major

the Reference
Theta-Pinch Reactor (RTPR) is the resolution of the
physics "operating point.” Specifically, the ef-
ficiency of implosion heating, the requirements of
high-beta stability/equilibrium, and the dynamics
of both alpha-particle thermalization and neutral-
gas cooling impact directly upon the RTPR energy
multiplication (Q-value), cost, and

engineering systems anticipated for

size; the
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physical constraints imposed by implosion voltage,
feedback power level, plasma ignition and direct
conversion, the ability to quench a highly reactive
plasma, and the first-wall (or bumper)

mechanical response represent specific examples of

thermal-

the impact of high-beta physics on the performance
of the RTPR. The interaction between major physics
variables and these constraints has been quanti-
tatively examined in a systems analysis context.

a. RTPR QOperating Point. An updated, more
realistic operating point has been developed.l’2
The major intent of this RTPR reoptimization is to
identify those physics parameters which will reduce
the problems associated with pulsed thermal loads
at the first-wall, high-
voltage implosion heating, and high- compression
fields,
recirculating power fraction and assuring a fully

large - energy storage,
while simultaneocusly maintaining a low

stabilized plasma.

The updated interim RTPR design point summa-
rized in Table XVII-I entails several significant
advantages in comparison to the older design; these
include:3
(7 vs 1 T
eases the mechanical design requirements of

(1) The lower compression field B,

the adiabatic compression coils (ACC) insofar
as the corresponding stress-producing tran-
reduced. Simultaneously, the
energy transfer and storage (ETS)

sients are
system
to the
thermonuclear energy produced and amount to

requirements are reduced relative

"~ 2,5 less ETS energy compared to the older

design. Finally, the associated reduction of

plasma density reduces the bremsstrahlung

power deposited at the first-wall surface,

therefore, considerably easing the thermal
response requirements.

(2) The longer total burn time (Tg = Tpqp + 2Tg),
by stretching out the bremsstrahlung depo-

sition time, reduces both the magnitude of




TABLF, XVII-I
COMPARISON OF OLD AND NEW RTPR OPERATING POINTS

OLD NEW
SYMBOL DEFINITION (UNITS) VALUE VALUE
EG Implosion-heating electric field (kv/cm) 2.0 0.7
BSH Implosion-heating magnetic field (T) 1.4 0.8
PA D-T filling pressure (mTorr) 17 7
Bo Maximum compression field (T) 11 7
R Compression-field rise time (ms) 30 30
Tpp Compression-field flat-top time(ms) 70 400
WN Fusion neutron yield (MJ/m) 93.11 86.73
W 20 Total ETS energy (MJ/m) 286 97
A Aspect ratio 112 100
b First-wall radius (m) 0.5 0.5
s ETS transfer efficiency 0.98 0.95
QE Engineering Q-value 6.5 5.7
€ Recirculating power fraction 0.16 0.18
ATw(s) First-wall surface temperature rise (K) 310 150
TW Maximum temperature drop across first
wall (K) 250 30

the temperature gradient across the first-wall

thickness and the temperature spike seen at

the first-wall surface. Trading off a lower
Tpp for longer Tp, while reducing the Q-value
samewhat, allows attainment of high values for
the ETS system efficiency.

(3) The lower D-T filling pressure (7 mTorr vs 17
mTorr) associated with (1) above,
pumping requirements between cycles.
tionally the finite
stability condition is more easily met.

reduces the
Addi-
Larmor radius  (FLR)
(4) The newer design point uses an implosion
heating voltage of 0.7 kV/cm rather than the
older value of 2.0 kV/cm. This reduction is a
direct result of the lower filling pressure
and leads to decreased pulsed-dielectric
stress and insulator thickness, which
will aid the already reduced (3)
transfer/thermal-stress problem.

in turn
heat-

In addition to treating consistently the re-
quirements of high-beta equilibrium and stability,
the interim design point considerably reduces the
technological requirements with
blanket/first-wall dielectric

associated

pulsed

designs,

insulators, ETS system size and efficiency, and ACC
structural design. These significant benefits are
accrued with a system having Q-values equal to or
greater The
perdence of major system variables, including m = 1
feedback power, is shown in Fig. XVII-1 for the new
RTPR operating point.

b. RTPR Blanket Neutronics. The reference
blanket for the RTPR was reevaluated in order to
reduce the overall blanket
minimize the stored magnetic energy associated with
Based on the results of a
the RTPR
was modified and reanalyzed.

than earlier designs. time de-

thickness and to

the compression field.
neutronic design sensitivity analysis,

3
reference blanket

All Dblanket modifications are subject to the
constraints of acceptable tritium breeding, energy
recovery, radiation damage, induced radio~
activity, shielding, and other system require-

ments, as described in Ref. 3.

From sensitivity analyses it was clear that a
first step in thinning the RTPR blanket without
substantial loss of tritium breeding could be the
elimination of the second graphite region
in Ref. 3).

(zone 21
however, sub-
stantially increases the radiation heating in the

Such a modification,
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Time dependence of major burn parameters for the
RTPR operating point given in Ref. 1.

Plasma internal energy: W
Thermonuclear yield: Wy
Thermonuclear Power: Py
Feedback power: Peg
Bremsstrahlung Energy: W,

Compression field: B, ER

copper coils. To campensate for this effect, a
2~-cm—thick lead zone was added immediately inboard
of the implosion coil to recover the gamma-ray
energy otherwise leaking out of the blanket and
heating the coils. It was also established that
BeO acts as a better moderator than graphite in the
RTPR blanket. To further reduce the
blanket thickness, the first graphite
region (zone 13 in Ref. 3) was replaced with BeO.
The effects on tritium breeding and total recover-
able and waste energies are shown in Fig. XVII-2;
even with no BeO, which gives an overall blanket
thickness of 21.8 cm, a breeding ratio of 1.10 can
be obtained.

Concern over the availability and use of be-
ryllium in the RTPR blanket has initiated ad-

overall
therefore,
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Tritium breeding ratio ([BR] and energy recovery
for a thin (0.218-m) RTPR blanket vs the thickness
of BeO region.

ditional modifications of this blanket design.
First, the 2.5-cmthick Be neutron multiplier near
the first wall was replaced by lead, expecting that
the substantial (n,2n) and (n,3n) cross sections of
Pb will compensate for the eliminated neutron
multiplication of the beryllium. Indeed, the total
tritium breeding ratio is reduced by only 5%
1.10 to 1.05). In a second computation the effect
of replacing the neutron multiplier altogether with
breeding investigated. Natural
lithium was substituted for the original metallic
beryllium. The result is a breeding ratio of 1.01,
which leaves no margin for
effects.

On the basis of these results, Pb instead of
Be was chosen as a neutron multiplier. To increase
the breeding characteristics of this blanket
without substantially increasing the total blanket
thickness, the pure liquid lead was replaced by a
lithium/lead alloy (LiPb) to increase the amount of
breeding material (Li) without eliminating the
The analysis of different
LiPb/Pb and LiPb/Li mixtures showed, however, that
pure Pb gives superior tritium breeding. With a
pure Pb multiplier zone, a new sensitivity analysis
was performed to determine whether an increased Pb

(from

material was

neutron streaming

neutron multiplier.
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Newer RTPR blanket/shield neutronic model.

thickness is more
beneficial to overall tritium production. It was
concluded that a total 6.1-cm of Pb in addition to

12~cm Li will produce a tritium breeding

thickness or an increased Li

ratio of
XVII-3. All
is assumed to

1.10 in the arrangement shown in Fig.
lithium coolant within the blanket
consist of 99% enriched Li.

Keeping the breeding portion of the blanket
unchanged, the thickness of the Fe/B4C/Fe shield
portion was varied. The energies deposited in the
and the blanket/shield as-
When the shield is thinned,
additional neutron and gamma-ray energy escapes
into the coils, and the efficiency of the
blanket/shield assembly for energy extraction is
reduced. Figure XVII-4 shows the monotonic re-
duction of blanket efficiency, Ny s when the shield
thickness is reduced. The tritium breeding ratio
is not significantly affected by altering the
shield portion of the blanket/shield assembly. For
all shield thicknesses considered, the breeding
ratio remained above 1.10. The results of these
neutronic analyses will be used in the overall RTPR
optimization to determine a blanket thickness that
maximizes the overall system performance

coils (waste energy)
sembly were monitored.

while
simultaneously meeting all neutronic constraints.

c. RTER Blanket Thermal Analysis.
Temperatures in the redesigned RTPR blanket have
been calculated using a two-dimensional
finite-element heat-conduction model.®

(r-2)
The previ-
ously described neutronic design (Pb, Li, Fe, and
B4C) was used in the thermal/hydraulic model, and
the structural portion of the blanket is 1-mm —thick

Nb-1Zr alloy with 0.5-mm-thick Nb-1Zr used to "can”
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Fig. XVII-4.

Variation of blanket energy-recovery efficiency
178 vs total blanket thickness of Fe/B4C/Fe shield.

the liquid lead and 1lithium. The model includes
themal contact resistance where the metal-to-metal
interfaces occur. The (r-z) heat-transfer model
neglects the beneficial effect of the radial metal
walls, which assist in conducting heat from the
thicker neutron and gamma-absorbing regions.

The model has been used to predict blanket
temperatures for the reference burn cyclel B =
7T). the latter results in lower
blanket and first-wall temperatures. Fig. XVII-5
compares the lithium coolant velocities calculated
by the MHD code LIFLOW for the two burn cycles.
Heat transfer to the flowing 1lithium during the
time when the magnetic fields were zero is based on
the sum of the molecular conductivity and turbulent
eddy conductivity. Only molecular conductivity is
used when the magnetic field is present.

In general,

Figure
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XVII-6 compares blanket temperatures at the end of
the burn cycle for the two conditions.

In addition, the AYER heat-transfer codes has
been used to model the thermal/mechanical response
of the RTPR first wall for both the older and
The first-wall thermal
and stress response for the newer operating point
is shown on Fig. XVII-7. As expected, the cyclic
stresses can be significiantly reduced by changing
the RTPR operating point.

d. Transient Neutral Gas Blanket St:udies.6 A
camputer simulation of a neutral gas impinging on
the RTPR plasma after quench has been developed.
The model assumes a plasma with Maxwellian
electrous and alphas.

newer operating points.

ions,
The plasma densities are
assumed to be low at the wall and to approach the
RTPR values at the plasma core. At =zero time a
diatomic gas of deuterium and tritium flows into
the plasma chamber. The diatomic neutral gas
reacts with the low density edge of the plasma by

means of the following six reactions:

(o] + + O
D2+D "D2+D
(o] + + + =
D2+D -0D2+D + e
o, = + >
D2+e -’D2+2e

++ +
+ He - D2+He

o

NONODNMO

-oD;+HeH+E

+ 4+, 0O
+D, #D, + D,

++
+ He

o

Camplete particle and energy balances are en-
forced. The dissociation of the D; gas, including
the Franck-Condon effect, is assumed if the average
plasma energy at a spatial point is greater than
6.649 eV, Lastly the hydrodynamic behavior of the
plasma is taken into account by the calculation of
heat flow, temperature
equilibration and quasi-static pressure balance.

to model the
transient, the simulation code was run for

magnetic field diffusion,
In order gas-blanket/plasma
200 s,
The results shown in
Fig. XVII-8 indicate that a low temperature sheath
is formed near the wall within 50 us, and the wall
energy

using a 5us time increment.

dose resulting from first—generation
charge-exchange neutrals levels off significantly
after ~25 ys. The particle spectrum impinging on

the first wall is depicted in Fig. XVII-9.
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Time dependence of Li-coolant flow
older RTPR burn cycle, Ref. 3,
RTPR burn cycle Ref. 1 (7 T).

velocity for
(11 T and newer

2. Reversed-Field Pinch Reactor (RFPR). The
Reversed-Field Pinch Reactor (RFPR) has been inves-
tigated in a plasma-engineering context for a wide
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Blanket temperature profiles at the end of a RTFR
burn cycle for the older design point, Ref. 3
(11 7), and the newer design point Ref. 1 (7 T).



range of first-wall radii (0.5-2.8 m)

toroidal plasma current densities

and average
(3z = 5-80 Mo/
mz).7 The reactor dimensions used in these studies
are given in Table XVII-II. In all cases plasma
ignition is achieved in 0.1 to 1.0 seconds using
classical plasma resistivities. The initial non-
equilibrium phase of operation is not modeled, and
ohmic heating of a sharp-boundary plasma in thermal
equilibrium is used throughout. A single slow-
pulse coil is used to produce the toroidal current
I, and reverse field BR. An additional fast-pulse
coil may be necessary to establish the desired
field profiles on a relatively short time scale in
a hot plasma. This implosion-like startup would
inhibit field diffusion and tend to maintain stable
The use of fast-pulse

c0ils and associated volume for return flux adds at

field and pressure profiles.

most 15% to the stored energy requirement and,
therefore, would have little impact on the energy
balance.

Plasma temperature excursions in a high-beta
system limit the burn time because of maximum beta
(Be < 0.5) restrictions. For a 50%-50% D-T fuel
uncontrollably, and

the plasma must be prematurely released when Be

mixture the temperature rises
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Time-dependence of first-wall temperatures and
stresses for the newer operating point Ref. 1.
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Time-dependence of RTPR first-wall energy dose
resulting from first-generation and N-generation
charge-exchange neutrals during the transient
gas-blanket/plasma interaction.

approaches 0.2-0.25 during the burn, thereby as-
suring that By < 0.5 after subsequent expansion to
the wall. In Fig. XVII-10 the first-wall radius
versus the average maximum toroidal current densi-
ty is shown as a function of engineering Q-value,
Qs for the 50%-50% D-T fuel mixture case (8e con-
trol by early quench). The maximum Qs is gener-
ally found at the maximum allowable initial fill-
ing pressure, above which nonignition results
(jz(MA/m2) = 5 P (mTorr)). Superimposed upon the
QEcurves in Fig. XVII-10 are lines of constant
first-wall surface temperature rise AT,{K),
the (0.3-mm) Al03/ (2-mm)Nb-12r
wall is cooled by a stagnant pool of lithium.

where
reference first

Plasma temperature control using cold fuel
injection or impurity addition was considered, but
the alpha-heating power must be balanced by losses
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Energy spectra of charge—exchange neutrals at RTPR
first wall for 4 times during the transient
gas-blanket/plasma interaction.

to the first wall in order to maintain a constant
plasma temperature.
is ~28 times that of bremsstrahlung radiation at
20 keV, the surface heat flux to the wall would be
correspondingly increased. For typical initial ion
densities (50%-50% D-T fuel mixture, 2-m first-wall
radius, and j, = 20 MA/m?) of 3.0 x 1020/m3  com-
pressed to 1.75 x 102l/m3 at the minimum ocom-
pression Xy = 0.4, a heat removal rate of
"~ 40 M'J/m3 at the first wall would be necessary to
achieve a constant plasma temperature 20 keV. This
exceedingly high surface heat flux would be intol-
erable over the 1.4-s burn time anticipated for the
The normal bremsstrahlung
1.5 r.VW/m2 produces a 187 K surface

(0.3-mm) Al,04/
these methods of

Since the alpha-heating power

aforementioned case.
power of
temperature rise for the
(2-mm)Nb-12r first wall. For

202

t t

\ L Y

AT (K)

\'—— 600
\

50% ~50% D~T FUEL
Ny 0.4

Ngrg*0.95

By <0.50

300

FIRST-WALL RADIUS ry(m)
&
—t

0.5 1+ e . T

1 } } bt E—
] 20 30 40 50 GOA 70 80
MAXIMUM AVERAGE TOROIDAL CURRENT DENSITY, iz (MA/mz)

Fig. XVII-10.

Lines of constant Q as a function of first-wall
radii and maximum toroidal current densities
(solid curves) for a RFPR operating on a 50-50%
D-T fuel mixture. Dashed curves are lines of
constant first-wall temperature rise, A'l‘m.

plasma temperature control, the plasma density must
be decreased by A 5 to lower the alpha-heating
power by a factor of 25; a corresponding increase
in burn time would result. The potential technical
difficulties associated with the injection of oo0ld
fuel or impurities and questions of plasma sta-
bility incurred by the use of such processes were
also major factors leading to the decision not to
utilize injection techniques for plasma temperature
control.

Automatic temperature control by @ tritium
burnup using an off-optimum D-T fuel loading was
also investigated. The shortest burn time and near
optimum Qp is encountered for a 90%-10% D-T fuel
mixture. For this case the maximum poloidal beta
during the burn is 0.43, which results in Be < 0.5
after 90% tritium burnup and plasma expansion to
the wall has occurred. In Fig. XVII-11 the
first-wall radius versus toroidal current density
the 90%-10% D-T
fuel mixture case (By control by tritium burnout)

thicker wall (0.3-mm) Al,05/

is shown as a function of o for

using a first



TABLE XVII-II

DIMENSIONS USED IN RFPR ENERGY-BALANCE STUDY

Symbol Definition Value

r, first-wall radius (m) variable (@)
first-wall Nb-1%2r thickness (m) 0.002(0.005)
first-wall Al O coating thickness (m) 3.0 x 1074
blanket thickness (m) 0.4

L_=r inside coil radius (m) ry+0.4

cp cz ] @)

Ar = Arcz coil thickness (m) 0.6(1.0)

N number coil turns 5

P!L parallel plate lead length (m) 2.0

B, parallel plate lead width (m) 21rrcp

Py parallel plate thickness (m) Arcp

Py gap between parallel plates (m) 0.01
length of device fed by leads (m) 2.0
fraction of conductor in coil and leads 0.7

n resistivity (copper) of coil and leads

(ohm-m) 1.72 x 1078

(a)

Dimensions in parentheses used for the longer burn times. associated with
the case which controls by D-T burnout (90%-10% D-T fuel mixture).

(5~mm) Nb-12r (Table XVII-II) and increased
thickness of the magnet coil (from 0.6 to 1.0 m).
The longer burn times associated with the lower
tritium fraction necessitate thicker first walls to
maintain approximately the same temperature drop
across the wall (a measure of the internal
mechanical stress), typically ~50 K and bulk
temperature rise. The joule losses in the coil are
also increased by the longer burn times and are
offset by the thicker coil. Increasing the coil
thickness increases QE’ but the trade—off between
coil size, complexity and cost versus higher o)
must eventually be considered.

After expansion to the wall the plasma is as-
sumed to be wall confined, where heat loss is
limited by heat conduction across the trapped field
in the plasma. Injection of a neutral gas at early
times after expansion may be necessary to assure
the rapid establishment of a buffer layer between
the plasma and the wall. For the tritium burnout
case no energy is produced in the plasma during
quench. The 50%-50% D-T fuel mixture case arrives
at the wall with an ion temperature of 7.8 kev, and
the temperature of the plasma increases at a rate

t —- t +
90%=~10% D-T FUEL
2.5¢+ N1u=0.4 5

Mgrs=0-95
By <0.50
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Lines of constant Q as a function of first-wall
radii and maximum torocidal current densities
(solid curves) for a RFPR operating on a 90-10%
D-T fuel mixture. Dashed curves are lines of
constant first-wall temperature rise, AT,
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equal to 8.1 keV/s. No additional plasma enerqgy is
assumed to be added after plasma expansion to the
wall, but a significant increase in Qp may result
because of additional alpha-heating power occurring
during the quench phase.

Uncertainties in the plasma physics
plasma field profiles,

including
resistivities, diffusion,
achievable current densities, and stability makes a
the RFPR
addition the
physics and engineering of 2-pinch startup within
the constraints of plasma stability and realistic

firm choice of any operating point for
questionable at this point. In

sizes of energy transfer and storage systems must
be resolved. These aspects of the RFPR system
study are presently being investigated.

3. Imploding Liner Reactor System Studies.
Preliminary studies® of fusion systems based upon
rotationally stabilized imploding liners have been

made. An idealized model of an incompressible
cylindrical liner is developed, based on earlier
11

work by 'I‘ur:chi,9 Shear:er:,10 and Robson. An
energy principle is used to determine the liner and
thermonuclear burn dynamics in the presence of
axial particle loss. A simple energy balance is
used to relate liner characteristics to the re-
quired liner efficiency (i.e., reversibility) for a
given recirculating power fraction. A parametric
neutronic study has been ocompleted on a LiPb/Li
blanket, that has been proposed for an imploding
liner reactor.

a. Energy Balance Studies. Referring to
Fig. XVII-12, a unit length of cylindrical liner is
described by an inner and outer
respectively, at time t after the implosion has
Subscript "o" refers to the initial
and subscript "f” designates
Axial particle
loss is described by a simple sonic flow model. An
energy principle based upon the initial and final
states of the liner/plasma system is used to derive
the liner dynamics equation.
assumed to be an incompressible liquid,

radii ry and ry,
ocommenced.
(t =0
conditions at maximum compression.

condition,

The liner material 1is
and the
plasma is assumed to behave as an ideal gas. The
liner surface at maximum compression may be con—
strained to be rotationally stabilized
Rayleigh-Taylor modes.

The ratio of thermonuclear energy WN to 1ini-

tial energy Wgps + Wggo +wpo, defined by the

against
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Fig. XVII-12.

Schematic diagram of calculational model used for
incompressible imploding liner dynamics and energy
balance.

parameter Q, is used to evaluate parametrically the
liner reactor performance. The dependence of Q on
liner aspect ratio (¥4-r,q)/riq (Fig. XVii-12) is
shown on Fig. XVII-13 with and without (&% =)
end loss and Rayleigh-Taylor (R-T) stabilization.
Figure XVII-14 dynamics of
compression and thermonuclear yield for both
incompressible and compressible liner materials,

gives the liner

the compressible results being obtained from a
detailed hydrodynamical calculation. On the
basis of these results a preliminary Fast-Liner
Reactor (FIR) design was generated which investi-
gated the viability of "both capacitive and in-
ductive energy storage systems to drive the initial
liner implosion.

Although simplistic scaling assumptions point
to relatively thick,
the hydrodynamic stability

slow liners,
(of the 1liner),
and plasma particle/energy end

accounting for
liner
compressibility,
loss present convincing arguments for very fast
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Dependence of Q = thermonuclear [yield]/[liner
energy} on liner aspect ratio (rpg-ryg)/ryg fLor a
Fast-Liner Inertially Confined Reactor (FLR) for
the conditions and assumptions indicated.

implosions ( ~10-20-is liner transit times, ~ 1 us-

burn time). Physical containment of the mechani-
cal energy release and the need for fast, high-
voltage energy transfer represent serious dis-

advantages, although the direct recovery of the
postimplosion liner energy is not necessary for
operation as an economic power reactor. The
compact, high-power density characteristics of this
system offer strong advantages. Numerous problems
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Camparison of liner dynamics and thermonuclear
yield for compressible and incompressible models.

and/or uncertainties with respect to "reactor
desirability,” and techno-
logical demands have been identified. However, many
of these problems and/or uncertainties undoubtedly
can be resolved or at least put into a more quanti-
tative perspective by more detailed study and sys-
tems optimization.

physics requirements,

The absence of a firm experi-
mental basis upon which to extrapolate into and to
evaluate the reactor regime, however, represents a
major limitation to the required parametric systems
studies.

Acknowledging, therefore, the need for more
profound systems studies and physics analysis,
these scoping studies indicate that investments of
~ 150 MJ/m into a rjg= 0.10-m radius, (o510
/ryg = 0.01 aspect ratio Lig 1 Pbg g liner will
yield a FLIR with a recirculation power fraction
€ ~0.40 if none of the liner enerqgy is recovered
Radial and axial

diffusion have not been incorporated into this re-

and no plasma energy loss occurs.
actor analysis. The effects of liner compression

will require a factor of 1.87 increase in liner
energy, whereas the transfer efficiency of either a

capacitive or inductive ETS system will be on the

order of 70%; both inefficiencies will require
~ 400 MJ/m to be transferred to the liner reactor
to yield 1400 MJ/n (20 MeV/n) of thermal energy.
This example is based upon the injection of 0.1-keV

precompression plasma at a

1.0 x 10273, 1n addition to liner compressibil-
ity, liner heating by both return currents and

fusion neutrons may significantly affect plasma

density of

compression if a less resistive/absorptive liner
cannot be found;
will ameliorate the Joule heating,

increasing the liner thickness
while exacer-
bating nuclear heating.

b. Blanket Initial
scoping studies have been performed to determine
the breeding potential of LiPb + Pb alloy when used
The technological

in such alloys stems from the need to breed tritium

Neutronic Studies.

in an imploding liner. interest
from Li, while at the same time having a high-
Lead
is a desirable material from inertial and compres-
Alloys of Pb and LiPb
with less than 1.0 mole lithium per mole of Pb have

been found'3 to be chemically unreactive for use as
shields and collimators.

density and relatively incompressible liner.

sibility considerations.
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Neutronics calculations first were performed
to find an envelope of parameters in which accept-
able tritium breeding could be achieved. All neu-
tron and gamma-ray transport calculations were
based upon a one-dimensional cylindrical model
proposed by Turchi and Robson'®71%, and used a
one—-dimensional discrete-ordinates code DIF-IV in
a Sg-P3 mode, with the LASL/CTR coupled cross
section libraries for 25 neutron and 21 gamma-ray
groups. Parameters studied for their effect on
breeding ratio and neutron leakage were: )
blanket thickness, (2) Li concentration in LiPb,
and (3) Cd poisoning: concentration in Pb. The
cylindrical model has a 10-cm plasma
region, which is representative of the stage of

radius

implosion during the maximum thermonuclear burn
for a LINUS reactor. 9,11 Outboard of this region
is the imploding LiPb + Pb liner of varying thick-
followed by a 15-cm
structure of type 316 stainless steel.

Rough estimates of the instantaneous power

ness and composition,

density were first made by simple slowing-down
calculations,1® and by comparison with time-
dependent

actors .17

calculations for laser-fusion re—
Based upon a slowing-down time calcu-
lation in Li, an upper limit of ~ 10 ps can be
inferred for the energy deposition time. From
Reference 16 the time is known to be > 0.1 ps.
Preliminary Monte Carlo calculations, using the
MONG code,® indicate that 81.4%8 of the total
energy is deposited in < 0.5 us.

Initial discrete-ordinates
calculations considered a homogeneous  blanket
using natural Li and 50 wt$ LiPb in the alloy. It
was expected intuitively and later verified that

one—dimensional

high Li concentrations are not necessary for ef-
fective tritium breeding. From these preliminary
calculations it appeared that the best attenuation
of the primary 2.25-pJ (14-MeV) neutrons and the
most neutron multiplication by (n,2n) reactions in
Pb, would occur at lower concentrations of LiPb.
A reference blanket thickness of 1 m was chosen,
and the breeding and leakage characteristics were
investigated as a function of the LiPb weight
percent in the LiPb + Pb alloy. Figure XVII-15
shows the results of this study.

Using the results of the parametric study
shown in Fig. XVII-15, the LiPb weight fraction
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Dependence of tritium breeding ratio [BR] and
neutron leakage L, on the lithium weight fraction
fw(Lin) in a AR = 1.0m—thick Li/LiPb blanket.

was chosen to be 0.5. Next, an alloying element
for the LiPb was sought which would have the
properties of both alloying with LiPb + Pb without
chemical
properties (especially melting point) and provid-
ing a neutron poison to control the high tritium
breeding ratio, while decreasing the
Cadmium was selected as a trial material. Figure
XVII-16 shows the relative ineffectiveness of Cd
in reducing leakage, as well as its effective
competition with 6Li for absorption of low -energy
neutrons. From Fig. XVII-16 it can be inferred
that significant poisoning can be tolerated in a

seriously altering mechanical or

leakage.

1-m-thick blanket, so 1leakages of ~ 0.1 appear
achievable. The large excess of neutrons in the
blanket results almost exclusively from (n,2n)
reactions in Pb, which almost double the initial
neutron population. For example, from Fig.
XVII-16 at fi (Cd in Pb) = 0.0, the breeding ratio
is 1.81 and the leakage from the blanket (L,) is
0.187.

Of considerable interest in any blanket
design is the spatial distribution of nuclear
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Dependence of neutron leakage and tritium breeding
on the isotopic fraction of Cd poison, fi (Cd in
Pb) for a 0.5-m-*hick Li/LiPb blanket.

energy (neutron and gamma-ray) in the blanket and
structure, as well as the volume integral of the
Figure XVII-17 presents the spatial dis-
tribution of neutron plus gamma-ray energy deposi-
tion in the reference blanket and cylinder block.?
Values given in Fig. XVII-17 are normalized to 1.0
D-T neutron per cm length of the cylinder. For a
wall loading of IW(NW/m2), where the neutron cur-
rent is 4.44 x 1017Iw, the renormalized source
would be S (an's 1) = 2,79 x 1013 I. BAs
1.0 Mi/m2, the
maximum heating in the blanket and the cylinder
block are 5.0 and 2.8 x 102 Mi/m3, respec-
tively. Also, the integrated total heating in the
blanket is 2.807 pJ per D-T neutron and 0.0736 pJ
in the cylinder block. The energy multiplication
of the 2.25-pJ D-T neutrons is 1.248 in the
blanket and 1.280 in the combined blanket and
cylinder block. The latter is the equivalent of
180 MeV per D-T neutron.

Related calculations have been made for the
FICR concept in order to estimate the degree of
nuclear (gamma/neutron) heating incurred within a
fully compressed Lig,] Pbg,g9 liner. The peak-to-

energy.
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Spatial distribution of neutron plus gamma-ray
energy deposition in a 0.5-m-thick LiPb blanket
normalized to one neutron per cm of blanket length.

average energy density in the FLR liner is 3-4, so
local heating near the inner surface will be more
severe than that given by the average value.
Nuclear heating within the liner material may be
comparable to that predicted for joule heating;
both being sufficiently high to vaporize a sig-
The spatial and
temporal behavior of both joule and nuclear heat-
and the ef-
fects of these processes on 1liner dynamics and
thermonuclear yield represents a ocomplex problem
which has yet to be calculationally explored.
These preliminary estimates show, however, that
liner heating and mass transport may be important,
and more detailed analyses are certainly warranted.

4, Linear Theta-Pinch Hybrid
(LTPHR) . The possibility of reducing the energy
requirements of a fusion reactor by the intro-
duction of a fissioning blanket around a thermo-

nificant portion of the 1liner.

ing, the related evaporation rates,

Reactor

nuclear D-T plasma has been discussed at varying
levels of engineering detail. 1920 geferences 20
and 21 in particular address the questions of
blanket neutronics and energy balance for a
pulsed, high-f Linear Theta-Pinch Hybrid Reactor
(LTPHR) . Although this study does not give a
detailed engineering design, key physics,
neering and economic uncertainties are addressed
in a systems analysis context. Specifically, a
revised and more realistic energy balance is
developed and evaluated

energy balance is conservatively based on free-

engi-

parametrically. This
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streaming end loss of the plasma,
feasibility of end stoppering

although the
is considered. A
simple economic model has been developed, by which
the ergonic performance of the LTPHR is evalu-
ated. The major intent of this study is the
identification of an economically attractive,
albeit unoptimized, design point for the LTPHR, as
well as the

development requirements for

identification of key research/
the economic pro-
duction of fissile fuel and net electric power
from a theta-pinch hybrid reactor. Table XVII-III
summarizes an interim design point for the LIPHR
For a 14.1-MeV first-wall loading of 1
MA/m 2, the pulse frequency would be 2 Hz, the net
electrical output is 8.1 MWe/m, the net 233U
production is 1.62 kg/y m, and the total capital
cost amounts to 634 $/kWe.

concept.

C. NEUTRONIC STUDIES
1. Neutronics

a. Quantitative Data Assessment. The

nuclear data program based on
sensitivity and uncertainty analysis, as developed
and demonstrated for the TFIR design,
tinued with attention to Tokamak

assessment

has con-
Exper imental
Power Reactor (EPR) data requirements. As a first
step, the existing data base was broadened to in-
clude multigroup cross sections and cross-section
error estimates for the most important materials
for the ANL~EPR design.
profiles have been computed for

Cross-section sensitivity
toroidal field
coil heating and radiation damage responses, radi-
ation damage to superinsulation and activation of
the outermost stainless steel structure. Complete
cross-section error files (multigroup covariance
matrices) have been established for Fe and C, which
show largest
detailed

integral sensitivities, and less
cross-section

error estimates were

performed for all other materials. A complete

uncertainty analysis of the above mentioned re-

sponses  with respect to all estimated
cross-section errors have been made.

In conjunction with this EPR sensitivity

analysis, a new method was formulated to compute
the sensitivity of any integral response to the
distribution of secondary particles
(n,2n), (n,Y),

actions. Uncertainties in such secondary distri-

(neutrons or

gamma rays) from or similar re-
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butions that are an integral part of all presently
used data sets are expected to add a significant
contribution to the total uncertainty of integral
design parameters.

programs, the LASL system is being developed to

As a side product from other

process covariance data into multigroup form, to
apply empirical formalisms to covariance esti-
mation, to minimize discrepancies between differ-
ential and
and to fold any given data uncertainty information

integral cross-section measurements,

with sensitivity profiles.
b. Code Development for TRIDENT-CTR. The

TRIDENT-CTR code, a two-dimensional r-z and x-y
geametry code specifically designed for the CIR
community, was completed and released.  TRIDENT-

CTR solves the r-z geometry multigroup neutron and
gamma-ray transport equations within a general
spatial domain having curved or other non-
orthogonal boundaries.

is acoomplished using triangular finite

The spatial discretization
elements
The use
of triangles in r-z geametry allows TRIDENT-CTR to
model both circular and noncircular
shapes.

TRIDENT-CTR was developed from another IASL
code, TRIDENT. The major modifications incorpo-
rated in TRIDENT-CIR were: the alteration of the
code so that only the information required for the

and discontinuous linear trial functions.

toroidal

calculation of one band of triangles is contained
in fast memory at one time, and the relaxation of
the restriction that six triangles must meet at
every interior vertex. The first modification
allows the code to handle large problems, and the
second provides flexibility in modeling toroidal
shapes.

c. Committee on Computer Code Coordination
(CCCC) in 171-groups,
which were received from RSIC in the ISOTXS format

Neutron cross sections
have been processed. Problems associated with the
large size of the file were solved by separating
«the file into four smaller, more
files. The data were then used
the ONETRAN code, modified to accept extremely
fine group structures, to calculate CTR benchmark
blanket parameters. This effort had a threefold
purpose: to evaluate the practicability of data
in the ISOTXS format, to evaluate the

manageable

in a version of

actual data

in the file, and to examine the ability to perform



TABLE XVII-III
SUMMARY OF INTERIM LTPHR DESIGN POINT
AND ENERGY BALANCE

INTERIM LTPHR DESIGN POINT VALUES

First wall radius, b (m)

IHC outer radius, b l(m)
ACC inner radius, b, (m)

AQC outer radius, b3 (m)

Outer radius of IHC
feedplates, b5 (m)

Distance from centerline
of LTPHR to ACC power
supply, b (m)

Number of turns in the
ACC fed by each
lead set

ACC structural values

fraction, fST

Implosion electric field
EG (kv/cm)

Initial D-T filling
pressure, PA (mTorr)

Initial D-T filling
density, no(ions/m )

Shock magnetic field,
By (T)

Shock radius ratio, Xoy

Burn time, TB(ms)
Flat top time, TFI,(ms)
Maximum compression

field, B, (T)

Maximum ion temperature
'1‘.l (kev)

Maximum electron
temperature, 'l‘e (keV)

Minimum radius ratio, x
Energy worth of fusion
neutron, (E+E*) (MeV/n)

Effective LTPHR length,
2 *(km)

Nominal LTPHR length,
£ (km)

Lawson garameter , NT,
(s/cm)

0.200

0.204
0.234
0.304

3.0

4.0

10
0.6
2.0

19.0
1.35x1021

1.3

0.632
10.0

0.0

20.0
6.6
6.4
0.114

412.4
4.0
1.0

4.13x1014

INTERIM LTPHR ENERGY BALANCE

Total shock energy, Wgy (M7 /m)

Initial plasma internal
enerqy, Wpm (MJ/m)

Final pla internal
energy, Wy (MJ3/m)

ETS efficiency, N e

Thermal energy conversion
efficiency, Ny

Fusion neutron energy,

W, (M7 /m)

Fusion alpha energy,
W, (M, /m)

Direct conversion energy,
WDc (MJ/m)

Transport losses in ACC,
WT(M]/m)

External ETS losses,
WSC (MJ/m)

End loss energy, WEL(MJ/m)

Maximum stored magnetic
energy, WBCM (MT/r)

Total recoverable thermal
energy, W,m(m/m)

Total circulating electrical

energy wC (MJ/m)

Total electrical energy
out of LTPHR, Wy (MJ/m)

Net electrical energy out of

LTPHR, W (MJ/m)

Recirculating power fraction, €

Engineering Q-value, Qr

Thermal figst wall loading,

Iw (MV/m<)

0.37

0.05

0.03

0.95

0.40

17.20

0.15

-0.09

0.92

1.67

0.19

33.43

17.34

3.04

6.94

3.90

0.44

2.3

1.0
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large multigroup calculations with codes developed
under CCCC guidelines.

A new cross-section format has been proposed
to replace the ISOTXS format.
these new formats are being made to examine their
usefulness to CTR needs and the applicability to
existing codes. These new formats should elimi-
nate CTR-related deficiencies which occurred in
the ISOTXS format.

d. Cross-Section Development and Support.

(1) Multigroup Cross-Section

Evaluations of

Library

Development. A new section has been added to the
LASL/CTR cross-section library. Neutron/gamma-ray
coupled sets have been prepared* from ENDF/B-IV
using the new LASI-developed processing system
NI0Y.%2 Materials added to this section of the
library include lH, 4He, 9Be, 10B, 12C, 160, 27Al,
S8i, Ti, Cr, 55Mn, Fe, Ni, 93Cu, Nb, Mo, Ta, and
Pb. Py through P, tables are included for 30
Consider-

able progress has been made toward the development

neutron groups and 12 gamma-ray groups.

of highly flexible formats for interlaboratory
data exchange within the OCCC framework. The
current IASL format proposal, called MATXS, has
been sent to ORNL for review. MATXS combines the

functions of the previous COCOC files ISOTXS
(isotope—dependent cross sections) and  BRKOXS
(Bondarenko self-shielding factors). A MATXS

feature of particular value to the CTR program is
the inherent flexibility to add new types of data,
such as kerma factors, partial reaction scattering
matrices and gamma-ray production data, none of
which are allowed by the current OCCCC formats.

(2) EPR Covariance Data Library. In support
of the IASL program to assess the nuclear data
requirements for the design of an Experimental
(EPR), a library of

Power Reactor multigroup

cross-section covariance data (uncertainties) has
been assembled. Materials now contained in the
covariance library are carbon, oxygen, aluminum,
and iron. Uncertainty data for C and O were
taken from ENDF/B-IV (MAT 1274 and MAT 1276,
respectively), Al from a ILASL evaluation 24 in
ENDF/B-IV format, and Fe from an ORNL evaluation

in ENDF/B-IV format.

* The cross-section processing effort was
supported in part by the Division of Military
Applications of ERDA.
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The ORNL Fe evaluation, which was prepared
specifically for fast-reactor studies, 25
no error information on the high-threshold reac-

contains

tions (n,2n) and (n,n' continuum), which are very
important in fusion applications. Subsections to
the error evaluation for Fe have been added to
describe these two reactions. These new data also
make possible a more reasonable estimate of the
uncertainty in the elastic scattering cross
section. The four error evaluations have been
processed into the LASL 30-energy-group heutron
mul tigroup cross-section structure, using the
ERRORR module24 of NJOY. ERRORR has the unique
advantage of directly processing energy-dependent
"der ivation impor tant
features of both the Al and Fe evaluations. The
GROUPR module26 of NJOY has been used to prepare

transfer matrices for each individual scattering

formulas,” which are

reaction for these materials, as is required for
input to sensitivity calculations. All of the
above data have been standard
convariance library format.

stored in a

(3) Multigroup Cross-Section Adjustment. A
method has been developed for analyzing fusion
neutronics integral experiments with the goal of
improving the consistency between the integral
results and the multigroup data used for reactor
design. This accomplishment has been made in a
statistical framework by assigning uncertainties
to all integral and
differential data and then performing a least
squares adjustment27 of all data. This system has
been applied* to an early IASL measurement of
tritium production in a large sphere of lithium
deuterate.

(including correlations)

The r:esult:s28 of the least squares
analysis suggest a modest reduction in the
high-energy Li(n,n' t) cross section.

(4) Data Evaluation and Model Code Develop-
ment. The neutron cross-section data for ®rLi
and 12c has been reevaluated. This work was
undertaken to correct known deficiencies in the
existing ENDF/B-IV evaluations, particularly in
the energy spectra of inelastically scattered
neutrons. The new incorporate

evaluations

* The lithium data adjustment was supported in
part by the Division of Physical Research under
the auspices of the Associated Western
Universities.



"pseudo~levels” and a simple phase-space model
that permit reasonable representation of measured
without

introducing new processing code requirements. A

data, including energy-angle correlation,

new statistical pre-equilibrium theory nuclear
model code has been developed for more accurate
determination of nuclear data required
The code, called GNASH,
flexibility in calculation of

in energy
programs. allows great
neutron cross
sections and the spectra of outgoing particles or
gamma rays, up to neutron energies of 40 MeV or
The code has been used to predict
measured proton, deuteron, and alpha spectra from
14-MeV neutron interactions with Al, Ti, and Nb as

well as a variety of (n,3n)

higher.

(n,n*), (n,2n), and
cross-section measurements. 22730

2. Shielding Analysis of Fusion.
CTR-related neutronic activities are
analysis for two 2.25-p3 (14-MeV) neutron-
(a) The Intense Neutron Source
(INS) for irradiation studies with a point 2.25-pJ
(14-MeV) D-T neutron source of 1015 ¢-1 operating
at an assumed 100% duty factor, and the High-
(HEGLF), designed to
produce a corcentrated source of 4.5 x 1017 p-r
neutrons per pulse and 200 pulses per year, The
INS and HEGLF designs will require detailed two-
and three-dimensional calculations in
geometries.

Among the
shielding

producing devices:

Energy Gas Laser Facility

complex
Studies will result in a design ready
for transformation into construction details by
the architect-engineer.

a. INS Shielding Studies. The main INS
shield material will be ordinary
(2.25 g/am3).  One-dimensional spherical calcu-
lations have been made to solve for the transport
of neutrons and gamma rays in the shield walls of
the source cell. Based on a dose criteria of 100
mrem/y at the Laboratory-Office-Control building
and public parking lot, the computed wall thick-
ness is between 3.05 and 3.35 m. An occupancy of
2000 h/yr (50 wk x 40 h/wk) and a 10%5 571 14-Mev
neutron source were assumed.

corcrete

A more exact value
for the wall thickness cannot be quoted until the
dose contribution from skyshine is determined.
Because radiation which escapes the source-cell
roof reaches personnel at ground level only after
being scattered in air, the rcof need not be as
thick as the walls. Monte Carlo calculations are

required to obtain accurate estimates of skyshine
effects, although
with air or

one-dimensional calculations
vacuum outside the shield indicate
that a 2.13-m-thick roof may be adequate.

b. HEGIF Shielding Studies.
were made to compare the activation of 304
stainless steel and carbon steel in the HEGLF en-
vironment.

Calculations

The gamma-ray dose rates at 1 m from a
1-cm unshielded sample for selected times were
taken as a measure of the induced activities after
irradiation. For a pulse of 4.5 x 1017 neutrons
it was concluded that the dose rates from both
materials would be comparable after a l-year shut-

down. The dose rate from the carbon steel after a

.100-hour shutdown, however, is an order of magni-

tude lower than that from the stainless steel.
Assuming a pulse frequency of one every two days,
the residual activities resulting from the most
recent pulses are important, and the carbon steel
would be preferable.
to determine the neutron streaming through the
laser flight tubes, as well as doses at the
control room and other occupied areas in the

Calculations are in progress

vicinity.

D. INSULATOR RESEARCH

Insulator research focused primarily on the
evaluation of physical properties of irradiated
ceramics, with additional studies on atoamic hydro-
gen chemical erosion and on the
defects. Three irradiation
capsules were placed in EBR-II, the first being
removed in January 1976 after receiving a fluence
of ~3 x 10%In/cm (E > 0.1 Mew) at 1015 K.
cal property studies were carried out on samples
from this irradiation. The second and third
capsules will be removed from EBR-II
1977.

nature of
radiation-induced

Physi-

in January

1. Electrical Effects. Pulsed-voltage die—
lectric breakdown strength (dbs) measurements have
been carried out on a number of unirradiated and
irradiated insulators at elevated temperatures.

Pulses of ~3-us duration (with rise and decay
times of ~2-us) were applied at 875 and 1025 K to
single-crystal A]203, Y3A15012, and MgAl204 and to
polycrystalline A1203.

The following comments sumarize the signifi-
cance of the results. First, the dbs wvalues
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measured for the unirradiated single crystals are
very high, particularly for the few cases in which
tests were terminated by surface flashover. These
dbs values will be reduced

ceramics are used in real environments,

when engineering
including
fabrication effects, lifetime effects (such as
multiple pulses), finite area effects, and radi-
ation effects. for Coors AD995,
which is representative of a very gcod poly-
crystalline Al,04, the dbs is about half that for
single crystals.

Secondly, the degradation in dbs from this

neutron irradiation is negligible compared to

For exanple,

probable degradation from other causes likely to
be encountered in engineering applications. 1In
particular, there appears to be negligible degra-
dation in Al;03 due to the presence of pores ~40 ﬁ
in diameter.

2. Structural Effects. Swelling of ceramics

irradiated in EBR-II has been determined by
micrometric measurements. Whereas Al;,0; and
dispersion-hardened BeO swelled ~ 2 vol %, all
other ceramics showed growth of less than
0.5 vol %. Two materials have thus far been
examined by transmission electron microscopy

(TEM) ; swelling in Al,0; appears to be attribu-
table to the presence of a high concentration of
~40-1§ diameter pores, while low-swelling MgAl504
is characterized by the absence of any resolvable
damage aggregates.

Thermal diffusivity of irradiated ceramics
was measured at rcom temperature by a flash tech-
nique. Significant degradation was observed in
all materials single—crystal MgAl;04
(Table XVII-IV). A reduction in the thermal dif-
fusivity is important in that higher operating
temperatures and thermal stresses can result.

except

TABLE XVII-IV
SWELLING AND THERMAL DIFFUSIVITY CHANGES
FOR CERAMICS IRRADIATED AT 1015 K

MATERTAL DESCRIPTION
Sapphire r-Plane, Saphikon
Sapphire c-Plane, Linde

Coors, AD-995
Linde, Single Crystal

al,04
MgAl,04

MgA1204 LASL, hot-pressed
3{3A15012 Linde, Single Crystal
Y3A15079 LASL, hot-pressed
Si3N4 NORTON, hot-pressed
SipNy Ceradyne, hot-pressed
SiyON, NORTON,
Polycrystalline
Poly-Phase Ceramic
Sialon AFML, Sintered
Y504 Ceradyne, hot-pressed
¥203-12r02 Ceradyne, hot-pressed
NIBERLOX National Beryllia
Be0O-55iC Ceradyne, hot-pressed

(a) Swelling was determined by measurements of dimensions
Since most of the swelling
this sample appeared anomalously

plane of the sample.
perpendicular to the c-plane,
low.

VOLUME THERMAL DIFFUSIVITY
INCREASE, % REDUCTION, % at 296 K
2.41 45
0.21 46
1.94 53
0.08 8
0.26 45
-0.02 62
0.02 54
0.39 52
0.28 53
0.05 68
0.47 22
0.08 ND
0.29 ND
1.2 ND
3.3 ND
in the
in Al O is

(b) Dispersion-strengthened BeO. The dispersed phase

is proprietary
but known to contain Mg, Al, and Si.
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Thermal energy in electrical insulators is
carried predominately by phonons; the observed
reduction in thermal diffusivity is caused by
phonon scattering from irradiation-induced de-
fects. Calculat:ions31
effectiveness of various defect configurations in
degrading thermal conductivity. It was found that
both point defects and three-dimensional aggre-
gates (e.g., pores) are effective, with point de-
fects being more effective by roughly a factor of
two for temperatures greater than one-third of the
Debye temperature and an equivalent number of de-
fect sites. Two-dimensional aggregates (e.g.,
stacking faults) have less effect. The measured
reduction in thermal diffusivity of Al,03 can be
taken into account by attributing two-thirds of
the effect to point defects and one-third to the
observed pore concentration.

were made to determine the

3. Chemical Effects. The chemical erosion

of refractory ceramics exposed to atomic hydrogen
at high temperatures has been studied. Studies to
date have considered only Al;03 at 2000 K and a
hydrogen pressure of 1077 to 1073 Torr.

Weight-loss measurements on  single-crystal
Al,0; have shown considerable scatter, but two
observations can be made: (a) at low pressures
(10°7-10"5 Torr) the erosion rate (~5 x 10-99/
cm2s) is roughly independent of the pressure,
indicating that sublimation processes are pre-
dominant; the erosion rate increases to about
5% 103 g/cm2s at 1073 Torr, indicating a chemi-
polished (1011)
revealed

Examination of

exposure
roughening at high temperatures.

cal process.
surfaces after appreciable
These data can
be applied to a practical erosion problem. The
ORML, EPR tokamak design study estimates the equi-
librium density of neutral gas outside the plasma
tobe1x 1000 a3 ( ~2073 Torr at 2000 K. A
radiation-cooled Al,04 liner at 2000 K exposed to
this neutral atom density would erode at a rate of
4 m/y.

4. The Nature of Radiation-Induced Defects
in Ceramics. Identification of defect aggregates

in irradiated ceramics is important for the under-
standing of their effect on physical properties.
Radiation-induced 3-D aggregates in alkali
halides32 have been identified as cation colloids
and anion inclusions, rather than pores such as

are seen in metals.

Colloids are analogous to

voids on the anion sublattice, and anion in-
clusions are analogous to voids on the cation
sublattice. '

In this project, nuclear magnetic resonance
has been used to test for the presence of metallic
aluminum colloids in irradiated Al;03, where TEM
has shown 1.6 vol & of 3-D defects ~40 A in
diamet:er:.33 No aluminum was detected with a
sensitivity of 0.05 vol %. To evaluate the possi-
bility that the objects were oxygen inclusions,
samples were crushed in a vacuum system and the
released gases analyzed by quadrupole mass spec—
trometry. No oxygen was detected, to a sensi-
tivity of 0.07 vol %. These defects were shown by
a process of elimination to be pores. This obser-
vation leads to the prediction that little degra-
dation in dielectric strength would result from
the presence of such pores, this prediction being
confirmed by exper iment.

An understanding of the nature of radiation-
induced point defects in ceramics is important,
since these can directly influence physical
properties such as thermal conductivity and are
the progenitors of extended defects such as those
discussed above. In ccoperative studies with
NRL34 optical effects have been observed in room-
temperature, ion-irradiation Al,0, which suggest
that damage-induced coloration bands are associ-
In related work,
measurement of the absorption spectrum of room-
temperature neutron-irradiated ¥3A1:075 and
MgAl,0,, followed by this comparison with
published spectra of Al,0,, BeO, MgO, Ca0, and Sro
showed a simple correlation of peak absorption

ated with oxygen vacancies.

wavelength with average oxygen spacing. Since the
bands in the last three are known to be due to
electrons trapped at oxygen vacancies, this sug-
gests that the prominent point defect in the other
irradiated oxides is also the ox%%en vacancy.

In another project with NRL, Al,03 heavily
irradiated with fission neutrons at 650-1025 K has
been shown to contain a high concentration of
point defects (not further identified at this
time). The persistence of point defects at these
temperatures, which would not be expected in
metals, is consistent with some models of radi-

ation damage in ceramics. This observation is
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also consistent with the interpretation of large
decreases in thermal conductivity of irradiated
Al,04 partly in terms of such defects.

E. ALIOY RESFARCH

Major efforts were directed to the study of
cyclic temperature, cyclic stress and radiation
damage effects. The alloy Nb-12r was subject to
cyclic thermal excursions at high temperature, and
cyclic stresses were applied to Nb and Nb-1Z2r at
high temperature in vacuo.

1. Effects of Thermal Cycles on Nb-1Z2r. On
the basis of experimental evidence, Pant and
Lidsky 3° claimed that a Nb-12r first wall could
not withstand the thermal excursion projected for
Samples from
che Pant-Lidsky experiment were examined at LASL
and were found to be sufficiently contaminated
with oxygen at a level to account for the observed
enbrittlement.36 The thermal cycle experiments
were repeated at ILASL under superior vacuum con-

the Reference Theta-Pinch React:or:.3

ditions, and each specimen was subjected to me—
chanical testing after a significant thermal cycle
history; all samples failed in a ductile mode.
Repeated thermal shocks in Nb-12r at elevated
temperature in ultra high vacuum had no effect on
the ductility of this material.
clusion from this experience is that WNb-12r will

The major con-

embrittle if heated in a poor vacuum, but if pre—
cautions are taken to eliminate oxygen gettering
by the test sample, Nb-12Zr can experience many
high-temperature thermal cycles without measurable
loss in ductility.

2. Cyclic Fatigue. Under contract with the
University of Illinois, samples of Nb were cycli-
cally stressed at 1093 K in tension at 55, 70, and
77 MPa, for 106 cycles at a peak stress of 170 MPa
produced no cracking in Nb-12r, whereas 740 cycles
produced rupture at peak stresses of 70 MPa.37 A
high-temperature, ultra high-vacuum stress facili-
ty has been constructed, and preliminary tests
have been conducted on Nb-1Zr alloy.

3. Radiation Damage Analysis.
tivity of the currently accepted procedure for
calculating the exposure of material to damaging
neutron irradiations to changes in the calculated
electronic stopping was calculated. The NRT
mode138-41 for calculating the number of displace-

The sensi-
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ments per atom was adopted in the framework of
fusion reactor environments. Applications of the
model to fusion reactor environments is a more
severe test of the electronic stopping formalism
used.

The sensitivity of displacement Ccross
sections to changes in the amount of electronic
stopping was examined by replacing the LSS
stopping parameter kL given in Ref. 38 by an
altered value k. Results for Fe are given in
Table XVII-V, in which spectral-averaged values of
the respective cross section have been normalized
to EBRII-2. For the fission reactor spectra the
variation in relative cross section compared to
(k/kL - 1) is at most 6%. If the unrealistic case
of no electronic loss (k/ky = 0) is excluded, the
variation is at most 3%. As would be expected the
"14-MeV” spectrum is the most sensitive to
electronic loss. Fusion radiation damage experi-
ments will be preformed in a wide variety of en-
14-MeV

sources, (d,n) stripping sources, and with ener-

vironments such as fission reactors,
getic charged particles. Each environment repre-

sents a characteristic different energy range for

TABLE XVII-V
SENSITIVITY OF RELATIVE DISPLACEMENT
CROSS SECTIONS IN Fe TO VARIATIONS IN
FELECTRONIC STOPPING (@)

Spectrum>°)  k/kp = 0  k/kp = 0.5 k/kp = 1.5
EBRII-7 -3 -1 +1
EBRII-2 _— —_ _—
LPTR (E-1) 1 +1 -1
HFIR (PTP) +2 -1 -3
FNIF-10 +3 +1 -1
LPTR (C-4) +4 +1 -1
PNIF-1 +6 +2 -1
235y +6 +2 -2
"14 Mev" +38 +12 -7

@
The tabulated values are the changes in per
cent in the spectra-averaged displacement cross
sections normalized to the EBRII-2 values. The
hardness of the spectrum generally increases
from top to bottom of the table.




electronic stopping. The increased sensitivity to
electronic stopping neutron spectra indicates that
a better understanding of electronic stopping will
be needed to develop a materials exposure index
that will be useful for
programs.

fusion radiation damage

F. APPLICATIONS OF LASER FUSION—FEASIBILITY AND
SYSTEMS STUDIES
Feasibility and systems studies have been
performed to analyze various commercial appli-
cations of
technological
development.

laser fusion, and to identify

problems requiring long-term
Analysis, optimization, and tradeoff
studies are performed on conceptual power-plant
designs, and alternative applications of laser
fusion are investigated. Progress was made in the
following areas.

The flow of lithium which protects the cavity
wall in a spherical wetted-wall laser-fusion re-
actor has been analyzed in greater detail.
Gravity flow of a thin film of lithium, with vari-
ations in the 1lithium source, was considered.
Indications are that 1lithium films >1mm in
thickness can be obtained for the ooncept shown

schematically in Fig. XVII-18.

“— Lithium Blanket
_— " Pellet (njection

Outer Shell

-

“lnner -~ _ Beam Tube
—Structural

:VWall

~ Mirrer p ~

- - Laser Beé‘m “Condenser

Fia. XVII-18.

Concept of a wetted-wall laser-fusion reactor.

Investigation has continued to determine the
behavior of ionized fusion-pellet debris in a
Analytic  ex-
pressions to predict sputtering of solid materials

magnetically protected reactor.

by energetic ions were derived in parallel to the
determination of ion fluences on cavity camponent
surfaces. Energy deposition, both from energetic
particles in the fusion-pellet debris and from
radiation sources, represents a second source of
The calculation
of surface-temperature time histories and evapo-
ration rates has been modeled in a general way,

which permits volume sources,

reactor-cavity surface erosion.

the arbitrary time
dependence of energy deposition, and finite shell
thicknesses to be specified. These computer codes
will be used to investigate reactor-cavity designs
for structured fusion pellets.

The operating characteristics and the per-
formance of a laser-fusion central-station gener-
ating plant based on the magnetically protected
reactor concept has been Figure
XVII-19 gives an artist’s conception of this power
station. A recalculation of the blanket energy-
multiplication factor associated with exoergic
nuclear reactions and from an up-dated model of a
potassium topping cycle indicated
changes in the performance and capital costs of
current designs.

reevaluated.

significant

A survey of available data did
not change previous estimates of maximum permissi-
ble total neutron fluences for determining laser-
fusion reactor-cavity component life-times.

CONCEPTUAL 170 MWtet +FR GENERATING STATION

Fig. XVII-19.

Laser-fusion electric generating station based on
the magnetically protected first-wall concept.
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bur:ner:-23 3U

This
producing large
amounts of thermal power and fuel for thermal-
fission reactors, may be attractive as a direct
substitute for the liquid-metal fast-breeder
reactor, but essentially all the
environment disadvantages of the latter.

Evaluation of the 239Pu
breeder hybrid concept is
fusion-fission breeder concept,

continuing.

retains

The investigation of synthetic-fuel produc-
tion by using the radiation from fusion-pellet
microexplosions to decompose H20 or CD2 radio~
lytically into H or CO was continued. Estimates
of product costs from such processes have been up-
dated. Radiolysis would require high-energy neu-
trons, and tritium for the fuel cycle would have
to be purchased fram an outside source. An opti-
mistic economic analysis of a production-plant
model indicates a cost between 2 and 2.5 dollars
per one Gigajoule of neutron energy as is shown in
Fig. XVII-20. Synthetic-fuel production from
laser-fusion reactors dedicated to this purpose
would not be competitive with standard
gasification processes

coal-
in the context of 1973
These conclusions could be re-
versed by dramatic changes in relative market
value or by scarcities of feed materials.

market values.

n
o
[

Power cost
using neulron energy

2.0= for circuloling power

Neutron Production Cost (3/!09.])

1.5 ] |
15 20 25 30

Cost of Supplementory Power (mlll/kWh)

Fig. XVII-20.
Neutron production cost (1973 dollars) as a

function of the cost of supplementary electric
power purchased.
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XVIII.

INTENSE NEUTRON SOURCE FACILITY

D. D. Armstrong, W. C. Barnett, J. B. Bartlit, M. E. Battat
R. A. Briesmister, E. A. Brown, A. N. Demuth, W. Denton,
R. Dierckx, D. J. Dudziak, C. R. Emigh, W. Ford, E. S. Foster
A. E. Greene, R. A. Haarman, R. A. Jalbert, R. W. Lee,

A. M. Lockett, III, K. L Meier, E. A. Meyer, J. C. Milligan
J. L. Robinson, J. D. Schneider, R. H. Sherman, J. H. White

A. INTRODUCTION

The Intense Neutron Source (INS) Facility is
being designed at LASL to fill a need to determine
materials suitability for use in a fusion reactor
first wall.

dent sources each producing,

This facility will have two indepen-
on a continuous
basis, an intense source (~1015 n/s) of 1l4-MeV
neutrons with an energy spectrum nearly identical
to that from the D-T burn in any proposed fusion
The INS Facility will use colliding
beams of tritium ions and deuterium gas to produce
neutrons by the fusion of D-T nuclei.

A major benefit of the facility will be the
knowledge to be gained from the materials damage
caused by sustained high flux neutron irradia-
Of secondary importance will be the op-
erating experience gained from INS's handling of a

reactor.

tion.
few tens of grams of tritium, an important step
prior to the safe and effective use of several
kilogram quantities of tritium by fusion reac-
tors. The unique feature of the INS facility is
the use of a supersonic flow of deuterium gas as
the medium for

ocoulamb collisions of incident tritium

removal of heat generated by
ions. Use
of gaseous targets rather than solid targets al-
lows at least one order of magnitude increase in
neutron flux, A flowing liquid 1lithium target
bombarded by a deuterium beam can also handle
large heat loads while providing very high neutron
fluxes, but produces a neutron energy spectrum
which is significantly different from the spectrum
from D-T fusion reactions.

Primary emphasis of the INS group in 1976 was
the final design and testing leading to the op-
eration of a Beam-On-Target (B-O-T) test stand
utilizing a proton beam on a hydrogen gas jet
target. While not producing neutrons or causing
any radiation hazard, the B-O-T tests will other-
wise simulate a tritium-on-deuterium source and

will allow precise optimization of parameters
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related to the production of a
ampere ion beam, beam transport,

continuous one-
gas jet target

and dif-
gas back-

operation under full heat deposition,

ferential pumping requirements for

streaming from the jet target.

B. INTENSE NEUTRON SOURCE FACILITY.

A view of the INS facility is given in Fig.
XVIII-1 which shows the location of the major
components in the experimental building along with
During 1976, design of the
INS facility progressed to the point of negoti-
ating a contract with the Architect-Engineer,
Burns and Roe, Inc. for Title I work. Cost esti-

the office complex.

mates and design criteria were updated and the
Final Environmental Statement! was issued by ERDA

Fig. XVIII-1.

Artists conception of the INS facility showing, A)
the ion source; B) the target area where the tri-
tium ion beam and deuterium jet target converge;
C) the two source cells containing the intense
neutron sources; D) the three-stage isotope
separation system; E) Laboratory-Office-
Control Building that contains the computerized
control center and offices; F) the wing of the
building containing two high-voltage power
supplies and capacitor banks.



in July 1976. Same specific areas of activity are
discussed below. Other areas, which concern both
INS and B-O-T, are discussed in Sec. C.

1. Engineering. A second 300-kV, 2-A power
supply, a sister unit of the one presently as-
signed to the INS project, was located at
Kwajalein Island in the Pacific. This unit was
transferred to the INS project and shipped to
LASL. With this unit, the neutron output of the
INS will be doubled.

Procurement was begun on the INS gas com-
pressors, the process water system, and the emer-
A bid
was received for a compressor system which used

gency and uninterruptible power supplies.

all diaphragm compressors. Because of the expense
of this system, an alternative design was investi-
gated which would use either piston or centrifugal
Attempts
were made to locate excess process water euipment
in order to reduce the cost of this system. Some
equipment was obtained from a missile radar site
in North Dakota. A  300-kW
generator was located at the
Station in

this uwnit will

compressors for the low pressure stages.

electric
Rocket
With some

diesel
Nuclear
Development Nevada.

modifications, serve as the
emergency power source.
In INS it will

be necessary to recover the tritium for the ion

2. Isotope Separator System.

source from a deuterium-tritium mixture. This
will be accomplished by a cryogenic distillation
still, A prototype still was constructed and
successfully operated, using a ternary mixture of
hydrogen, hydrogen deuteride, and deuterium. The
results show that the progressive enrichment of
deuterium toward the bottom end of the column is
close to theoretical predictions.

Considerable effort and progress was made
toward developing computer codes for the design of
interlinked systems of multicomponent, multifeed
distillation columns which will be needed to make
the D/T separation for INS. The ocomputer codes
were also used to generate designs for a hydrogen
isotope distillation system to be part of a pro-
posed Tritium Systems Test Facility. This facil-
ity would be used for testing oomponents of the
fuel-handling lcop of fusion power reactors.

The relative volatilities for the isotope

system deuterium~deuterium tritide-tritium were

measured for the first time in a labor:at:or:y.2
Such measurements will be used in the detailed
design of the INS isotope separation system and
add to the known characteristics of tritium.

3. Shielding

lations were made for various materials and wall

Studies. Neutronics calcu-

and roof thickness for the INS source cell (Fig.
XVIII-2). The source cell walls and rcof will be
of concrete and calculations were made for both
pure concrete and concrete with iron reinforcing
bars. The effect of a gypsum inner liner was also
studied. Radiation levels were calculated for
areas outside the source cell while the facility
is in operation and also inside the cell as a
function of time after shutdown of the neutron
source.

C. BEAM-ON-TARGET FACILITY

During 1976, much progress was made on the
design and construction of the proton beam on a
hydrogen target test stand. Initial startup of
this facility is anticipated in June 1977.
Activities concerned with various parts of the
facility are described below.

1. Ion Source. Both B-O-T and INS will use
an annular-type duoplasmaton as an ion source.
The model I source, operating with a single arc,
was run for over 500 h at ion currents of over 100
mA. Subsequent inspection of the ion source
showed 1little wear and demonstrated the high
reliability of this type source.

Model II of the ion source was constructed.
It was designed to minimize solders, seals, and

versatile

joints while retaining a gecmetry.

,;25253
PROCJESS
WATE|

w1 OIFFERENTIAL
PUMPING E HEAT
- XCHANGER

1ON SOURCE
ROOM
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FACILITY  soume® €ELt

Fig. XVIII-2.

INS Source Cell Facility
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After initial problems with instabilities when
more than two arcs were operated simultaneously,
it was found that proper conditioning of the
filaments allowed stable multiple-arc operation.
In the present configuration, more than 600 mA dc
of total ion current has been extracted from the
source using eight of the sixteen available arcs.
The source has run over 10 h at this level with
little or no apparent damage. This level of
operation is satisfactory for initial turn-on of
the B-O-T, although the specie ratio, emittance,
and other beam characteristics are not known at
present.

2. Accelerating Column. Design of the 200-
kV accelerating column and the high wvoltage feed-
throughs was completed and the parts ordered.
Modifications to the existing vacuum tank for the
ion source and accelerating column were almost
completed.

Figure XVIII-3 shows the general layout of
the accelerating column, ion source, corona tube,
and one of the high-voltage feedthroughs in the
2.13-m-diameter wvacuum tank. The accelerating
column consists of a voltage graded support box
which holds the accelerating electrodes and which
provides cantilever support for the 340 kG ion

Fig. XVIII-3.

B-O-T 200 kV accelerators showing the accelerating
column, ion source, and high - voltage feedthroughs
in the vacuum tank.

220

source. The four posts of the support box are
accelerating tube sections fabricated by metal
bonding techniques for strength and to preserve
structural integrity when a similar design is used
Adhesive bonded
support posts could fail with disastrous results

in a tritium environment in INS.

due to degradation in a tritium environment.
Electrical connections between the small corona
tube at the top provide voltage grading to a 200
kV feedthrough on each side. Each feedthrough has
twenty-three leads going to the ion source at
approximately the same potential. A tubular
electron trap operated at approximately 5 kv is
planned adjacent to the ground electrode to reduce
electron backstreaming.

The 200-kV power supply for the accelerating
Same difficulties were
encountered in the regulator system and work to

column is operational.

eliminate these problems is continuing.
3. Beam Transport. The beam transport sec-
tion of B-O-T accepts the ions fram the accel-

erating column and uses solenoids to focus the
ions on the gas target. The output beam from the
accelerating column oontains several species of
ions. In B-O-T it is estimated that the beam will
be 60% H*, 35% H} , and 58 Hj .
lations were made of the expected behavior of the

Extensive calcu-

various ions and the results of these calculations
were used in the design of the beam transport
section. This design was completed and con-
struction begqun. In initial operation of B-O-T
the energy contained in the ion species which are
not focused on the target will not be large enough
to cause problems to the beam transport section.
After behavior of the beam, particularly beam
neutralization effects, are studied, a heat ex-
changer will be built to remove the heat generated
by the ions which strike the wall.

4. Vacuum Systems. A differential pumping

system is required on the B-O-T facility to keep
the backflow of gas fram the target chamber out of
the accelerating column and beam transport sec-
tions. A four-stage system will be used. The
requirement for the system is to keep the openings
between the differential pumping stages large
enough to let the beam through without impingement
yet small enough and of suitable geametry to
reduce gas flow between stages to a minimum.




It is also important to reduce the distance
between stages to a minimum, especially at the
high-pressure end, to keep beam scattering and
Fortu-
nately, the backflow of gas into the first stage

of the differential pumping system appears to be

beam heating of the gas to a minimum.

at a high enough pressure to form a gas jet as it
emerges from the 1-cm-diameter jet nozzle. Calcu-
lations show that a shock disk is expecteé about 6
cm from the nozzle with a pressure minimum at
about half that distance. If a sharply tapered
cone with a 1-cm—diameter orifice is positioned at
the low pressure point, flow through the aperture
into the stage-2 chamber will be minimized.
Furthermore, the sharp taper will force most of
the gas flow around the outside of the cone to the
first stage pump. This technique has been used
effectively with apertures up to 3-mm diamet:er:.3’4

Calculations were made of the expected flow
stand was
constructed and used with air to measure flow

and a differential pumping test
rates. The air was accelerated to supersonic
velocity producing a jet with a barrel shock.
Good agreement was obtained between measured and
calculated flow rates. Because of this agreement,
there is same assurance that the processes are
understcod and can be extrapolated to hydrogen.
This information was used in the design of the
B-O-T differential pumping system where the back-

flow gas will be hydrogen. Preliminary design of
the four-stage differential pumping system is com-
plete. Pressure in the fourth stage is expected
to be down to about 2 x 107> Torr.

The original design for the ion source and
accelerating column vacuum pump used a 9000-1/s
cryosorption pump. Because of vendor difficulties
with the performance of the pump, the cryosorption
pump will be paralleled with an oil diffusion pump
which has a 14,000-1/s pumping speed for hydro-
gen. This will prevent any delay of startup of
B-O-T if difficulties continue.

5. Jet Target. The jet target is the region
where the ion beam collides with the gas jet. One
model of the B-O-T jet target is illustrated in
Fig. XVIII-4. Gas flows from the high-pressure
plenum through the Jjet throat forming a shock
wave. Because of the direction of the shock, very
little gas flows to the left through the ion beam
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LINE
35 SOt opey ) o
w PROBE -
Yo a0 -
>
w0
B2t 3ob ]
&
a
14 20} —
7 1o .
o=t S T N |
- i o L 13 ! ;
2 15 ! 3 O +2 Ho Ay +2 lin)
-50 -25 [o] +25 +50 mm
DISTANCE
Fig. XVIII-4.

One design of the jet target. Curve is pressure
measured with an open ended probe as a function of
axial distance.

access port. In B-O-T the flow is only about 0.2%
of the total gas load.

Calculations were made of the gas flow
patterns. A model of the jet target was con-
structed and tests were made of the flow. One
example of these measurements is shown in Fig.
XVIII-4.
uniform throat spacing. Modifications incorpo-
rated in the final design should cure this
problem.

Problems were encountered in setting a

Leakage flowrates into the ion beam access
port were measured as a function of throat spacing
It was discovered that the
leakage is a boundary layer problem. Most leakage

and plenum pressure.
occurs near the walls of the access port. Various
boundary layer trip devices such as grcoves and
small protruding lips were investigated. They
were largely ineffective and same ©Of them even
interfered with shock formation.

The INS facility has been designed to allow
for the possibility that all of the energy depos-
ited by the triton beam shows up as thermal energy
in the D, target gas. If, however, some of this
energy is not converted to thermal until after a
given element of gas has left the target region,
then the triton beam intensity can be increased
without choking the flow. A detailed study was
undertaken to examine this possibility. This
study considered various mechanisms of heat
deposition such as ionization, and excitation and
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deposition such as ionization, and excitation and
dissociation of the D molecules due to both the
tritons and to the secondary electrons that they
create. Results of the study at present indicate
that roughly two-thirds of the energy deposited is
converted to heat in the target region.

To test the effect of heat deposition on the
leakage flowrate, a Jet target with an elec-
trically heated rod down the center was construc-
ted. With a heat addition of 48% of the jet flow
enthalpy, the flow remained unchoked and stable
and the leakage flowrate was only increased 20%
over the unheated condition.

6. Beam Stop.
B-O-T was begun. The beam stop will absorb the
200 ki of H' ion beam energy which is deposited
directly on the walls when the gas jet is not
operating. When the jet 1is operating, it will
remove the beam heat from the hot gas prior to its

Design of a beam stop for

exhaust through a downstream vacuum valve.

7. Control and Data Acquisition System. A
the B-O-T
facility, which uses microprocessors, was designed
and some parts built. A manual system will also
be available so that full operation of the B-O-T
can be effected before the facility is tied
system
provide the following three major functions.

control and data acquisition system for

into
camputer control. The computer will

a. Fast Protect -
10 s) shut down the
major malfunction,

damage.

to quickly (less than
intense beam

prior

in event of
to excessive equipment

b. Data Acquisition - to provide a means for
recording at frequent intervals all significant
parameters to permit detailed evaluation of test
results at later times.

C. On-Line Computer Monitor and Control - to
provide for more rapid response and more precise
control than can be achieved by manual control
only.

Also, this will provide valuable operating
experience for a similar but more complex computer
control system which will be necessary for the INS
facility.

Additional details concerning this and other

areas of activity can be found else-wher:e.s—8
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